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Abstract

Olive oil production in small rural areas is often dispersed among family-run farms, and many of these
territories remain poorly represented scientifically. This study reports the first coordinated chemical and
attenuated total reflectance Fourier-transform infrared (ATR-FTIR) characterisation of oils collected from
small-scale producers across San Lorenzo Maggiore, Southern Italy. Forty-five samples were collected
through direct contact with producers and municipal coordination. Free acidity, peroxide value and
ultraviolet indices were measured alongside the ATR-FTIR profiles. Free acidity ranged from 0.08 to
1.01% oleic acid and peroxide value from 2.5 to 40.5 meq O, kg~". Forty-one samples were within both
individual limits for these two parameters, while four exceeded one of them; a formal commercial
classification was not assigned because the complete regulatory and sensory assessment was outside
the scope of the campaign. Chemical PCA showed a continuous distribution, with samples exceeding an
individual limit located toward the edge of the score space. The spectra displayed the characteristic lipid
bands of olive oil and provided a complementary view of variation within the collection. An exploratory
PLSR analysis of free acidity gave limited cross-validated performance (R2CV = 0.032; RMSECV = 0.169%;
RPD = 1.03), indicating that the present dataset is more suitable for descriptive spectral characterisation
than for quantitative replacement of titration. Taken together, the results provide an analytical baseline
for a previously undocumented local production area and show the value, as well as the practical
constraints, of studying heterogeneous oils collected under real small-producer conditions.

1 Introduction

Olive oil is one of the foods most closely associated with the Mediterranean landscape and diet. Its
value rests not only on its sensory identity, but also on a composition dominated by monounsaturated
fatty acids and enriched by a diverse minor fraction. Phenolic compounds, tocopherols, phytosterols,
pigments and squalene contribute to oxidative stability, flavour and nutritional interest, while their
concentrations vary with cultivar, fruit maturity, agronomic conditions and extraction practice [1, 2]. The
oil reaching the consumer is therefore the result of several linked stages, from fruit development and
harvest to milling, storage and bottling. Studying that chain in real production settings is important
because the variability found among farms is often wider than that reproduced in laboratory-prepared
samples.

The conventional quality indices used for olive oil describe different chemical processes. Free acidity
reflects the release of fatty acids from triacylglycerols and may increase when olives are damaged,
stored for too long before milling or handled under unsuitable conditions. Peroxide value measures
primary oxidation products, whereas ultraviolet absorbance indices provide information on conjugated
systems associated with oxidative change. These measurements are complementary rather than
interchangeable [3-5]. They are also only part of the assessment required for a formal commercial
classification: the extra-virgin category depends on conformity with the full analytical framework and on
sensory evaluation. In a territorial survey, it is therefore more informative to report the measured
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parameters sample by sample and to discuss their distribution than to assign a collective grade to the
entire production area.

Much of the published work on olive oil comes from established producing regions, authenticated
cultivar collections or carefully controlled experimental series. Smaller rural districts are less often
represented, even though they preserve local cultivars, mixed orchards and production practices that
may differ considerably from industrial systems. These settings are scientifically relevant because they
show how composition varies under the everyday conditions in which olives are grown and processed.
They are also important for territorial valorisation: a reliable analytical baseline can help local producers
understand the strengths and variability of their oils, identify aspects of processing that deserve
attention and provide a reference for future monitoring campaigns.

San Lorenzo Maggiore is a small municipality in the Valle Telesina area of Benevento province,
Campania, Southern Italy. Olive growing is embedded in a hilly agricultural landscape and is carried out
mainly by small producers. Locally established cultivars include Racioppella, Ortice, Ortolana and Sprina,
often represented in farm-specific blends rather than in rigorously authenticated monovarietal oils.
Harvest date, fruit condition, milling interval and storage practice may therefore differ from one producer
to another. This combination of cultivar diversity and small-scale processing makes the municipality a
useful case in which to examine variation within a compact production area. It does not imply that the
oils form a unique geographical class, but it does make their first systematic characterisation
worthwhile.

