Nor. Afr. J. Food Nutr. Res. 2025; Vol. 9, Special Issue, S77-S97

DOI: 10.51745/najfnr.9.S1.577-S97 a

Special Issue - Potential of Food By-Products

ORIGINA TICL

Potential of Food By-Products

Valorization of Food By-Products Employing Spectroscopic and Chemical Methods:
Characterization and Applications of Functional Biomolecules

Abdelhakim Ridouh **

Research Center in Agri-Food Technologies, Food Safety Division, Targa Ouzemmour Road, University Campus, Bejaia, 06000. Algeria. abdelhakim.ridouh@crtaa.dz

ABSTRACT

L))

Article Information Checifog

Background: Large quantities of by-products and waste materials are inevitably generated throughout food
processing and manufacturing operations. Despite being consistently rich in high-value bioactive constituents —
including polyphenols, dietary fiber, antioxidant compounds, and bioactive peptides — these by-products are
frequently discarded without further utilization, representing a considerable loss of both nutritional and economic
potential. Therefore, valorizing such byproducts constitutes a sustainable strategy for reducing food waste while
generating added value across food, animal feed, and non-food industrial applications.

Aims: This review aimed to systematically and critically evaluate the current scientific literature pertaining to the
characterization and valuation of bioactive compounds extracted from food by-products, with particular emphasis
on the spectroscopic and chemical methods employed for their identification and quantification, and on their
applications within food systems food systems.

Material and Methods: A structured critical narrative review methodology was adopted for this study. A
systematic literature search was conducted across three major academic databases—Scopus, ScienceDirect, and
Springer—encompassing publications from 2015 to 2025. The initial search yielded 26,152 documents, from
which 17,830 peer-reviewed research articles published in English language were identified. Inclusion criteria were
applied to retain publications specifically describing the characterization of bioactive substances employing
spectroscopic or chemical analytical methods, and reporting on their primary applications in food-related contexts.
Results: The reviewed literature consistently confirms that food by-products represent potential and
underexploited sources of bioactive compounds with biological, technical, and nutritional properties. The
integration of spectroscopic techniques — most notably Fourier-transform infrared spectroscopy (FTIR) and near-
infrared spectroscopy (NIR) — with conventional chemical analytical methods has demonstrated considerable
utility for the rapid and non-destructive characterization of bioactive molecules, quality evaluation, and
authenticity verification of food by-product-derived materials. Applications of these compounds in food
formulation, preservation, and active packaging have been increasingly documented in the literature; however,
persistent challenges remain with respect to analytical standardization, comprehensive safety evaluation, and
industrial-scale feasibility.

Conclusions: The valorization of food by-products through the combined application of spectroscopic and
chemical analytical approaches presents substantial and scientifically exciting prospects for the development of
sustainable, circular food systems. To fully realize the functional and commercial potential of food by-product-
derived bioactive compounds, future research should prioritize the standardization of analytical protocols, the
rigorous evaluation of safety and toxicological profiles, and enabling their industrial-scale deployment.
Keywords: Food By-Products; Bioactive Compounds; Valorization; Spectroscopic Methods; Chemical Analysis;
Functional Biomolecules; Food Applications.
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One of the most pressing and growing global challenges
of the twenty-first century is the generation of food waste and
byproducts from agricultural and food industries, attributable
to their significant environmental, economic, and public
health impacts. Recent estimates indicate that substantial
quantities of food are lost or wasted annually across all stages
of the food supply chain, including husks, seeds, pulp, bran,
and processing residues. Although these byproducts are

conventionally considered as waste, accumulating evidence
has demonstrated that they constitute valuable sources of
bioactive compounds possessing noteworthy nutritional and
functional properties, including dietary fiber, natural
antioxidants, phenolic compounds, flavonoids, and bioactive
peptides (Goémez-Garcia er al., 2021; Sagar ez al., 2018).

In response to the growing recognition of the bioactive
compounds contained in these materials, the concept of food
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by-product valorization has emerged in recent years as a
cornerstone  strategy for advancing circular economy
principles and promoting food system sustainability. This
paradigm entails the transformation of agricultural and food
processing residues into high-value raw materials suitable for
diverse applications, including functional foods, active
packaging, animal feed, nutraceuticals, and cosmeceutical
products (Gémez-Garcia et al., 20215 Mirabella ez al., 2014).
However, the successful implementation of this strategy
largely depends on the ability to accurately characterize
bioactive compounds, understand their functional and
chemical properties, and ensure their applicability at
industrial scale. In this context, chemical and spectroscopic
characterization techniques have become essential tools for
the identification of active compounds, assessment of their
purity, and verification of their biological and functional
attributes (Lozada-Ramirez ez a/., 2021).

Characterization methods have undergone remarkable
development in recent decades, with spectroscopic techniques
emerging as rapid, non-destructive, and cost-effective tools
for the profiling of bioactive compounds. Their capacity to
provide accurate molecular fingerprints in a timely manner,
coupled with relatively low operational costs, has rendered
them particularly attractive for routine analytical applications.
Among the most prominent spectroscopic methods are
Fourier transform infrared spectroscopy (FTIR), near
infrared  spectroscopy (NIR), Raman spectroscopy, and
Ultraviolet—Visible Spectroscopy (UV-Vis) (Zhang et al.,
2025). Conversely, chemical and chromatographic
techniques, such as high-performance liquid chromatography
(HPLC), gas chromatography-mass spectrometry (GC-MS),
and Liquid Chromatography—Mass Spectrometry (LC-MS),
despite their elevated cost and operational complexity, remain
among the most widely employed techniques owing to their
exceptional sensitivity and accuracy in the identification and
quantification of individual compounds (Zhang et al., 2025).
Despite these advances, considerable heterogeneity persists
across studies with regard to the level of analytical validation,
industrial applicability, and comparability of results between
different studies, that requires a systematic critical evaluation
of these analytical tools.

Notwithstanding the substantial and growing body of
published scientific reviews addressing the utilization of food
waste and the extraction of bioactive compounds, it is
noteworthy that the majority of previous investigations have
concentrated on descriptive aspects related to the types of
waste or extracted compounds and their potential
applications. A conspicuous lacuna exists with respect to
critical reviews that systematically compare the analytical
performance of both spectroscopic and chemical methods
across multiple parameters, including sensitivity, accuracy,
rapidity, cost, industrial scalability, and experimental
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validation.  Furthermore, the limited methodological
consistency observed across studies constrains the derivation
of broadly applicable conclusions that may be readily
translated to industrial contexts.

Accordingly, the present review aims to provide a
comparative critical evaluation of spectroscopic and chemical
methodologies employed for the characterization of bioactive
compounds derived from food waste, with particular
emphasis on analytical performance, advantages and
limitations, industrial applicability, and levels of scientific
validation. This study further seeks to identify current
research gaps and to propose prospective research directions
that may facilitate the development of more sustainable and
reliable strategies for the valorization of food waste and its
conversion into high-value products.

Although prior reviews have addressed the extraction of
bioactive compounds from food waste, such as that of
Goémez-Garcia et al. (2021), which focused on valorization
strategies in general, and that of Sagar ez al. (2018), which
specifically examined fruit and vegetable waste, these
contributions have not provided a systematic and critical
comparison of the analytical performance of spectroscopic
and chemical methods in terms of sensitivity, accuracy,
rapidity, cost, industrial scalability, and experimental
validation. Therefore, the scientific novelty of this review lies
in: (1) the provision of a comprehensive comparative and
critical evaluation of spectroscopic (FTIR, NIR, Raman, UV-
Vis) and chemical (HPLC, GC-MS, LC-MS) methods within
the context of food waste valorization; (2) the systematic
analysis of the strengths and limitations of each method, with
a particular focus on industrial applicability; (3) the proposal
of an integrated framework combining the rapidity of
spectroscopy with the accuracy of chemical methods; and (4)
the identification of research gaps and outlining a roadmap
for future investigations in this field.

2 MATERIALS AND METHODS

2.1 Review Design

The present study adopted a structured critical narrative
review methodology, guided by the principles of the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA)
methodological rigor, and reproducibility throughout the

framework, = to  ensure  transparency
research process and study selection procedure. The review
was specifically designed to evaluate published investigations
related to the valorization of food processing waste through
the extraction and characterization of bioactive compounds
utilizing spectroscopic and chemical analytical methods, with
analytical ~ performance,

particular  emphasis  to

methodological limitations, and industrial applicability.
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2.2 Literature Research Strategy

A comprehensive and systematic literature search was
conducted across four major academic databases, including
Scopus, ScienceDirect, and Springer, with the objective of
identifying relevant studies published between 2015 and
2025. This ten-year time frame was selected to ensure the
capture of the most significant and recent developments in the
field of spectroscopic and chemical characterization
techniques applied to bioactive compounds extracted from
food waste and agro-food by-products.

Search queries were systematically adapted to the indexing
conventions and syntactic requirements of each individual
database in order to maximize search sensitivity and ensure the
most comprehensive retrieval of potentially relevant records.
The specific search equations employed for each database are
presented in Table 1. All searches incorporated Boolean
operators (AND, OR) to combine search terms in a structured
and reproducible manner. The variation in the number of
records retrieved across databases reflects differences in subject

Table 1. Modified search equations for each database

*  Addressing food waste, agricultural residues, or agro-food
processing by-products.

*  Incorporating the characterization or analysis of bioactive
compounds through spectroscopic or chemical methods.

=  Reporting on applications of bioactive compounds or

proposing strategies for the valorization of food waste.
Exclusion Criteria:

Studies were excluded from the review if they met any of

the following conditions:

=  Non-peer-reviewed research publications, including
conference abstracts, book chapters, editorial letters, and
conference proceedings.

= DPublications in languages other than English.

*  Studies focusing on non-food waste materials or not
incorporating bioactive compound characterization.

*  Duplicate records or studies providing insufficient

Database Modified search equation Total Research  English
papers articles articles

Scopus TITLE-ABS-KEY("food waste" OR byproducts) AND TITLE-ABS- 950 915 908
KEY("bioactive compounds" OR polyphenols OR antioxidants) AND TITLE-
ABS-KEY(spectroscopy OR FTIR OR HPLC OR "GC-MS")

Science Direct  ("food waste” OR byproducts) AND ("bioactive compounds” OR polyphenols OR 21,410 14,786 14,786
antioxidants) AND (spectroscopy OR FTIR OR HPLC OR "GC-MS")

Springer ("food waste" OR byproducts) AND ("bioactive compounds” OR polyphenols OR 3,792 2,137 2,136

antioxidants) AND (spectroscopy OR FTIR OR HPLC OR "GC-MS")

coverage, indexing scope, and database-specific search syntax.
Scopus yielded the most precise and focused results, whilst
ScienceDirect generated the highest absolute number of
retrieved publications, and Springer provided intermediate
coverage across both parameters.

2.3 Eligibility Criteria

Predefined inclusion and exclusion criteria were
established prior to the commencement of the study selection
process began to ensure methodological consistency and to
minimize the risk of selection bias.

Inclusion Criteria

Studies were considered eligible for inclusion if they
satisfied all of the following criteria following criteria:

=  DPublished in peer-reviewed scientific journals indexed in
the selected databases

= Written in the English language.

methodological or analytical detail to permit meaningful

critical evaluation.

2.4 Study Selection and Screening

The study selection process was conducted in strict
accordance with the PRISMA 2020 guidelines. A total of
17,830 research articles were initially identified through the
systematic database searches of Scopus, ScienceDirect, and
Springer. Following the automated removal of duplicate
records, the remaining articles were screened based on their
titles and abstracts against the predefined eligibility criteria.
Articles meeting the preliminary eligibility requirements were
subsequently retrieved in full text and assessed for final
inclusion. Only those studies satisfying all established
inclusion criteria were retained for qualitative synthesis and
critical analysis. The complete study selection and screening
process is presented in the PRISMA 2020 flow diagram in
Figure 1.
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Figure 1. PRISMA 2020 Flow Diagram of the Literature Search and Study Selection Process

To position the present review within the current
landscape of systematic reviews addressing food by-product
valorization, a selection of recent PRISMA-based systematic
reviews were identified and considered as reference studies for
methodological comparison (Table 2). These reviews covering
a broad range of related topics, including the health effects of
foods processed from plant by-products (Pérez-Beltrdn et al.,
2024), techno-economic aspects of food waste valorization
(Tariq ez al., 2025), digital transformation for sustainable agri-
food waste management (Censi ez al., 2025), green extraction
of phenolic compounds (Lépez-Salas et al., 2024), marine by-

product valorization (Passos ez al., 2026), food genomics
(Pérez-Beltrdn ez al., 2022), and mycotoxin occurrence in
food by-products (Lopes ez al., 2023). As summarized in
Table 2, the number of initially identified records and the
final number of studies included varied considerably across
these reference reviews, reflecting differences in research
scope, search strategies, and eligibility criteria. The present
review identified 17,830 records and ultimately retained 44
studies for inclusion, placing its scope within the range of
recent PRISMA-based systematic reviews in this field.