Creating such a collection was not a routine sampling exercise. Unlike a survey carried out through a
single mill or a commercial supplier, the present campaign required the research team and the
Municipality of San Lorenzo Maggiore to contact producers individually, explain the purpose of the study,
arrange collection across a dispersed territory, record the identity of each contribution and bring the oils
into one analytical workflow. Participation was voluntary and depended on the availability and trust of
family-run farms. These practical conditions explain both the value and the scale of the dataset: forty-
five oils represent a substantial first coverage of the accessible local network, although they cannot be
treated as an exhaustive census. To the best of our knowledge, no earlier peer-reviewed study has
assembled and analysed a comparable collection specifically from San Lorenzo Maggiore.

The campaign was intended to preserve the variability encountered in local production rather than to
select only samples with ideal analytical values. This distinction matters. A curated set can be useful for
method development, but it may conceal the heterogeneity of real oils. By retaining the full collection,
including samples outside an individual acidity or peroxide limit, the study records both favourable
profiles and points at which production or storage practices may need closer attention. The resulting
picture is more useful for a first territorial baseline than a dataset restricted in advance to uniformly
compliant oils. Comparisons with published Mediterranean datasets can then place the local ranges in
context without claiming superiority, authentication or geographical exclusivity.
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ATR-FTIR spectroscopy offers a complementary way to examine this variability. It is rapid, requires little
sample preparation and produces a molecular fingerprint dominated by the vibrational features of
triacylglycerols. In olive oils, bands related to ester carbonyl groups, aliphatic chains and unsaturation
have been widely used in studies of adulteration, cultivar discrimination and quality assessment [6—15].
Chemometric methods can summarise these complex spectra and explore their relationship with
conventional measurements. Principal-component analysis (PCA) is especially useful for visualising the
main directions of variation, provided that score patterns are not mistaken for validated classes.

Partial least-squares regression (PLSR) has also been used to relate spectra to quantitative reference
data. Its performance, however, depends strongly on the sample design, reference range and
independence of validation. Models developed from deliberately prepared mixtures or sharply
contrasting oil categories address a different problem from the prediction of a relatively narrow natural
property in genuine oils. Free acidity is particularly challenging because titration measures free fatty
acids against a spectrum dominated by esterified lipids. In a modest observational dataset, PLSR is
therefore best regarded as an exploratory test of the information carried by the spectra, not as the sole
measure of the scientific value of the sampling campaign [16-20].

A further feature of the present archive is that the spectra were completed over three acquisition periods,
with nine sample identifiers measured on two occasions. This was not designed as a formal inter-
session reproducibility experiment, but it offers useful information on how the spectral profiles behaved
across the practical course of the study. Examining acquisition history alongside chemical and spectral
PCA helps separate variation associated with the oils from variation that may have arisen through
storage, handling or measurement conditions. Such information is relevant to any future attempt to
expand the local database or develop predictive applications.

The main aim of this work was to provide the first integrated chemical and ATR-FTIR characterisation of
olive oils collected from small-scale producers in San Lorenzo Maggiore. Specifically, the study
describes the distribution of free acidity, peroxide value and ultraviolet indices; examines their joint
variation by PCA; compares the observed ranges with published olive-oil datasets; and documents the
principal ATR-FTIR features of the collection. Spectral PCA and repeated-sample histories were used to
explore variation across acquisition periods. Finally, PLSR was included as a secondary analysis to
assess, cautiously, whether the available spectra could support an estimate of free acidity. In this way,
the work remains centred on the territorial collection and its chemical and spectroscopic profile while
defining a transparent starting point for larger, multi-year studies.

2 Materials and methods

2.1 Sampling campaign and study area

Forty-five olive-oil samples were obtained from small-scale producers in San Lorenzo Maggiore
(Benevento, Campania, Italy) through a coordinated campaign conducted within a Master Agreement
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between the Department of Architecture and Industrial Design of the University of Campania Luigi
Vanvitelli and the Municipality of San Lorenzo Maggiore. Producers were contacted individually,
collection had to be scheduled across a dispersed rural network, and each contribution was identified
before the oils were brought into a common analytical workflow. The final number reflects the oils that
could be assembled through voluntary participation and represents meaningful first coverage of the
accessible local production network rather than a statistically exhaustive census. Before analysis, the
oils were stored at 15-18°C and protected from light to limit oxidation. The geographical setting is
shown in Online Resource 1, Fig. S1. The oils were supplied by the producers as extra virgin olive oil.
Because sensory assessment and the complete set of conformity tests were not available, the study
compares only the measured chemical criteria and does not assign a formal commercial category. The
study involved neither human participants nor animals.