Table 2. Comparison Between the Present Systematic Review and Selected Recent PRISMA-Based Systematic Reviews in the

Field of Food By-Product Valorization

Reference Topic Initial records Final Included
Pérez-Beltrén et al. (2024) Effects of plant by-product consumption on blood lipid levels 15,706 19
Tariq et al. (2025) Economic analysis of food waste valorization across regions 3,964 50
Censi et al. (2025) Digital pathways toward sustainability in agri-food waste 524 373
Lépez-Salas er al. (2024) Phenolic compound extraction using green solvents 282 67
Passos et al, (2026) Cha.racterization of marine by-products and geographical origin 6,443 94-96

tracing
Pérez-Beltran ez al. (2022) Gene-diet interactions and effects on lipids 1,110 38
Lopes ez al. (2023) Occurrence of mycotoxins in food by-products Not specified 16
Present review Spectroscopic and chemical characterization of bioactive compounds 4,538 44

from food by-products
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The PRISMA 2020 flow diagram presented in Figure 1
provides a transparent and structured overview of all stages of
the literature search and study selection process performed,
encompassing the identification of records retrieved from the
three selected databases, duplicate removal, title and abstract
screening, full-text eligibility assessment, and the final
inclusion of studies meeting all predefined eligibility criteria.
This diagram enhances the methodological transparency and
reproducibility of the review.

2.5 Data Extraction and Synthesis

Relevant data were systematically extracted from all
included studies employing a standardized data extraction
framework. The following information was recorded for each
study: the type of food waste or agro-food by-product
investigated, the class and identity of bioactive compounds
extracted; the spectroscopic and/or chemical analytical
methods employed, the principal analytical findings and
quantitative results, and the proposed valorization strategies
or applications. A comparative critical analysis was
subsequently conducted to evaluate and compare the
analytical performance of the different characterization
methods across the dimensions of accuracy, sensitivity,
analytical rapidity, operational cost, and industrial
applicability.

2.6 Quality Assessment

To enhance the reliability, scientific rigor, and interpretive
robustness of this review, the methodological quality of the
selected studies was systematically assessed through predefined
methodological quality criteria adapted from established
systematic review guidelines (Higgins ez a/., 2011; Page ez al.,
2021). The quality assessment focused framework focused on
five principal dimensions:

= The clarity and accuracy of the research objectives and
study design

* The adequacy and completeness of the description of food
by-products and the samples characterization procedure

*  The suitability, validity and degree of analytical validation
of the spectroscopic or chemical analytical methods
employed.

* The reproducibility and methodological transparency of
the experimental procedures.

* The scientific significance and practical relevance of the
reported results for food by-products valorization and
their potential industrial applications.

Each included study underwent rigorous examination
according to these criteria to identify methodological
strengths and limitations. Studies providing detailed and
reproducible experimental protocols, rigorous analytical
procedures, and clearly interpretable results were considered
to represent higher-quality evidence. Conversely, studies

characterized by insufficient methodological reporting or
limited analytical validation were interpreted with appropriate
caution during the data synthesis process.

The quality assessment was employed primarily as an
instrument to support the critical and balanced interpretation
of the assembled literature and to minimize the influence of
methodological heterogeneity and potential bias on the
conclusions of this review. The specific quality assessment
criteria applied to the included studies are presented in Table
3, which evaluate study design, sample characterization,
analytical validation, experimental reproducibility, and
industrial relevance. These criteria were specifically designed
for the purposes of the present review to ensure their
appropriateness for evaluating the methodological quality and
practical relevance of studies addressing the spectroscopic and
chemical characterization of bioactive compounds derived

from food by-products.

Table 3. Quality Assessment Criteria Employed for the
Evaluation of Included Studies

Criterion Evaluation focus

Study design Clarity of objectives and
Sample characterization Adequate description of food by-
products

. Al Validation of spectroscopic or
Analytical val
nalytical validation chemical methods

Availability of sufficient
methodological details

Reproducibility

. Potential applicability in real-world
Industrial relevance 1’ app v
Valorlzatlon processes

3 RESULTS AND CRITICAL REVIEW

3.1 Overview of Selected Studies
3.1.1 General Characteristics of Included Studies

The systematic literature research yielded a collection of
studies investigating the valorization of food waste through
the extraction and characterization of bioactive compounds
employing a diverse array of spectroscopic and chemical
analytical techniques. The included studies demonstrated
considerable heterogeneity with respect to the types of food
waste examined, the classes of bioactive compounds targeted,
the analytical methods employed, and the proposed end
applications of these compounds across various food science,
functional food development, and healthcare sectors.

The majority of included studies focused on plant-derived
byproducts generated by the food industry — principally fruit
peels and pomaces, olive processing residues, cereal bran and
milling by-products, and vegetable and legume residues —
attributable to their richness in phenolic compounds,
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flavonoids, dietary fiber, and antioxidants (Gémez-Garcia ez
al., 2021; Sagar ez al., 2018). The results further revealed that
phenolic compounds and antioxidants constituted the most
extensively studied classes of bioactive compounds, across the
included literature, reflecting their established functional
significance in enhancing the nutritional and technological
properties of food products and in extending shelf life.

A notable divergence was also identified in the analytical
approaches adopted across the included studies. A substantial
proportion of investigations favored rapid, non-destructive
spectroscopic methods such as FTIR and NIR for the
preliminary screening and broad characterization of target
bioactive compounds, while other investigations relied upon
more precise chemical techniques, such as HPLC and GC-
MS, for the accurate quantitative and qualitative
determination of individual compounds (Kanwal &
Musharraf, 2024). This divergence reflects the absence of a
clearly established methodological consensus regarding the
most appropriate analytical strategy, necessitating a rigorous
comparative critical evaluation of the analytical performance,
strengths, and limitations of each technique within the
context of food by-product valorization.

Table 4 provides a comprehensive summary of the key
characteristics of the studies included in this review, including
the type of food waste investigated, the targeted bioactive
compounds, the analytical methods employed, the principal
findings, and the proposed valorization applications.

annual number of publications was recorded in 2025 across
all three databases, with ScienceDirect consistently yielding
the highest annual publication counts, followed by Springer
and Scopus, respectively.

4500

e Scopus
o 4000 ]
£ 3500 e ScienceDirect /
g /
= 3000 Springer
2 /
£ 2500 7
5 2000 —/
8 1500 =
g 1000 ———
Z 500
——
0 ————
H L D D9 D DN DDA O
M IFIIFPIN PP
DA DT AR AT A AR

Figure 2. Temporal Distribution of Included Studies
Published Between 2015 and 2025

3.1.2 Research Trends and
Distribution of Included Studies

Geographical

The studies included in this review demonstrate a
significant increase in scientific interest in the valorization of
food waste in recent years, reflecting the growing shift towards

Table 4. Summary of Included Studies on Food By-Product Valorization and Bioactive Compound Characterization

By-product source Bioactive compounds Analytical methods Key findings Applications

Rich f phenoli

Citrus peels Flavonoids, dietary fiber FTIR, HPLC Cli source of phenotie Functional foods

compounds

Olive pomace Phenolics, antioxidants NIR, GC-MS High antioxidant activity Natural preservatives

Grape pomace Anthocyanins, tannins FTIR, HPLC-DAD High phenolic content Nutraceuticals

Cereal bran Dietary fiber, proteins FTIR, UV-Vis Rich in soluble fiber Food supplements

Vegetable peels Carotenoids, phenolics Raman, HPLC Diverse bioactive compounds Active packaging
High volatil

Coffee grounds Fatty acids, phenolics GC-MS, HPLC igh votad : Tﬁmpound Cosmetic applications

conte
Fruit seeds Bioactive peptides, oils LC-MS, FTIR Rich in unsaturated fatty acids Health products
Legume husks Polyphenols, proteins UV-Vis, HPLC High antioxidant capacity Animal feed

Figure 2 illustrates the temporal distribution of adopting the principles of the circular economy and

publications retrieved from Scopus, ScienceDirect, and
Springer between 2015 and 2025. The data demonstrate a
progressive and consistent increase in the number of
publications across all three databases over the study period,
reflecting the growing scientific interest in food waste
valorization and bioactive compound characterization. A
notable acceleration in publication output is evident following
2020, likely attributable to heightened global attention to
circular economy principles and sustainability. The highest

sustainability in modern food systems. Chronological analysis
of the included studies reveals a gradual and progressive
increase in the number of publications addressing the
extraction and characterization of bioactive compounds from
food waste, with a marked acceleration observed further 2020,
driven by the growing imperative to develop alternative
sources of functional compounds and reduce the
environmental and socioeconomic impacts of food waste
generation (Gémez-Garcia et al., 2021).
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With respect to the nature of the raw materials
investigated, the overwhelming majority of included studies
focused on plant-derived residues from agricultural and food
processing operations — in particular, fruit and vegetable
waste, olive residues, and the byproducts of grains and oilseeds
— atributable to their high concentrations of phenolic
compounds, dietary fiber, and antioxidants. Growing number
of studies have additionally examined residues from beverage
and dairy production, although to a lesser extent than
traditional plant-derived sources (Sagar ez al., 2018).

Regarding analytical approaches, a discernible trend
towards the increased adoption of rapid spectroscopic
techniques, particularly FTIR and NIR was observed in more
recently published studies due to their lower cost and faster
analysis rapidity. Meanwhile, chromatographic chemical
techniques, such as HPLC and GC-MS, continue to fulfill a
pivotal role in high-resolution quantitative and qualitative
analysis. This trend reflects a gradual shift towards the
integrated application of rapid, non-destructive techniques in
combination with reference chromatographic methods, aimed
at simultaneously improving characterization efficiency and
ensuring the reliability and scientific validity of analytical
results (Tziolas ez al., 2021).

A critical review of the included studies further reveals that
whilst scientific activity in the domain of food waste
valorization has increased substantially since 2020, the
majority of studies have concentrated on a relatively limited
range of plant-derived waste streams — principally fruit peels,
olive pomace, and cereal bran. Gémez-Garcia ez al., (2021)
noted that these categories represent the largest proportion of
raw materials studied in the literature, while other food wastes
with  potentially high value remain comparatively
underexplored. Furthermore, Sagar ez al., (2018) highlighted
that the predominant focus of the existing literature is on the
extraction and in witro characterization of bioactive
compounds, while only a limited number of studies have
addressed aspects related to economic feasibility or practical
industrial implementation of the proposed valorization
strategies — a critical gap that constrains the translation of
research findings into industrial practice.

3.2 Spectroscopic Methods for Food By-Product
Characterization

Spectroscopic methods are among the most extensively
employed analytical techniques for the characterization of
bioactive compounds extracted from food waste, attributable
to their ability to deliver rapid and non-destructive analysis
with minimal sample preparation requirements. These
techniques have gained increasing importance in recent years
owing to their ability to improve the efficiency of chemical
characterization and reduce operational costs, particularly in
industrial applications requiring rapid and scalable analyses.

The most widely applied spectroscopic techniques in this
domain include FTIR, NIR, Raman spectroscopy, and
ultraviolet—visible spectroscopy (UV-Vis) (Hassan ez al.,
2025; Ramachandran ez 4l., 2025)

3.2.1 Fourier Transform Infrared Spectroscopy

FTIR constitutes one of the most extensively utilized
spectroscopic techniques for the analysis of bioactive
compounds extracted from food by-products, owing to its
capacity to rapidly identify functional groups and generate a
distinctive molecular fingerprint characteristic of the
compounds under investigation. The technique operates on
the principle of measuring infrared the absorption of infrared
radiation by the chemical bonds present within molecular
structure, allowing for the determination of the chemical
structure , thereby enabling the determination of the chemical
and structural characteristics of diverse compound classes,
including phenolic compounds, carbohydrates, proteins, and
facty acids (Varas Perez ef al., 2025).

FTIR has been widely applied to characterize plant-based
food processing residues, including citrus waste, fruit peels,
olive pomace, and cereal by-products, and has demonstrated
efficacy in the rapid detection and preliminary identification
of antioxidant compounds and, as well as in monitoring
chemical transformations associated with extraction and
processing operations (Sun ¢z al., 2025). The principal
analytical advantages of FTIR include its high rapidity, low
operating costs compared to chromatographic techniques, the
absence of complex or time-consuming sample preparation
requirements, and its non-destructive character, which
permits the preservation and subsequent re-analysis of the
original sample. These attributes render FTIR a particularly
attractive method for industrial applications and quality
control within food processing chains (May, 2024; Saji et al.,
2024).

Notwithstanding these advantages, FTIR is subject to a
number of significant analytical limitations. Whilst the
technique provides a comprehensive molecular fingerprint of
the sample, its sensitivity and selectivity in the identification
and quantification of individual compounds remains limited
compared to those of chromatographic techniques such as
HPLC or GC-MS, especially in the analysis of complex
matrices or when target compounds present at low
concentrations. Furthermore, the accuracy and reliability of
FTIR-based quantification are critically dependent upon the
quality of calibration models and reference spectral databases,
which can affect the reproducibility of results across different
studies (Resende ez al., 2023).

Therefore, while FTIR may be considered an appropriate
technique for rapid preliminary screening and general
characterization of bioactive compounds, its independent
application is generally insufficient for the accurate
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identification and quantification of individual target
compounds. Consequently, the integrated use of FTIR in
conjunction  with  complementary  chromatographic
techniques — such as HPLC or GC-MS — is widely
recommended in the literature to ensure the accuracy,
specificity, and completeness of characterization outcomes,
particularly in demanding industrial and regulatory
applications.

Several investigations have demonstrated the utility of
FTIR spectroscopy for the rapid characterization of phenolic
compounds and other bioactive constituents in food by-
products. Gémez-Garcia et al, (2021) highlighted the
potential of FTIR as a rapid and non-destructive screening
tool for valuable bioactive compounds in fruit and olive
processing residues. In contract Tziolas ez al., (2021) reported
that the predictive performance of FTTR-based chemometric
models may decline considerably when applied to highly
heterogeneous food matrices or when calibration models are
transferred across different sample types. This apparent
discrepancy suggests that the successful implementation of
FTIR depends strongly on sample composition, calibration
quality, and the robustness of chemometric modelling
approach employed.

3.2.2 Near Infrared Spectroscopy (NIR)

NIR spectroscopy represents a promising and increasingly
adopted spectroscopic technique for the characterization of
bioactive compounds extracted from food waste, principally
by virtue of its capacity to perform rapid, non-destructive
analyses with minimal sample preparation. The technique
operates through the measurement of electromagnetic
radiation absorption in the near-infrared spectral region,
enabling the detection of chemical bonds associated with
organic compound classes, including phenolic compounds,
proteins, lipids, and carbohydrates (Njewa ez al., 2025; Yadav
et al., 2024).

The application of NIR has undergone substantial
expansion within the field of food waste valorization,
particularly in assessing the quality of agricultural by-products
and the rapid determination of the chemical composition of
plant-derived residues. The technique has been applied to the
analysis of cereal residues, fruit peels, and oilseed by-products,
demonstrating efficacy in the rapid estimation of total
phenolic content and antioxidant activity relative to
conventional chemical methods (Ayvaz & Dogan, 2025).
Among the most significant analytical advantages of NIR is its
capacity for high-throughput real-time analysis with minimal
consumption of chemical reagents, rendering it an
environmentally compatible and friendly technology with
promising potential for large-scale industrial applications.
Furthermore, the capacity for integration of NIR
instrumentation with artificial intelligence (AI) algorithms

and advanced chemometric models enhances its predictive
capability for the rapid assessment of sample quality and
chemical composition (Kanwal & Musharraf, 2024).

Despite these attributes, NIR technology exhibits lower
resolution and selectivity for the precise identification and
quantification of individual compounds compared with
advanced chromatographic techniques such as HPLC and
GC-MS. As a consequence, NIR is generally more appropriate
for rapid screening and preliminary assessment than for
detailed, chemical characterization (Kanwal & Musharraf,
2024).

NIR spectroscopy may therefore be considered an
effective and valuable tool for the rapid, non-destructive
assessment of bioactive compounds in food waste matrices,
particularly in industrial settings that require rapid decision-
making and lower analysis costs. However, the enhancement
of predictive accuracy and analytical reliability necessitates the
development of more robust, reliable calibration models and
integrating them with complementary analytical techniques to
ensure the accurate characterization of target bioactive
constituents.

Published evidence further illustrates the performance
characteristics and limitations of NIR in food by-product
applications. Cen & He, (2007) demonstrated the capacity of
NIR to deliver rapid and non-destructive compositional
analysis in relatively homogeneous food matrices. In contrast,
Ayvaz & Dogan, (2025) reported a significant reduction in
the predictive accuracy of NIR-based models when applied to
complex food by-products characterized by highly variable
compositions. Collectively, these findings indicate that the
transferability of NIR calibration models across diverse
categories of food by-products remains limited, and that the
development of robust calibration strategies represents a
critical  requirement  for the reliable  industrial
implementation.

3.2.3 Raman Spectroscopy

Raman spectroscopy constitutes an advanced and
increasingly adopted spectroscopic for the characterization of
bioactive compounds extracted from food by-products,
attributable to its capacity to generate a precise molecular
fingerprint. The technique relies on the principle of Raman
scattering, where the energy of scattered light changes as a
result of its interaction with chemical bonds within molecules,
allowing for the determination of the structural and chemical
properties of various organic compounds (Vershinina et al.,
2025; Yang et al., 2017).

Raman spectroscopy has been applied to the
characterization of a broad spectrum of food processing
residues, including fruit peels, grain residues, and vegetable oil
processing derivatives, with the aim of identifying phenolic
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compounds, carotenoids, fatty acids, and antioxidants.
Published investigations have additionally demonstrated the
efficacy of this technique in detecting and monitoring
chemical transformations associated with extraction and
processing operations, as well as in the verification of the
authenticity and quality of food products (Dabi¢ Zagorac et
al., 2024; Yang er al., 2017).

Among the most significant advantages of Raman
spectroscopy is its capacity to provide accurate molecular
information with minimal sample preparation, in addition to
its ability to directly analyze hydrated or wet samples, which
is a significant advantage compared to some other
spectroscopic methods, such as FTIR. Its high accuracy in
characterizing organic compounds also makes Its high
molecular specificity in the characterization of organic
compounds further positions it as a promising instrument for
quality control and rapid structural characterization within
the food processing industry (Cavdaroglu ez al., 2025).

Despite these advantages, Raman spectroscopy is subject
to several significant practical challenges that limit its
widespread application. The elevated capital cost of Raman
instrumentation constitutes a major barrier to large-scale
deployment. In addition, the technique exhibits limited
sensitivity when applied to compounds present at low
concentrations in complex matrices. Signal quality may be
substantially compromised by fluorescence interference,
particularly in complex plant-derived samples, potentially
resulting in reduced spectral resolution and diminished
analytical accuracy (Li ez al., 2024).

These challenges are further accentuated in the context of
the transition from controlled laboratory environments to
real-world industrial settings. The majority of published
studies have focused on utilizing Raman spectroscopy under
controlled laboratory conditions, while research evaluating its
performance in actual industrial settings remains exceedingly
limited. Consequently, the considerable theoretical analytical
potential of this technique has not yet been fully realized in
large-scale industrial applications, necessitating further
applied studies to assess its economic and technical feasibility
in real-world production conditions.

Raman spectroscopy may accordingly be regarded as a
powerful technique for advanced molecular characterization
of bioactive compounds, particularly in investigations
requiring detailed structural elucidation. Nevertheless, its
systematic integration with complementary analytical
techniques — such as FTIR for broad molecular
fingerprinting, or HPLC for quantitative compound-specific
analysis — is recommended to achieve a more comprehensive
and reliable characterization of complex food by-product
matrices.

The divergent findings reported in the literature further
illustrate the context-dependent performance of Raman
spectroscopy. Vershinina ez al. (2025) demonstrated the
utility of this technique for the structural characterization and
quantification of plant-derived bioactive compounds. In
contrast, other studies reported that the presence of naturally
fluorescent compounds and pigments in plant by-products
can generate strong background signals and substantially
reduce spectral quality. This apparent discrepancy indicates
that, despite its excellent analytical capabilities, the successful
application of Raman spectroscopy to heterogeneous food by-
products remains highly dependent on sample composition
and signal pre-processing strategies.

3.2.4 Ultraviolet -Visible Spectroscopy (UV-Vis)

UV-Vis spectroscopy constitutes one of the most widely
employed analytical techniques for the characterization and
quantification of bioactive compounds extracted from food
by-products. The technique operates on the principle of
measuring the absorption of electromagnetic radiation in the
ultraviolet and visible spectral ranges, enabling the estimation
of the concentration of compounds possessing chromophoric
structural groups, such as phenolic compounds, flavonoids,
and natural pigments (Njewa et al., 2025).

UV-Vis spectroscopy has been extensively applied to the
assessment of antioxidant activity and the estimation of total
phenolic, total flavonoid, and carotenoid contents across a
broad range of food processing residues, including citrus peels,
olive pomace, grain residues, and fruit and vegetable waste.
This technique additionally facilitates the rapid evaluation of
chemical modifications arising from various extraction
processes, making it an effective tool for preliminary screening
and quality evaluation in research and industrial settings
(Terenzi et al., 2024).

The principal analytical advantages of UV-Vis
spectroscopy include its operational simplicity, high analytical
rapidity, and lower equipment costs compared to advanced
chromatographic reference techniques. Its capacity to deliver
rapid quantitative analyses employing relatively simple
protocols, renders it particularly appropriate for industrial
quality control applications and routine quality control within
food processing chains (Tiigen & Tagtan Ulkii, 2025).

However, UV-Vis spectroscopy is characterized by several
significant and well-recognized methodological limitations.
Its capacity to qualitatively differentiate between individual
compounds is relatively limited, especially in complex samples
containing a mixture of compounds with overlapping
absorption spectra. Furthermore, its detection sensitivity is
inferior to that of advanced techniques such as HPLC or LC-
MS, rendering it more appropriate for macroscopic analysis or
rapid screening rather than precise molecular determination
(Garcia-Rodriguez er al., 2017; Sanchez ez al., 2026).
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The limitations of UV-Vis spectroscopy in the context of
bioactive compound characterization have been clearly
delineated in the published literature. Lozada-Ramirez ez al.
(2021) emphasized that UV-Vis measurements yield only
global estimations based on absorbance and do not permit the
identification or quantification of individual bioactive
compounds. Similarly, Apak er 4/, (2016) highlighted that
spectrophotometric antioxidant assays are highly dependent
on reaction conditions and may generate considerable inter-
study variability. Collectively, these observations confirm that
UV-Vis spectroscopy is most appropriately employed as a
rapid and cost-effective preliminary screening tool, and
should preferably be combined with chromatographic
techniques such as HPLC or LC-MS for comprehensive
characterization of food by-products.

UV-Vis spectroscopy may accordingly be regarded as an
appropriate technique for the rapid preliminary evaluation of
bioactive compounds, particularly in studies aimed at initial
comparison or quality control. Its independent application,
however, is insufficient for advanced chemical
characterization, and its integration with more precise
analytical techniques is required to ensure the reliability,
specificity, and scientific validity of the characterization
outcomes.

Table 5 illustrates a detailed critical comparison of the
different spectroscopic methods employed to characterize
bioactive compounds extracted from food waste.

techniques, such as high-performance liquid chromatography
(HPLC), gas chromatography-mass spectrometry (GC-MS),
and liquid chromatography-mass spectrometry (LC-MS), in
addition to conventional chemical assays applied to estimate
antioxidant activity and total phenolic content.