2.2 Reference chemical measurements

Free acidity was determined by acid—base titration and expressed as percentage oleic acid; peroxide
value was determined by iodometric titration and expressed as meq O, kg~". Ultraviolet absorbance was
recorded from 800 to 200 nm with a Cary 60 UV-Vis spectrophotometer (Agilent Technologies) in dual-
beam mode, using a 1% (w/v) oil solution in isooctane and a 1 cm path-length cuvette. K232, K272 and
AK were extracted from the spectra without baseline correction, following the laboratory workflow used
for the original dataset. Each chemical determination was performed in duplicate. The interpretation
considered Commission Delegated Regulation (EU) 2022/2104, Commission Implementing Regulation
(EU) 2022/2105 and the International Olive Council trade standard [3-5]. The dataset contains K272; it is
reported descriptively and is not presented as identical to the K268/K270 criteria used in current
regulatory tables. Because this retrospective territorial dataset was not designed as a metrological
validation study, formal between-day uncertainty and trueness estimates were not generated; small
between-sample differences should therefore be interpreted cautiously.

2.3 ATR-FTIR measurements

Spectra were recorded with a Cary 630 ATR-FTIR spectrometer (Agilent Technologies) from 4000 to 650
cm-" at 2 cm~" nominal resolution using 128 co-added scans. The crystal was cleaned between
measurements and a new background was acquired according to the laboratory workflow. The archive
contained 54 files corresponding to 45 unique sample identifiers. One spectrum per identifier was used
in the principal analyses: 11 spectra from the 2025 period, nine spectra acquired in July 2026 for
previously missing identifiers and 25 spectra acquired in May 2026. Nine identifiers had spectra from
two periods; these were examined separately as repeated histories and were not counted as additional
samples.

2.4 Multivariate analysis

Chemical PCA used autoscaled free acidity, peroxide value, K232, K272 and AK for all 45 oils. Spectral
PCA used standard-normal-variate (SNV) transformed absorbance values in the 1800-650 cm-"
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fingerprint region [21]. PCA was used to summarise covariance, not to build a cultivar or geographical
classifier. Acquisition-period labels were added after fitting to help interpret the score distribution.

PLSR was included as an exploratory secondary analysis with free acidity as the response. The
prespecified model used SNV spectra in the 1800-650 cm~" region and one latent variable, evaluated by
five-fold cross-validation repeated 20 times. A sensitivity screen considered raw, SNV and second-
derivative Savitzky—Golay preprocessing, alternative spectral intervals and one to eight latent variables
[22-24]. To avoid treating model selection as independent validation, the selected candidates were also
examined by nested repeated cross-validation and by leaving each acquisition period out in turn. R?,
RMSE, mean absolute error, bias and RPD were calculated. The complete validation hierarchy is reported
in Online Resource 1, Table S1.

2.5 Repeated-sample comparison and software

For the nine identifiers measured in two periods, Pearson correlation and root-mean-square distance
were calculated after SNV transformation. Each earlier spectrum was also compared with the 25 May
2026 spectra, and the rank of its correct counterpart was recorded. All analyses used the complete
spectral archive and the 45-row chemical table. The chemometric reanalysis was performed in Wolfram
Language, while independent data checks, chemical PCA, figures and document assembly used Python.
No spectra or reference values were imputed.

3 Results and discussion

3.1 Chemical profile of the local collection

The 45 oils covered a broad but interpretable chemical range (Table 1). Free acidity exceeded 0.8% in
two samples (0.84 and 1.01%), while peroxide value exceeded 20 meq O, kg~ in two different samples
(29.4 and 40.5 meq 0, kg™"). Thus, 41 samples were within both individual limits. This predominance is
encouraging for the local production context, but the four exceedances also show why the collection
should not be described as uniformly compliant. Moreover, even the samples within these two limits
cannot be assigned to the extra-virgin category here without the remaining required analyses and a
sensory assessment.
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Table 1
Descriptive statistics for the chemical measurements (n = 45)

Variable Unit Mean SD Minimum  Maximum
Free acidity % oleicacid 0.303 0.174 0.080 1.010
Peroxide value meqO, kg 7.500 6.921 2.500 40.500
K232 — 2.099 0.560 1.047 3.438
K272 — 0.135 0.065 0.039 0.295

AK - 0.002 0.002 -0.002 0.009

K272 is reported as measured and is not used as a substitute for the current regulatory K268/K270
criterion.

The first two components of the chemical PCA explained 45.88% and 22.18% of the autoscaled variance
(68.06% in total). Samples exceeding an acidity or peroxide limit occupied peripheral positions,
especially on the positive side of PC1, whereas most of the collection formed a continuous cloud

(Fig. 1A). The loading plot shows that free acidity and peroxide value contribute in the same general PC1
direction, while AK contributes more strongly to PC2 (Fig. 1B). These patterns describe the main
chemical contrasts within the collection; they do not establish discrete cultivar or geographical groups.

3.2 Comparison with published olive-oil datasets

Placing the San Lorenzo Maggiore oils beside published datasets helps to interpret the scale of the
observed variability (Table 2). The ranges compiled from recent Mediterranean studies are not formal
reference intervals, because the cited works differ in cultivar, harvest, extraction, storage and analytical
design [25-31]. Nevertheless, they show that most values in the present collection fall within the broad
compositional space reported for olive oils, while the upper ends of free acidity, peroxide value and K232
are wider than those in the selected comparison studies.

Table 2

Full-dataset ranges for the San Lorenzo Maggiore oils compared descriptively with values
reported in published studies

Parameter San Lorenzo Maggiore  Published values References
Free acidity (% oleic acid) 0.08-1.01 0.08-0.35 [25-28]
Peroxide value (meq O, kg™")  2.5-40.5 3.5-8.0 [25, 26, 31]
K232 1.047-3.438 1.60-2.25 [25, 29, 30]
K272 0.039-0.295 0.09-0.20 [25, 29, 30]
AK -0.002-0.009 <0.005 [25, 29]
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Published values are a descriptive compilation from the cited studies, not regulatory thresholds or a
meta-analytical reference range.

The broader local ranges were driven mainly by a small number of samples rather than by a uniform shift
of the whole collection. This distinction is important for territorial interpretation. It suggests that the
campaign captured oils with generally favourable values together with a few cases that merit attention to
fruit condition, milling delay or storage. The comparison therefore supports a balanced reading: San
Lorenzo Maggiore is not presented as analytically superior to other regions, but the first coordinated
dataset provides a useful local benchmark and identifies the degree of variability that future producer
support and multi-year monitoring should address.

3.3 ATR-FTIR profile of the oils

All spectra displayed the characteristic lipid profile of olive oil. The principal features included the = C-H
stretching band near 3006 cm~", aliphatic C—H stretching near 2922 and 2853 cm™", the intense ester
carbonyl band near 1744 cm~", deformation bands near 1460 and 1377 cm~" and C-0 stretching through
the 1235-1030 cm~" region [6, 13, 14]. Their positions were consistent across the collection, while
differences in intensity and baseline reflected the combined effects of composition, handling and
acquisition period. ATR-FTIR thus provided a rapid fingerprint of the full set and complemented the
conventional chemical measurements.

Table 3
Principal ATR-FTIR bands observed in the olive-oil spectra

Approximate band Assignment Interpretive relevance

(cm™)

3006 =C—H stretching Unsaturation-related lipid
signal

2922, 2853 CH, asymmetric and symmetric Bulk hydrocarbon-chain signal

stretching

1744 Ester C = O stretching Triacylglycerol ester
functionality

1460, 1377 CH,/CH; deformation Aliphatic-chain signal

1235-1030 C-0 stretching Ester/glycerol fingerprint
region

~ 720 CH, rocking Long-chain aliphatic structure

Assignments are qualitative and are used to describe the spectral profile of the collection.