3.3.1 High-Performance Liquid Chromatography
(HPLC)

High-performance liquid chromatography (HPLC)
represents one of the most widely utilized techniques for the
characterization of bioactive compounds in food by-products,
attributable to its demonstrated capacity for the separation,
identification, and quantification of individual constituents
within complex multi-component mixtures. This technique
relies on the differential interactions of analyte molecules with
the stationary and mobile phases, enabling the selective
separation and analysis of a wide range of bioactive compound
classes (Abderrrezag et al., 2025; Njewa ez al., 2025).

HPLC has been extensively applied to the analysis of
phenolic compounds, flavonoids, carotenoids, and organic
acids extracted from fruit, olive, grain, and vegetable waste.
The technique has demonstrated particular efficacy in the
precise quantitative determination of bioactive compounds,
establishing it as one of the most reliable and validated
methods for studies aimed at verifying the functional and
nutritional properties of plant-derived extracts (Krivosija ez
al., 2025; Terenzi et al., 2024).

Table 5. Critical Comparison of Spectroscopic Methods Employed to Characterize Bioactive Compounds from Food Waste

Principal

Strengths

application

Functional group Rapid, non-

Weaknesses

Limited molecular

Industrial

o hedbiis Critical interpreta

Effective for screening but insufficient

FTI High
R identification destructive specificity '8 for precise compound identification
Rap ‘1c‘1 Real-time Strong d'ep enfience . Suitable for process monitoring but
NIR compositional . on calibration High o N
. analysis limited transferability
prediction models
Raman Molec.ula.r High c.her.mcal l?luorescence Moderate Promlsm.g but s.nll 1n31.1fﬁc1ently
fingerprinting specificity interference validated industrially
Total L ful fc limi
UV_Vis ota .comPound ow co.st.and Low selectivity High Useful for preliminary assessment
estimation simplicity only

3.3 Chemical Methods for Bioactive Compound
Analysis

Despite the significant advancements in rapid
spectroscopic  techniques,  advanced  chemical and
chromatographic analytical methods retain their status as the
primary reference methodologies for the characterization of
bioactive compounds extracted from food by-products,
attributable to their superior accuracy and sensitivity in the
quantitative and qualitative determination of individual
compounds. These methods include various chromatographic
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The most significant analytical advantages of HPLC
include its high accuracy, its and quantitative precision, its
demonstrated capacity to resolve and separate structurally
analogous compounds, and its compatibility with various
detectors to enhance analytical sensitivity. These attributes
collectively render HPLC the method of choice for high-
resolution characterization studies requiring unambiguous
compound identification and accurate quantification.

Despite its analytical strengths, HPLC is subject to several
practical limitations, most notably the high cost of
instrumentation and analytical reagents, the requirement for
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complex and time-consuming sample preparation procedures,
and the relatively longer analysis time compared to rapid
spectroscopic  methods. ~ Furthermore, the advanced
operational  expertise and maintenance requirements
associated with HPLC instrumentation may limit its
accessibility and throughput in routine industrial quality
control applications (Krivosija ez al, 2025; Njewa et al.,
2025).

HPLC therefore retains its established status as the
reference analytical technique for the detailed characterization
of bioactive compounds in food by-products. Nevertheless,
combining HPLC with rapid spectroscopic screening
methods may improve analytical efficiency while reducing
analysis time and overall cost.

Published evidence firmly establishes the analytical
precision and selectivity of HPLC for the characterization of
complex bioactive extracts from food by-products. Plaza &
Turner, (2015) highlighted the high analytical precision and
selectivity of HPLC for the characterization of complex
bioactive extracts. However, Gémez-Garcia et al. (2021)
identified substantial inter-study variability in extraction
procedures, chromatographic columns, mobile phase
composition, and detection conditions, rendering direct
comparisons between published datasets difficult. These
observations confirm that, despite its status as a reference
analytical method, the absence of standardized and universally
adopted HPLC methodologies for food by-product
characterization remains a significant and persistent limitation

in this field.

3.3.2 Gas Chromatography—Mass Spectrometry (GC-
MS)

GC-MS constitutes one of the most powerful and
analytically sensitive tools available for the identification and
structural characterization of volatile and semi-volatile
compounds in food by-products. The technique combines the
high-resolution chromatographic separation capability of gas
chromatography with the structural elucidation and
molecular identification power of mass spectrometric
detection, enabling the structural characterization of a wide
range of volatile metabolites (Abderrrezag er al, 2025;
Andrade et 4l., 2022).

GC-MS has been widely applied to analyze essential oils,
fatty acids, and volatile aromatic compounds extracted from
citrus, olive, and oilseed waste. The technique has additionally
played a significant role in identifying compounds of
recognized health and technological value within the food and
pharmaceutical industries (Andrade ez al., 2022; Setiawan et
al., 2025). The principal analytical advantages of GC-MS
include its high sensitivity, ability to identify compounds with
high molecular resolution, and reliability in analyzing

complex volatile compounds. These attributes render GC-MS
the analytical method of reference in advanced chemical
characterization studies focused on volatile bioactive

constituents.

Despite these analytical advantages, GC-MS is subject to
several practical limitations, including the necessity for
derivatization and the relatively high operational cost, both of
which may reduce analytical throughput in routine
applications.

Several studies have demonstrated the effectiveness of
GC-MS for the identification and quantification of volatile
compounds, fatty acids, and aroma-related metabolites in
food by-products. Plaza & Turner, (2015) highlighted the
appropriateness of GC-MS for the comprehensive
characterization of volatile bioactive compounds in complex
food matrices. However, subsequent investigations have
reported that a substantial proportion of phenolic compounds
and other non-volatile metabolites require derivatization prior
to GC-MS analysis — a requirement that increases sample
preparation time and introducing additional sources of
variability. These observations indicate that, although GC-
MS remains a highly sensitive and selective reference
technique, its applicability is largely restricted to volatile or
semi-volatile compounds and is therefore generally
insufficient as a standalone technique for the comprehensive
characterization of the complete bioactive compound profile
of food by-products.

GC-MS accordingly remains the analytical method of
choice for the characterization of volatile and semi-volatile
bioactive ~ compounds.  Nevertheless,  comprehensive
characterization of food by-products generally requires
complementary analytical techniques, such as HPLC or LC~
MS, to accurately identify and quantify non-volatile
constituents. Consequently, integrated analytical strategies
combining GC-MS with complementary chromatographic
methods provide a more complete understanding of the

chemical composition of food by-products.

3.3.3 Liquid Chromatography-Mass Spectrometry
(LC-MS)

LC-MS constitutes one of the most advanced analytical
platforms for the characterization of bioactive compounds
extracted from food waste, owing to its high capacity for
precise separation and structural identification of complex
compounds present at trace concentrations. This technique
integrates the separation efficiency of liquid chromatography
with mass spectrometric detection, thereby enabling the
simultaneous identification of a substantial number of
compounds within complex biological and food matrices
(D’Urso et al., 2025; Kharbach ez al., 2026).
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LC-MS has been increasingly employed for the analysis of
phenolic compounds, flavonoids, bioactive peptides, and
antioxidants extracted from fruit, vegetable, olive, and cereal
by-products. Furthermore, it has demonstrated considerable
efficacy in the identification of novel or rare compounds that
are difficult to detect by conventional chemical methods
(Collado-Gonzélez et al., 2026; D’Urso et al., 2025; Njewa et
al., 2025).

The key advantages of LC-MS reside in its exceptional
sensitivity, its capacity to perform both qualitative and
quantitative analyses simultaneously, and its aptitude to
accurately determine the molecular structure of complex
compounds. It additionally constitutes a fundamental tool in
advanced metabolomics studies and the characterization of
low-concentration bioactive compounds.

However, this technique is subject of several practical
limitations, including the requirement for advanced technical
expertise, the complexity of data processing, and demanding
operational requirements that may restrict its routine
industrial application (D’Urso et al., 2025; Kharbach et 4l.,
2026; Njewa et al., 2025).

Therefore, while LC-MS may be regarded as one of the
most accurate and comprehensive analytical techniques for
the characterization of bioactive compounds, its application is
predominantly oriented towards advanced research studies or
reference validation applications that demand high levels of

sensitivity and accuracy.

Several studies have highlighted the remarkable analytical
capabilities of LC-MS for identifying and quantifying
bioactive compounds at extremely low concentrations in
complex food matrices. Kharbach ez al. (2026) emphasized
that LC-MS/MS has become one of the most powerful
techniques for comprehensive food characterization owing to
its high sensitivity and molecular specificity. However, other
investigations have reported that the high acquisition and
maintenance costs of LC-MS instruments, together with the
complexity of data processing and interpretation, limit their
routine implementation in industrial environments. These
observations suggest that, despite its superior analytical
performance, the widespread adoption of LC-MS in food by-
product valorization continues to face considerable economic
and operational challenges.

3.3.4 Conventional Chemical Assays

In addition to advanced chromatographic techniques,
traditional chemical assays are widely employed to evaluate
the functional properties of bioactive compounds extracted
from food by-products, particularly with respect to
antioxidant activity and total phenolic content. Among the

most commonly applied assays are Folin—Ciocalteu, DPPH,
ABTS, and FRAP methods.
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The Folin—Ciocalteu assay is primarily employed to
estimate total phenolic content. The technique relies on the
reaction of phenolic compounds with Folin reagent to form a
colored complex that can be measured spectroscopically.
While this assay is simple and straightforward to perform, its
limited specificity may result in interference from other non-
phenolic reducing compounds, potentially compromising the
accuracy of the results (Torres ez al., 2024).

The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay is
widely utilized to evaluate antioxidant activity based on the
capacity of bioactive compounds to inhibit free radicals. It is
characterized by its rapidity and low cost; however, its
sensitivity may vary depending on the solvent employed and
the nature of the compounds under investigation (Jia ez al.,
2024).

Similarly, the ABTS (2,2'-azinobis (3-
ethylbenzothiazoline-6-sulfonic acid)) assay is utilized to
assess antioxidant capacity and is considered more versatile
than DPPH, as it can be applied in both aqueous and organic
media. It also permits the evaluation of a broader spectrum of
antioxidant compounds (Jia ez al., 2024).

In contrast, the FRAP (Ferric Reducing Antioxidant
Power) assay measures the reducing capacity of bioactive
compounds by converting ferric to ferrous ions. Despite its
simplicity and rapidity, it may not reflect all mechanisms of
antioxidant activity, thereby limiting its ability to provide a
comprehensive assessment when employed in isolation (Apak,
2016).

Several studies have demonstrated that conventional
colorimetric assays remain indispensable for the rapid
evaluation of antioxidant activity and total phenolic content
in food by-products owing to their simplicity and low
operational cost. However, Apak, (2016) emphasized that
antioxidant assays such as DPPH, ABTS, and FRAP are based
on divergent reaction mechanisms and therefore frequently
yield non-comparable results. Likewise, Torres et al. (2024)
reported that the Folin—Ciocalteu assay may overestimate
total phenolic content owing to interference from other
reducing  substances. These findings indicate that
conventional chemical assays should be interpreted with
caution and preferably combined with chromatographic
techniques to obtain a more reliable characterization of
bioactive compounds.

Overall, these conventional chemical assays remain
valuable tools for the preliminary evaluation of bioactive
compounds and antioxidant activity in food by-products.
However, their limited specificity and dependence on
experimental  conditions frequently necessitate  their
integration with more accurate analytical techniques, such as
HPLC or LC-MS, to ensure more reliable interpretation of
the results.
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3.4 Comparative  Critical ~ Analysis  of
Spectroscopic and Chemical Methods

The studies included in this review demonstrate that the
selection of an appropriate analytical technique for
characterizing bioactive compounds extracted from food
waste depends largely upon the nature of the target
compounds, the required level of accuracy, and the ultimate
objective of the analysis. Generally, analytical methods can be
categorized into two principal groups: rapid spectroscopic
methods and chemical reference methods. Each group
possesses distinct advantages and limitations that directly
influence  characterization  efficiency and  industrial

applicability.

Spectroscopic methods, including FTIR, NIR, Raman,
and UV=-Vis, are particularly appropriate for rapid screening
and routine quality control as they enable fast analyses with
relatively simple sample preparation, rendering them suitable
tools for initial screening, routine quality control, and real-
time analysis within food production lines. Furthermore, the
limited consumption of chemical reagents renders these
methods more closely aligned with the principles of green
chemistry and environmental sustainability. In addition, the
integration of these methods with chemometric instruments
and Al techniques has enhanced their predictive capabilities,
particularly in classification and rapid quality detection
applications (Li ez al., 2025; Tziolas et al., 2021).