3.4 Spectral variation across acquisition periods

PCA of the SNV-treated fingerprint region concentrated 81.45% of the variance in PC1 and 13.49% in
PC2. The scores were arranged partly by acquisition period, particularly along PC1 (Fig. 3A). This pattern
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cannot be attributed to a single cause because acquisition period was not experimentally separated
from storage duration and handling history. It does, however, show that the practical history of the
samples contributed appreciably to the measured spectral variance and should be considered when this
database is extended.

The repeated sample identifiers led to the same cautious interpretation. Their cross-period spectral
correlations were high (median 0.965; range 0.936-0.988), yet the relative-distance analysis was less
reassuring: the correct later counterpart had a median rank of 15 among 25 May 2026 spectra, and only
one of nine appeared in the top three (Fig. 3B). The oils retained the same overall lipid fingerprint, but
smaller sample-specific differences were not always preserved across periods. Future campaigns
should therefore include replicate acquisitions and stable quality-control oils from the outset.

3.5 Exploratory relationship between ATR-FTIR spectra and
free acidity

PLSR was examined as a secondary question rather than as the main purpose of the study. The
prespecified one-latent-variable model gave R2CV =0.032, RMSECV =0.169% oleic acid, MAE =0.110%
and RPD =1.03. These values do not support quantitative prediction or replacement of the reference
titration. A wider search of preprocessing choices and latent variables produced a modest apparent
increase (R2CV =0.189; RPD = 1.12), but the gain was not retained under nested or acquisition-period-
blocked validation. Full results are provided in Online Resource 1, Table S1 and Fig. S2.

This outcome is understandable in chemical terms. Free acidity measures a comparatively small free-
fatty-acid fraction, whereas the infrared spectrum is dominated by esterified triacylglycerols. In a
heterogeneous collection, variation in bulk composition and sample history can readily be larger than the
spectral contribution associated with acidity. The result does not detract from the value of ATR-FTIR as a
rapid fingerprinting tool for the collection; it simply defines the present boundary between descriptive
characterisation and quantitative calibration. A predictive model would require a larger, prospectively
balanced dataset, replicate measurements and genuinely independent validation.

3.6 Strengths and limitations

The main strength of the work is the coordinated assembly of 45 traceable oils from a production
system distributed among numerous small farms. This created the first shared chemical and spectral
baseline for San Lorenzo Maggiore and retained the heterogeneity encountered in practice. The study
also combines conventional measurements, chemical PCA, ATR-FTIR fingerprinting and transparent
exploratory modelling. Its limitations are equally clear. The collection comes from one municipality and
one campaign, participation was voluntary, cultivar identity was not established through an
authenticated external panel, acquisition period was partly confounded with storage and handling, and
no sensory assessment was available. These constraints limit geographical, cultivar and commercial-
classification claims, but they do not remove the value of documenting the local production for the first
time.
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4 Conclusions

This study provides the first coordinated chemical and ATR-FTIR characterisation of olive oils collected
directly from small-scale producers in San Lorenzo Maggiore. Organising the 45-sample campaign
required individual engagement with a dispersed network of family-run farms, and the resulting dataset
offers a meaningful first view of a territory that had not previously been described in this way. Most
samples were within the individual free-acidity and peroxide-value limits considered here, while four
exceedances revealed the variability that can arise in real production and highlighted where closer
attention to processing or storage may be useful. Chemical PCA and comparison with published
datasets placed that variability in context, and ATR-FTIR documented a coherent olive-oil fingerprint
across the collection.

The exploratory PLSR did not provide a reliable quantitative estimate of free acidity, so titration remains
the appropriate reference measurement. This is a secondary limitation rather than the central message
of the study. The principal contribution is the territorial baseline created by combining direct producer
sampling, conventional chemistry and rapid spectroscopy. Repeating the campaign across harvest years,
recording production variables more systematically and adding replicate spectra, sensory assessment
and authenticated comparison oils would allow this baseline to develop into a stronger resource for local
quality monitoring and future traceability research.
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