However, the capacity of spectroscopic techniques to
accurately and quantitatively identify individual compounds
remains relatively limited, especially in complex, multi-
component samples. Furthermore, the reliability of their
results depends heavily upon the quality of calibration models
and reference databases, which may limit the generalizability
of results across various types of food waste or varying
processing conditions (Njewa ez al., 2025; Tziolas ez al.,
2021).

In contrast, chemical techniques, such as HPLC, GC-MS,
and LC-MS, offer exceptionally high levels of sensitivity and
accuracy, rendering them more appropriate for advanced
structural characterization and precise quantitative analysis of
bioactive compounds. These techniques have proven pivotal
in validating results obtained from spectroscopic methods and
confirming the molecular identity of target compounds,
particularly phenolic compounds, organic acids, and volatile
compounds (Njewa ez al., 2025; Paniagua-Garcia et al.,
2019).

Nevertheless, chemical techniques face practical
challenges, including elevated equipment and maintenance
costs, the requirement for more complex sample preparation,
and the extended time required for analysis. Furthermore,
their routine application in large-scale industrial settings may
be constrained by the requirement for specialized technical

expertise and high operational requirements (Njewa ez al.,
2025; Tziolas ez al., 2021).

Although  most  studies  consistently  recognize
spectroscopy as a rapid and cost-effective analytical approach,
considerable disagreement remains regarding its capability to
replace conventional chromatographic methods. Gémez-
Garcia er al. (2021) suggested that spectroscopic techniques
may provide sufficiently accurate estimations for routine
quality control when supported by robust chemometric
models. In contrast, Tziolas er al. (2021) reported that
prediction accuracy decreases substantially when calibration
models are transferred to heterogeneous food matrices.
Similarly, Plaza & Turner. (2015) emphasized that
chromatographic methods remain indispensable whenever
reliable identification and quantification of individual
bioactive compounds are required. These contrasting findings
indicate that the choice of analytical method should depend
upon the intended application rather than upon analytical
performance alone.

Based on the available evidence, neither spectroscopic nor
chemical methods can be regarded as universally superior.
Instead, their analytical performance should be evaluated
according to the objectives of the analysis, the complexity of
the food matrix, and the intended industrial application.
Consequently, integrated analytical workflows that combine
rapid  spectroscopic  screening  with  confirmatory
chromatographic analyses appear to be the most robust
strategy for the comprehensive characterization of bioactive
compounds in food by-products. Table 6 illustrates a critical

comparison between spectroscopic and chemical methods.

3.5 Industrial ~ Applications of Bioactive
Compounds Derived from Food By-
Products

Recent investigations demonstrate that  bioactive
compounds extracted from food waste are of significance not
only for their nutritional value, but also for their diverse
industrial applications, which possess considerable economic
and environmental potential. Advances in extraction and
characterization technologies have expanded opportunities for
utilizing these compounds in the food, pharmaceutical, and
smart packaging industries, supporting the principles of the
circular economy and reducing food waste (Cinzia Ingallina ez
al., 2025; Shawky et al., 2025).

3.5.1 Functional Foods

Bioactive compounds derived from food waste are
increasingly employed in the development of functional foods
owing to their capacity to enhance the health and nutritional
properties of food products. These compounds include
phenols, dietary fiber, flavonoids, and antioxidants, which can
be incorporated into foods to improve their health value and
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Table 6. Critical Comparison Between Spectroscopic and Chemical Methods

Chemical
methods

Spectroscopic
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(chemical methods)

reduce the risk of chronic diseases (Ahmed ez al., 2025;
Krishnan & Devarajan, 2025).

3.5.2 Active and Intelligent Packaging

Studies have demonstrated promising potential for the
utilization of natural extracts rich in antioxidant and
antimicrobial compounds in the development of smart, active
food packaging materials. Compounds extracted from fruit
peels and plant residues can be incorporated into biofilms to
improve food stability and extend shelf life, while reducing
reliance on artificial preservatives (Cazén et al., 2025; Dutta
et al., 2025; Maddaloni ez al., 2025).

3.5.3 Nutraceuticals and Health Products

Food byproducts represent a promising source for the
development of nutraceuticals and health supplements,
particularly those rich in antioxidants, fatty acids, and anti-
inflammatory  compounds. Advanced characterization
techniques have contributed to a better understanding of the
biological activity of these compounds and enhanced their
commercial potential (Radha et al., 2024).

3.5.4 Animal Feed Applications

In addition to human food applications, certain food
waste has been utilized as functional ingredients in animal
feed, owing to their fiber content and biologically active
compounds that may contribute to improving animal health
and productivity while reducing feed costs (Tedeschini, 2025;
Vlasova et al., 2025).

Figure 3 illustrates the principal industrial applications of
bioactive compounds derived from food by-products.

Despite the promising industrial applications reported in
the literature, the majority of valorization strategies remain at
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the laboratory or pilot scale. A limited body of research has
evaluated long-term economic feasibility, regulatory
constraints, or large-scale industrial implementation.
Consequently, a significant gap persists between proof-of-
concept demonstrations and commercial deployment of
bioactive compounds derived from food by-products
(Krishnan & Devarajan, 2025).

3.6 Current Challenges and Future Research
Directions

Despite significant progress in the field of food waste
valorization and bioactive compound extraction, several
challenges impede the transition from laboratory findings to
large-scale industrial applications. Among the most
prominent of these challenges are the absence of standardized
protocols for bioactive compound extraction and
characterization, and the considerable variability in the
physical and chemical properties of food waste, which affects
the comparability of results across different studies.

Furthermore, the inconsistency in the selection of
analytical techniques and the absence of standardized
validation protocols present additional challenges to
standardizing results and enhancing their reproducibility.
Moreover, certain advanced techniques, such as LC-MS and
GC-MS, continue to face limitations related to high cost and
operational complexity, restricting their adoption in routine
industrial applications.

Conversely, promising opportunities emerge in the future
through the integration of spectroscopic techniques with Al
tools and chemometric analysis, with the aim of developing
more accurate and efficient predictive models for the rapid
characterization of bioactive compounds. Developments in
smart packaging, functional foods, and the circular economy
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Figure 3. Major Industrial Applications of Bioactive Compounds Detived from Food By-Products
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may substantially improve prediction accuracy and facilitate
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predominantly focused on extraction technologies, the r )
recovery of bioactive compounds, and their nutritional or STAG'% 4; DATA ANALYS_IS_
functional licati S / 2018: Sh | Feedback Chemometrics + Data Fusion + Calibration
unctional applications (Sagar er al., ; Sharma et al., L'oop Rotaleh oot hodsis
2017). In contrast, the present review comparatively evaluates i . T -
]
both spectroscopic and chemical characterization methods ' — ~
)
]

STAGE 5: INDUSTRIAL APPLICATION
Foods * Packaging * Nutraceuticals * Feed
TRL » Cost » Regulatory * Scale-up

while emphasizing their analytical performance, industrial

applicability, and future integration with Al tools. By

combining analytical characterization ~with  practical . J
valorization strategies, this review contributes to narrowing l

the gap between laboratory research and industrial CIRCULAR ECONOMY OUTPUTS
implementation. Reduced Waste — Added Value — Sustainability

Based on the challenges and future opportunities

identified in this review, a conceptual framework is proposed Figure 4. Proposed Integrated Framework for the

to facilitate the integration of rapid spectroscopic techniques, Valorization of Food By-Products via Combined

advanced chemical analyses, and Al tools for the sustainable Spectroscopic and Chemical Characterization Approaches

valorization of food by-products. Figure 4 proposes an
integrated framework that combines the rapid screening
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capabilities of spectroscopic techniques with the high
analytical accuracy of chemical methods, thereby bridging the
gap  between laboratory  research and  industrial
implementation. The proposed framework consists of five
interconnected stages: sample preparation, spectroscopic
screening, chemical characterization, data analysis and
decision-making, and industrial application, supported by a
continuous feedback loop to promote method optimization

and sustainable valorization strategies.

3.7 Limitations of the Current Review

Despite the rigorous methodology employed in this
review, certain limitations must be acknowledged. First, the
literature search was limited to major scientific databases and
English-language publications, which may have resulted in the
exclusion of relevant studies published elsewhere. Second,
considerable variation was observed among the included
studies regarding extraction protocols, analytical procedures,
and reporting practices, making direct comparisons
challenging.

Furthermore, several of the reviewed studies were
conducted under laboratory conditions, while evidence
regarding industrial-scale application remains limited.
Consequently, certain conclusions concerning industrial
applications should be interpreted with caution. Future
reviews would benefit from incorporating more standardized
datasets and a greater emphasis on technical and economic
evaluations.

4 DISCUSSION

The present review provides a critical evaluation of
spectroscopic and chemical methods for the characterization
of bioactive compounds derived from food processing waste,
with particular emphasis on analytical performance,
methodological limitations, and industrial applicability. The
collective findings demonstrate that spectroscopic methods,
including FTIR, NIR, Raman, and UV-Vis offer significant
analytical advantages with respect to rapidity, non-
destructiveness, and minimal sample preparation, rendering
them well-suited to rapid screening and quality control
applications in industrial settings (Li ez al., 2025; Tziolas et
al., 2019). However, their limited sensitivity and selectivity
for the identification and quantification of individual
bioactive compound, combined with their strong dependence
upon calibration models remain major challenges (Njewa ez
al., 2025).

In contrast, chemical and chromatographic analytical
methods — principally HPLC, GC-MS, and LC-MS —
provide superior accuracy, sensitivity, and molecular
resolution, enabling precise quantitative and qualitative
determination  of  individual bioactive = compounds

(Abderrrezag et al., 2025; D’Urso ez al., 2025). Nevertheless,
their substantially higher instrumentation and reagent costs,
considerable operational complexity, and time-consuming
sample requirements represent significant practical barriers to
their widespread adoption in routine industrial analytical
workflows (Krivosija ez al., 2025).

The considerable divergence in analytical approaches
adopted across studies reflects a broader absence of established
methodological consensus in this field, as previously
highlighted by Gémez-Garcia ef al. (2021) and Sagar ez al.
(2018). This observation underscores the critical and urgent
necessity for the development and adoption of standardized
analytical protocols to enhance the comparability,
reproducibility, and scientific validity of results across studies.
The variability in reported findings for FTIR analysis, as
shown by the contrasting results obtained by Gémez-Garcia
et al. (2021) and Tziolas ez al. (2021), further illustrates the
influence of sample matrix heterogeneity and calibration
model quality on the analytical performance.

The systematic reviews consulted as methodological
reference benchmarks confirm the rapidly expanding body of
literature on food waste valorization, with the number of
studies included ranging from 16 to 373 depending on the
scope of the research question and stringency of the applied
eligibility ~criteria (Pérez-Beltrdn et al., 2024). This
considerable variability in review scope and inclusion criteria
underscores the importance of rigorous methodological
transparency and strict adherence to PRISMA reporting
guidelines in systematic review research.

In contradistinction to previous reviews that primarily
focused on extraction technologies or specific categories of
bioactive compounds in isolation, the present review provides
a critical comparative assessment of both spectroscopic and
chemical characterization methodologies while emphasizing
their industrial applicability and their prospective integration
with Al tools and advanced chemometric modelling tools.

The integrated analytical framework proposed in the
present review offers a scientifically grounded and practically
viable pathway for the systematic combination of
spectroscopic screening and chemical methods within food
by-product valorization. The implementation of such
integrated multi-method approaches, however, requires
further validation under real-world industrial conditions prior
their broad adoption can be responsibly advocated, as
emphasized by Njewa e al. (2025) and Tiigen & Tastan
Ulki, (2025).

5 CONCLUSIONS

The present review confirms that food processing waste
constitutes a valuable and largely underexploited reservoir of
bioactive ~ compounds  with  significant  nutritional,
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technological, and economic potential. ~Spectroscopic
methods — including FTIR, NIR, Raman, and UV-Vis —
provide rapid, non-destructive, and cost-effective analytical
tools well-suited to preliminary screening and industrial
quality control applications. Chemical and chromatographic
methods — including HPLC, GC-MS, and LC-MS —
remain the established reference standard for the accurate
quantification and structural characterization of individual
bioactive constituents, by virtue of their superior sensitivity,
selectivity, and molecular resolution.

The principal findings of this review may be summarized
as follows:

=  No single analytical method is universally optimal across
all food by-product characterization contexts; an
integrated approach combining spectroscopic and
chemical methods offers the most comprehensive
characterization.

» The analytical performance and reliability of
spectroscopic methods are critically dependent upon the
quality, robustness, and transferability of calibration
models, as well as upon the compositional characteristics
and homogeneity of the sample matrix under
investigation

*  Chemical and chromatographic methods, despite their
accuracy, are subject to significant practical challenges
related to instrumentation cost, operational complexity,
sample preparation requirements, and scalability for
routine industrial applications.

=  The absence of standardized and universally adopted
analytical protocols across the published literature
constitutes a major and persistent barrier to the cross-
study comparability of results and to the industrial
implementation of food by-product characterization
strategies.

Future research endeavors should prioritize the
development and international validation of standardized
analytical protocols for food by-product bioactive compound
characterization; the improvement and systematic validation
of calibration models for spectroscopic methods across diverse
and heterogeneous food matrices; the conduct of rigorous
techno-economic feasibility studies evaluating the industrial-
scale implementation of integrated analytical frameworks; and
the strengthening of collaborative research partnerships
between academic institutions and the food processing
industry. The integration of Al algorithms and chemometric
modeling with spectroscopic instrumentation represents a
promising direction for the enhancement of predictive
capabilities and real-time quality monitoring.

In conclusion, the sustainable valorization of food
processing waste through the application of appropriate

analytical characterization strategies constitutes a scientifically
sound and practically actionable approach to advancing the
principles of the circular bioeconomy. Such valorization
contributes to the reduction the environmental burden
associated with food waste generation and to the creation of
measurable economic value through the recovery and
application of high-value bioactive compounds across food,
nutraceutical, and pharmaceutical sectors.

Source of funding: This study was conducted without financial support
from any institution.

Acknowledgment: Not applicable.

Previous submissions: The manuscript was not presented as part at a
meeting previously.

Authors' Contribution: Ridouh A: Conceptualization; Methodology;
Literature review; Writing — original draft, Supervision.

Conflicts of Interest: The authors report no declarations of interest.

Preprint deposit: No

REFERENCES

Abderrrezag, N., Dominguez-Rodriguez, G., Montero, L., &
Mendiola, J. A. (2025). Nutraceutical potential of
Mediterranean agri-food waste and wild plants: Green
extraction and bioactive characterization. Advances in Food
and Nutrition Research, 114, 1-95.
https://doi.org/10.1016/bs.afnr.2024.09.001  [Crossref]
[PubMed] [Google Scholar] [Publisher]

Ahmed, F., Magsood, S., Ahmad, M. F., & Zahir, A. (2025).
Optimizing health and sustainability: Innovatons in
harnessing phytochemicals for functional foods. Food
Science s Nutrition, 13(9), €71002.
https://doi.org/10.1002/fsn3.71002 [Crossref] [PubMed]
[Google Scholar] [Publisher]

Andrade, C., Perestrelo, R., & Camara, J. S. (2022). Valorization
of spent coffee grounds as a natural source of bioactive
compounds for several industrial applications-A
volatilomic approach. Foods (Basel, Switzerland), 11(12),
1731. https://doi.org/10.3390/foods11121731 [Crossref]
[PubMed] [Google Scholar] [Publisher]

Apak, Resat, Ozyﬁrek, M., Giigli, K., & Capanoglu, E. (2016).

Antioxidant activity/capacity measurement. 1.
Classification, physicochemical principles, mechanisms,
and electron transfer (ET)-based assays. Journal of
Agricultural and Food Chemistry, 64(5), 997-1027.
hetps://doi.org/10.1021/acs.jafc.5b04739 [Crossref]

[PubMed] [Google Scholar] [Publisher]

Ayvaz, H., & Dogan, M. A. (2025). Quantification of phenolics
and antioxidant properties in dried grape pomace by near
infrared spectroscopy. Omer Halisdemir ~Universitesi
miithendislik  bilimleri  dergisi,  14(4), 1530-1541.
https://doi.org/10.28948/ngumuh.1773992  [Crossref]
[Google Scholar] [Publisher]

Nor. Afr. J. Food Nutr. Res. ® Volume 9 * Special Issue ® 2025


https://doi.org/10.1016/bs.afnr.2024.09.001
https://search.crossref.org/search/works?q=10.1016%2Fbs.afnr.2024.09.001+&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/40155083/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Nutraceutical+potential+of+Mediterranean+agri-food+waste+and+wild+plants%3A+Green+extraction+and+bioactive+characterization&btnG=
https://www.sciencedirect.com/science/article/pii/S1043452624000950?via%3Dihub
https://doi.org/10.1002/fsn3.71002
https://search.crossref.org/search/works?q=10.1002%2Ffsn3.71002&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/40994457/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Optimizing+health+and+sustainability%3A+Innovations+in+harnessing+phytochemicals+for+functional+foods.&btnG=
https://onlinelibrary.wiley.com/doi/10.1002/fsn3.71002
https://doi.org/10.3390/foods11121731
https://search.crossref.org/search/works?q=10.3390%2Ffoods11121731&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/35741929/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Valorization+of+spent+coffee+grounds+as+a+natural+source+of+bioactive+compounds+for+several+industrial+applications-A+volatilomic+approach.&btnG=
https://www.mdpi.com/2304-8158/11/12/1731
https://doi.org/10.1021/acs.jafc.5b04739
https://search.crossref.org/search/works?q=10.1021%2Facs.jafc.5b04739&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/26728425/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Antioxidant+activity%2Fcapacity+measurement.+1.+Classification%2C+physicochemical+principles%2C+mechanisms%2C+and+electron+transfer+%28ET%29-based+assays.&btnG=
https://pubs.acs.org/jafcau/article/64/5/997/1467984/Antioxidant-Activity-Capacity-Measurement-1
http://search.crossref.org/search/works?q=10.28948%2Fngumuh.1773992&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Quantification+of+phenolics+and+antioxidant+properties+in+dried+grape+pomace+by+near+infrared+spectroscopy.+&btnG=
https://dergipark.org.tr/en/pub/ngumuh/article/1773992

A. Ridouh Functional Biomolecules from Food By-Products

Cavdaroglu, E., Cavdaroglu, C., & Ozen, B. (2025). Vibrational
spectroscopy  in  plant-based  protein  research:
Quantification and structural analysis. Trends in Food
Science & Technology, 161(105058), Not Available.
hetps://doi.org/10.1016/j.tifs.2025.105058 [Crossref]
[Google Scholar] [Publisher]

Cazén, P., Mateus, A. R., & Silva, A. S. (2025). Advances in
active packaging using natural biopolymers and fruit by-
products for enhanced food preservation. Food Research
International (Ottawa, Ont.), 213(116439),
116439.https://doi.org/10.1016/j.foodres.2025.116439
[Crossref] [PubMed] [Google Scholar] [Publisher]

Cen, H., & He, Y. (2007). Theory and application of near
infrared reflectance spectroscopy in determination of food
quality. Trends in Food Science & Technology, 18(2), 72—
83. https://doi.org/10.1016/j.tifs.2006.09.003 [Crossref]
[Google Scholar] [Publisher]

Censi, R., Campana, P., Tarola, A. M., & Ruggieri, R. (2025).
Digital pathways toward sustainability in agri-food waste:
A systematic  review.  Resources,  14(8), 126.
hteps://doi.org/10.3390/resources14080126  [Crossref]
[Google Scholar] [Publisher]

Collado-Gonzilez, J., Pifiero, M. C., Otdlora, G., Del Amor, F.
M., & Wojdylo, A. (2026). Analysis of polyphenolic
compounds in purple cauliflower reveals the antioxidant
potential of its by-products.  Food  Chemistry.
hetps://doi.org/10.1016/j.foodchem.2026.148636
[Crossref] [PubMed] [Google Scholar] [Publisher]

Dabi¢ Zagorac, D., Sredojevi¢, M., Fotiri¢ Aksi¢, M., Ciri¢, L.,
Rabrenovi¢, B., Peéinar, I. M., & Nati¢, M. (2024).
Untapped potential of side stream products from the
industrial processing of fruits: The biosorption of
anthocyanins on raspberry seeds. Foods  (Basel,
Switzerland), 13(15), 2334.
heeps://doi.org/10.3390/foods13152334 [Crossref]
[PubMed] [Google Scholar] [Publisher]

D’Urso, G., Capuano, A., Fantasma, F., Chini, M. G., De Felice,
V., Saviano, G., Lauro, G., Casapullo, A., Bifulco, G., &
Torizzi, M. (2025). The role of LC-MS in profiling
bioactive compounds from plant waste for cosmetic
applications: A general overview. Plants, 14(15), 2284.
heeps://doi.org/10.3390/plants14152284 [Crossref]
[PubMed] [Google Scholar] [Publisher]

Dutta, K., Forster, C. Y., Orlova, O. Y., Dandekar, T., Skorb, E.
V., & Shityakov, S. (2025). Natural polyphenols for
sustainable active, smart, and intelligent food packaging: a
structured narrative review. Frontiers in Food Science and

5(1604816).

[Crossref]

Technology,
https://doi.org/10.3389/frfst.2025.1604816
[Google Scholar] [Publisher]

Garcfa-Rodriguez, M. V., Lépez-Cércoles, H., Alonso, G. L.,
Pappas, C. S., Polissiou, M. G., & Tarantilis, P. A. (2017).

Comparative evaluation of an ISO 3632 method and an
HPLC-DAD method for safranal quantity determination
in  saffron.  Food  Chemistry, 221, 838-843.
https://doi.org/10.1016/j.foodchem.2016.11.089
[Crossref] [PubMed] [Google Scholar] [Publisher]

Gémez-Garcia, R., Campos, D. A., Aguilar, C. N., Madureira,
A. R., & Pintado, M. (2021). Valorisation of food agro-
industrial by-products: From the past to the present and
perspectives. Journal of Environmental Management,
299(113571), 113571.
https://doi.org/10.1016/j.jenvman.2021.113571
[Crossref] [PubMed] [Google Scholar] [Publisher]

Hassan, M. M., Xu, Y., Sayada, J., Zareef, M., Shoaib, M., Chen,
X., Li, H., & Chen, Q. (2025). Chemometrics-powered
spectroscopic techniques for the measurement of food-
derived phenolics and vitamins in foods: A review. Food
Chemistry, 473(142722), 142722.
https://doi.org/10.1016/j.foodchem.2024.142722
[Crosstef] [PubMed] [Google Scholar] [Publisher]

Higgins, J. P. T., Altman, D. G., Getzsche, P. C., Jiini, P.,
Moher, D., Oxman, A. D., Savovié, J., Schulz, K. F,,
Weeks, L., & Sterne, J. A. C. (2011). The Cochrane
Collaboration's tool for assessing risk of bias in randomised
trials. BM], 343, d5928.
https://doi.org/10.1136/bm;j.d5928 [Crossref] [PubMed]
[Google Scholar] [Publisher]

Jia, X., Aziz, Z., Bi, Y., He, C., Tang, M., & Dong, K. (2024).
Influence factors analysis of two methods for evaluating
antioxidant activity in vitro: DPPH and ABTS assays.
China Surfactant Detergent and Cosmetics, 54(7), 866-872.
https://doi.org/10.3969/j.issn.2097-2806.2024.07.015.
[Crossref] [Google Scholar] [Publisher]

Ingallina, Cinzia, Spano, M., Prencipe, S. A., Vindi, G., Di
Sotto, A., Ambroselli, D., Vergine, V., Crestoni, M. E., Di
Meo, C., Zoratto, N., Izzo, L., Navarré, A., Adiletta, G.,
Russo, P., Di Matteo, G., Mannina, L., & Giusti, A. M.
(2025). Enhancing human health through nutrient and
bioactive compound recovery from agri-food by-products:
A decade of progress. Nutrients, 17(15), 2528.
https://doi.org/10.3390/nul7152528 [Crossref]
[PubMed] [Google Scholar] [Publisher]

Kanwal, N., & Musharraf, S. G. (2024). Analytical approaches
for the determination of adulterated animal fats and
vegetable oils in food and non-food samples. Food
Chemistry, 460(Pt 3), 140786.
hetps://doi.org/10.1016/j.foodchem.2024.140786
[Crossref] [PubMed] [Google Scholar] [Publisher]

Kharbach, M., Mansouri, M. A., Taabouz, M., Zhang, T., & Yu,
H. (2026). Current advances in LC-MS/MS and GC-
MS/MS coupled with chemometrics for integrated food
analysis and quality control. Food Chemistry, 506, 147854.
https://doi.org/10.1016/j.foodchem.2026.147854
[Crossref] [PubMed] [Google Scholar] [Publisher]

Nor. Afr. ]. Food Nutr. Res. ® Volume 9 * Special Issue » 2025


https://doi.org/10.1016/j.tifs.2025.105058
https://search.crossref.org/search/works?q=10.1016%2Fj.tifs.2025.105058&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Vibrational+spectroscopy+in+plant-based+protein+research%3A+Quantification+and+structural+analysis.+&btnG=
https://www.sciencedirect.com/science/article/pii/S0924224425001943?via%3Dihub
https://doi.org/10.1016/j.foodres.2025.11643
https://search.crossref.org/search/works?q=10.1016%2Fj.foodres.2025.116439+&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/40436549/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Advances+in+active+packaging+using+natural+biopolymers+and+fruit+by-products+for+enhanced+food+preservation.&btnG=
https://doi.org/10.1016/j.tifs.2006.09.003
https://search.crossref.org/search/works?q=10.1016%2Fj.tifs.2006.09.003&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Theory+and+application+of+near+infrared+reflectance+spectroscopy+in+determination+of+food+quality.&btnG=
https://www.sciencedirect.com/science/article/pii/S0924224406002524?via%3Dihub
https://doi.org/10.3390/resources14080126
https://search.crossref.org/search/works?q=10.3390%2Fresources14080126&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Digital+pathways+toward+sustainability+in+agri-food+waste%3A+A+systematic+review&btnG=
https://www.mdpi.com/2079-9276/14/8/126
https://doi.org/10.1016/j.foodchem.2026.148636
https://search.crossref.org/search/works?q=10.1016%2Fj.foodchem.2026.148636&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/41795521/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Analysis+of+polyphenolic+compounds+in+purple+cauliflower+reveals+the+antioxidant+potential+of+its+by-products.&btnG=
https://www.sciencedirect.com/science/article/pii/S0308814626007946?via%3Dihub
https://doi.org/10.3390/foods13152334
https://search.crossref.org/search/works?q=10.3390%2Ffoods13152334&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/39123526/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Untapped+potential+of+side+stream+products+from+the+industrial+processing+of+fruits%3A+The+biosorption+of+anthocyanins+on+raspberry+seeds.&btnG=
https://www.mdpi.com/2304-8158/13/15/2334
https://doi.org/10.3390/plants14152284
https://search.crossref.org/search/works?q=10.3390%2Fplants14152284&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/40805633/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=The+role+of+LC-MS+in+profiling+bioactive+compounds+from+plant+waste+for+cosmetic+applications%3A+A+general+overview&btnG=
https://www.mdpi.com/2223-7747/14/15/2284
https://doi.org/10.3389/frfst.2025.1604816
https://search.crossref.org/search/works?q=10.3389%2Ffrfst.2025.1604816&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Natural+polyphenols+for+sustainable+active%2C+smart%2C+and+intelligent+food+packaging%3A+a+structured+narrative+review.+&btnG=
https://www.frontiersin.org/journals/food-science-and-technology/articles/10.3389/frfst.2025.1604816/full
https://doi.org/10.1016/j.foodchem.2016.11.089
https://search.crossref.org/search/works?q=10.1016%2Fj.foodchem.2016.11.089&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/27979282/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Comparative+evaluation+of+an+ISO+3632+method+and+an+HPLC-DAD+method+for+safranal+quantity+determination+in+saffron&btnG=
https://www.sciencedirect.com/science/article/pii/S0308814616319380?via%3Dihub
https://doi.org/10.1016/j.jenvman.2021.113571
https://search.crossref.org/search/works?q=10.1016%2Fj.jenvman.2021.113571&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/34488107/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Valorisation+of+food+agro-industrial+by-products%3A+From+the+past+to+the+present+and+perspectives.+&btnG=
https://www.sciencedirect.com/science/article/pii/S0301479721016339?via%3Dihub
https://doi.org/10.1016/j.foodchem.2024.142722
https://search.crossref.org/search/works?q=10.1016%2Fj.foodchem.2024.142722&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/39884231/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Chemometrics-powered+spectroscopic+techniques+for+the+measurement+of+food-derived+phenolics+and+vitamins+in+foods%3A+A+review.&btnG=
https://www.sciencedirect.com/science/article/pii/S0308814624043723?via%3Dihub
https://doi.org/10.1136/bmj.d5928
https://search.crossref.org/search/works?q=10.1136%2Fbmj.d5928&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/22008217/
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=EYQIr1sAAAAJ&citation_for_view=EYQIr1sAAAAJ:wE-fMHVdjMkC
https://www.bmj.com/content/bmj/343/bmj.d5928.full.pdf
https://doi.org/10.3969/j.issn.2097-2806.2024.07.015
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Ia+Xueli%2C+Z.%2C+Bi%2C+Y.%2C+He%2C+C.%2C+Tang%2C+M.%2C+%26+Dong%2C+K.+%282024%29.+Influence+factors+analysis+of+two+methods+for+evaluating+antioxidant+activity+in+vitro%3A+DPPH+and+ABTS+assays.&btnG=
https://d.wanfangdata.com.cn/periodical/ryhxgy202407015
https://doi.org/10.3390/nu17152528
https://search.crossref.org/search/works?q=10.3390%2Fnu17152528&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/40806112/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Enhancing+human+health+through+nutrient+and+bioactive+compound+recovery+from+agri-food+by-products%3A+A+decade+of+progress.+&btnG=
https://www.mdpi.com/2072-6643/17/15/2528
https://doi.org/10.1016/j.foodchem.2024.140786
https://search.crossref.org/search/works?q=10.1016%2Fj.foodchem.2024.140786&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/39142208/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Analytical+approaches+for+the+determination+of+adulterated+animal+fats+and+vegetable+oils+in+food+and+non-food+samples&btnG=
https://doi.org/10.1016/j.foodchem.2026.147854
https://search.crossref.org/search/works?q=10.1016%2Fj.foodchem.2026.147854&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/41535136/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Current+advances+in+LC-MS%2FMS+and+GC-MS%2FMS+coupled+with+chemometrics+for+integrated+food+analysis+and+quality+control&btnG=
https://www.sciencedirect.com/science/article/pii/S0308814626000129?via%3Dihub

A. Ridouh Functional Biomolecules from Food By-Products

Krishnan, A., & Devarajan, Y. (2025). Exploring the antioxidant
and anti-cancer potential of functional foods from vegetal
waste: a path to sustainability. nternational Journal of Food
Engineering, 21(8), 525-544. https://doi.org/10.1515/ijfe-
2024-0248 [Crossref] [Google Scholar] [Publisher]

Krishnan, R. Y., & Devarajan, Y. (2025). Valorization of food
processing waste into functional ingredients: Current
status and industrial challenges. Journal of Food Science and

Technology, 62, 1-18. [Google Scholar] [Publisher]

Krivosija, S., Zloh, M., Nasti¢, N., Joki¢, S., Aladi¢, K., Galovi¢,
A. J., & Vidovié, S. (2025). Sustainable extraction of
phenolics from underutilised onion and garlic field
residues: subcritical water approach and bioactivity
evaluation.  Microchemical ~ Journal, Devoted to the
Application of Microtechniques in All Branches of Science,
218(115199), 115199.
https://doi.org/10.1016/j.microc.2025.115199 [Crossref]
[Google Scholar] [Publisher]

Li, N., Hussain, N., Ding, Z., Qu, C., Li, Y., Chy, L., & Liu,
H. (2024). Guidelines for Raman spectroscopy and
imaging techniques in food safety analysis. Food Safety and
Health, 2(2), 221-237.
https://doi.org/10.1002/fsh3.12040

Li, Q., Wang, Z., Wang, M., Zhao, J., Tu, K., Lan, W., Liu, J.,
& Pan, L. (2025). Next-generation optical imaging and
spectroscopy: Al and chemometrics in assessing
authenticity, nutrition, and hazard factors in cereals.
Comprehensive Reviews in Food Science and Food Safety,
24(5), €70248. https://doi.org/10.1111/1541-
4337.70248 [Crossref] [PubMed] [Google Scholar]
[Publisher]

Lopes, P., Sobral, M. M. C., Lopes, G. R., Martins, Z. E., Passos,
C. P,, Petronilho, S., & Ferreira, I. M. P. L. V. O. (2023).
Mycotoxins’ prevalence in food industry by-products: A
systematic review. Toxins, 15(4), 249.
https://doi.org/10.3390/toxins15040249 [Crossref]
[PubMed] [Google Scholar] [Publisher]

Lépez-Salas, L., Exposito-Almellén, X., Borrds-Linares, I.,
Lozano-Sinchez, J., & Segura-Carretero, A. (2024).
Design of experiments for green and GRAS solvent
extraction of phenolic compounds from food industry by-
products - A systematic review. Trends in Analytical
Chemistry: TRAC, 171(117536), 117536.
hetps://doi.org/10.1016/j.trac.2024.117536 [Crossref]
[Google Scholar] [Publisher]

Lozada-Ramirez, ]. D., Ortega-Regules, A. E., Herndndez, L. R.,
& Anaya de Parrodi, C. (2021). Spectroscopic and
spectrometric applications for the identification of
bioactive compounds from vegetal extracts. Applied
Sciences (Basel, Switzerland), 11(7), 3039.
https://doi.org/10.3390/app11073039 [Crossref] [Google
Scholar] [Publisher]

Maddaloni, L., Gobbi, L., Vinci, G., & Prencipe, S. A. (2025).
Natural compounds from food by-products in preservation
processes: An overview. Processes (Basel, Switzerland),
13(1), 93. https://doi.org/10.3390/pr13010093 [Crossref]
[Google Scholar] [Publisher]

May, M. (2024, February 2). Ensuring food quality with FTIR.
Lab Manager Magazine. Lab
https://www.labmanager.com/ensuring-food-quality-

with-ftir-31732 [Publisher]

Manager.

Mirabella, N., Castellani, V., & Sala, S. (2014). Current options
for the valorization of food manufacturing waste: a review.
Journal  of  Cleaner  Production, 65,  28-41.
https://doi.org/10.1016/j.jclepro.2013.10.051 [Crossref]
[Google Scholar] [Publisher]

Njewa, J. B., Monjerezi, M., Kabanga, L., Kumwenda, F., &
Sumani, J. (2025). A review on extraction, isolation,
characterization of bioactive compounds obtained from
agri-food waste and their potential for industrial
application.  Frontiers in  Chemistry, 13(1669737),
1669737. https://doi.org/10.3389/fchem.2025.1669737
[Crossref] [PubMed] [Google Scholar] [Publisher]

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I,
Hoffmann, T. C., Mulrow, C. D., Shamseer, L., Tetzlaff,
J. M., Akl, E. A, Brennan, S. E., Chou, R., Glanville, J.,
Grimshaw, J. M., Hrébjartsson, A., Lalu, M. M., Li, T,
Loder, E. W., Mayo-Wilson, E., McDonald, S., ... Moher,
D. (2021). The PRISMA 2020 statement: An updated
guideline for reporting systematic reviews. Journal of
Clinical Epidemiology, 134, 178-189.
https://doi.org/10.1016/j.jclinepi.2021.03.001 [Crossref]
[PubMed] [Google Scholar] [Publisher]

Paniagua-Garcia, A. 1., Hijosa-Valsero, M., Garita-Cambronero,
J., Coca, M., & Diez-Antolinez, R. (2019). Development
and validation of a HPLC-DAD method for simultaneous
determination of main potential ABE fermentation
inhibitors identified in agro-food waste hydrolysates.
Microchemical Journal, Devoted rto the Application of
Microtechniques in All Branches of Science, 150(104147),
104147. https://doi.org/10.1016/j.microc.2019.104147
[Crossref] [Google Scholar] [Publisher]

Passos, C. P., Ricardo, F., & Calado, R. (2026). Criteria for the
characterization of seafood byproducts to allow tracing
their geographic origin. Foods (Basel, Switzerland), 15(6),
1073. hetps://doi.org/10.3390/foods15061073 [Crossref]
[PubMed] [Google Scholar] [Publisher]

Pérez-Beltrdn, Y. E., Blancas-Benitez, F. J., Aranda-Carrillo, S.,
Ultreras, C. F.-, Chairez-Huerta, S., Tovar, J., & Sdyago-
Ayerdi, S. G. (2024). Foods elaborated with vegetable by-
product effects on blood lipid levels: A systematic review.
Food  Chemistry  Advances,  5(100846),  100846.
https://doi.org/10.1016/j.focha.2024.100846  [Crossref]
[Google Scholar] [Publisher]

Nor. Afr. J. Food Nutr. Res. ® Volume 9 * Special Issue ® 2025



https://doi.org/10.1515/ijfe-2024-0248
https://doi.org/10.1515/ijfe-2024-0248
https://search.crossref.org/search/works?q=10.1515%2Fijfe-2024-0248&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Exploring+the+antioxidant+and+anti-cancer+potential+of+functional+foods+from+vegetal+waste%3A+a+path+to+sustainability.+&btnG=
https://www.degruyterbrill.com/document/doi/10.1515/ijfe-2024-0248/html
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Valorization+of+food+processing+waste+into+functional+ingredients%3A+Current+status+and+industrial+challenges&btnG=
https://link.springer.com/content/pdf/10.1007/s44187-025-00584-3.pdf
https://doi.org/10.1016/j.microc.2025.115199
https://search.crossref.org/search/works?q=10.1016%2Fj.microc.2025.115199&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Sustainable+extraction+of+phenolics+from+underutilised+onion+and+garlic+field+residues%3A+subcritical+water+approach+and+bioactivity+evaluation.+&btnG=
https://doi.org/10.1111/1541-4337.70248
https://doi.org/10.1111/1541-4337.70248
https://search.crossref.org/search/works?q=10.1111%2F1541-4337.70248&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/40787808/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Next-generation+optical+imaging+and+spectroscopy%3A+AI+and+chemometrics+in+assessing+authenticity%2C+nutrition%2C+and+hazard+factors+in+cereals.&btnG=
https://ift.onlinelibrary.wiley.com/doi/10.1111/1541-4337.70248
https://doi.org/10.3390/toxins15040249
https://search.crossref.org/search/works?q=10.3390%2Ftoxins15040249&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/37104187/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Mycotoxins%E2%80%99+prevalence+in+food+industry+by-products%3A+A+systematic+review&btnG=
https://www.mdpi.com/2072-6651/15/4/249
https://doi.org/10.1016/j.trac.2024.117536
https://search.crossref.org/search/works?q=10.1016%2Fj.trac.2024.117536&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Design+of+experiments+for+green+and+GRAS+solvent+extraction+of+phenolic+compounds+from+food+industry+by-products+-+A+systematic+review&btnG=
https://www.sciencedirect.com/science/article/pii/S0165993624000189?via%3Dihub
https://doi.org/10.3390/app11073039
https://search.crossref.org/search/works?q=10.3390%2Fapp11073039&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Spectroscopic+and+spectrometric+applications+for+the+identification+of+bioactive+compounds+from+vegetal+extracts&btnG=
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Spectroscopic+and+spectrometric+applications+for+the+identification+of+bioactive+compounds+from+vegetal+extracts&btnG=
https://www.mdpi.com/2076-3417/11/7/3039
https://doi.org/10.3390/pr13010093
https://search.crossref.org/search/works?q=10.3390%2Fpr13010093&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Natural+compounds+from+food+by-products+in+preservation+processes%3A+An+overview.+&btnG=
https://www.mdpi.com/2227-9717/13/1/93
https://www.labmanager.com/ensuring-food-quality-with-ftir-31732
https://doi.org/10.1016/j.jclepro.2013.10.051
https://search.crossref.org/search/works?q=10.1016%2Fj.jclepro.2013.10.051&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Current+options+for+the+valorization+of+food+manufacturing+waste%3A+a+review&btnG=
https://www.sciencedirect.com/science/article/pii/S0959652613007440?via%3Dihub
https://doi.org/10.3389/fchem.2025.1669737
https://search.crossref.org/search/works?q=10.3389%2Ffchem.2025.1669737&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/41356562/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=A+review+on+extraction%2C+isolation%2C+characterization+of+bioactive+compounds+obtained+from+agri-food+waste+and+their+potential+for+industrial+application.&btnG=
https://www.frontiersin.org/journals/chemistry/articles/10.3389/fchem.2025.1669737/full
https://doi.org/10.1016/j.jclinepi.2021.03.001
https://search.crossref.org/search/works?q=10.1016%2Fj.jclinepi.2021.03.001&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/33782057/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=The+PRISMA+2020+statement%3A+an+updated+guideline+for+reporting+systematic+reviews&btnG=
https://www.jclinepi.com/article/S0895-4356(21)00073-1/fulltext
https://doi.org/10.1016/j.microc.2019.104147
https://search.crossref.org/search/works?q=10.1016%2Fj.microc.2019.104147&from_ui=yes
https://scholar.google.com/scholar?q=Development+and+validation+of+a+HPLC-DAD+method+for+simultaneous+determination+of+main+potential+ABE+fermentation+inhibitors+identified+in+agro-food+waste+hydrolysates.&hl=fr&as_sdt=0,5&as_vis=1
https://www.sciencedirect.com/science/article/pii/S0026265X1930877X?via%3Dihub
https://doi.org/10.3390/foods15061073
https://search.crossref.org/search/works?q=10.3390%2Ffoods15061073&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/41897794/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Criteria+for+the+characterization+of+seafood+byproducts+to+allow+tracing+their+geographic+origin.&btnG=
https://www.mdpi.com/2304-8158/15/6/1073
https://doi.org/10.1016/j.focha.2024.100846
https://search.crossref.org/search/works?q=10.1016%2Fj.focha.2024.100846&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Foods+elaborated+with+vegetable+by-product+effects+on+blood+lipid+levels%3A+A+systematic+review.+&btnG=
https://www.sciencedirect.com/science/article/pii/S2772753X24002417?via%3Dihub

A. Ridouh Functional Biomolecules from Food By-Products

Pérez-Beltrdn, Y. E., Rivera-Iniguez, 1., Gonzalez-Becerra, K.,
Pérez-Naitoh, N., Tovar, J., Sdyago-Ayerdi, S. G., &
Mendivil, E. J. (2022). DPersonalized dietary
recommendations based on lipid-related genetic variants:
A systematic review. Frontiers in Nutrition, 9, 830283.
https://doi.org/10.3389/fnut.2022.830283 [Crossref]
[PubMed] [Google Scholar] [Publisher]

Plaza, M., & Turner, C. (2015). Pressurized hot water extraction
of bioactives. Trends in Analytical Chemistry: TRAC, 71,
39-54, hetps://doi.org/10.1016/j.trac.2015.02.022
[Crossref] [Google Scholar] [Publisher]

Radha, Prakash, S., Kumari, N., Sharma, N., Puri, S., Singh, J.,
Thakur, M., Pundir, A., & Kumar, M. (2024). Bioactives
and bioactivities from food byproducts. Current Food
Science and ~ Technology ~ Reports, 2(3), 297-308.
hetps://doi.org/10.1007/s43555-024-00039-3  [Crossref]
[Google Scholar] [Publisher]

Ramachandran, R. P., Clément, A., & Erkinbaev, C. (2025).
Miniaturized spectroscopy and Al-driven probes in food
industry automation. Food Research International (Ottawa,
Ont.), 214(116646), 116646.
heeps://doi.org/10.1016/j.foodres.2025.116646 [Crossref]
[PubMed] [Google Scholar] [Publisher]

Rapd, M., Darie-Nita, R. N., & Coman, G. (2024). Valorization
of fruit and vegetable waste into sustainable and value-
added materials. Waste, 2(3), 258-278.
hetps://doi.org/10.3390/waste2030015 [Crossref]
[Google Scholar] [Publisher]

Resende, L. M., Oliveira, L. S., & Franca, A. S. (2023).
Polyphenols in jabuticaba (Plinia spp.) peel flours:
Extraction and comparative evaluation of FTIR and
HPLC for quantification of individual compounds. Foods
(Buasel, Switzerland), 12(7), 1488.
hetps://doi.org/10.3390/foods12071488 [Crossref]
[PubMed] [Google Scholar] [Publisher]

Sagar, N. A, Parecek, S., Sharma, S., Yahia, E. M., & Lobo, M.
G. (2018). Fruit and vegetable waste: Bioactive
compounds, their extraction, and possible utilization.
Comprehensive Reviews in Food Science and Food Safety,
17(3), 512-531. https://doi.org/10.1111/1541-
4337.12330 [Crossref] [PubMed] [Google Scholar]
[Publisher]

Saji, R., Ramani, A., Gandhi, K., Seth, R., & Sharma, R. (2024).
Application of FTIR spectroscopy in dairy products: A
systematic review. Food and Humanity, 2(100239),
100239. https://doi.org/10.1016/j.foohum.2024.100239
[Crossref] [Google Scholar] [Publisher]

Sanchez, A. A., Leén-Roque, N., Castillo-Valdiviezo, P. A.,
Rivera-Ashqui, T. A., & Silva-Paz, R. J. (2026).
Comparison of quantitative carotenoid analysis using UV-
Vis spectrophotometry and high-performance liquid

chromatography. Comunicata Scientiae, 17.

hetps://doi.org/10.14295/cs.v17.4386 [Crossref] [Google
Scholar] [Publisher]

Setiawan, ]. V., Rosariastuti, R., & Budiastuti, S. (2025).
Characterization of Bioactive Compounds from Eco-
enzyme Produced from Organic Waste. JOP Conference
Series:  Earth and Environmental Science, 1445(1).
https://doi.org/10.1088/1755-1315/1489/1/012003
[Crossref] [Google Scholar] [Publisher]

Sharma, K., Mahato, N., Cho, M. H., & Lee, Y. R. (2017).
Converting citrus wastes into value-added products:
Economic and environmently friendly approaches.
Nutrition (Burbank, Los Angeles County, Calif.), 34, 29-46.
https://doi.org/10.1016/j.nut.2016.09.006 [Crossref]
[PubMed] [Google Scholar] [Publisher]

Shawky, E., Gibbons, S., & Selim, D. A. (2025). Bio-sourcing
from byproducts: A comprehensive review of bioactive
molecules in Agri-Food Waste (AFW) streams for
valorization and sustainable applications. Bioresource
Technology, 431(132640), 132640.
https://doi.org/10.1016/j.biortech.2025.132640
[Crossref] [PubMed] [Google Scholar] [Publisher]

Sun, H., Zheng, T., Liu, Y., Li, Y.-Y., Tu, M., Zhou, Y., Wang,
X., Ma, H., & Wang, Q. (2025). Resource recovery from
food waste. Annual Review of Environment and Resources,
50(1),  483-509.  https://doi.org/10.1146/annurev-
environ-111523-102425 [Crossref]  [Google Scholar]
[Publisher]

Tariq, Z., Smith, M., & Lal, P. (2025). Unlocking value from
food waste: A cross-regional meta-analysis of economic
opportunities. Bioresource Technology Reports, 30(102087),
Not Available.
https://doi.org/10.1016/j.biteb.2025.102087  [Crossref]
[Google Scholar] [Publisher]

Tedeschini, E. (2025). Fruit and vegetable biowaste as a source
of functional nutritional components for animal feed.
Frontiers in Sustainable  Food  Systems, 9.
https://doi.org/10.3389/fs5ufs.2025.1512577  [Crossref]
[Google Scholar] [Publisher]

Terenzi, C., Bermudez, G., Medri, F., Davani, L., Tumiatti, V.,
Andrisano, V., Montanari, S., & De Simone, A. (2024).
Phenolic and antioxidant characterization of fruit by-
products for their nutraceuticals and dietary supplements
valorization under a circular bio-economy approach.
Antioxidants ~ (Basel,  Switzerland),  13(5),  604.
hteps://doi.org/10.3390/antiox13050604 [Crossref]
[PubMed] [Google Scholar] [Publisher]

Torres, P., Osaki, S., Silveira, E., dos Santos, D. Y. A. C.,, &
Chow, F. (2024). Comprehensive evaluation of Folin-
Ciocalteu assay for total phenolic quantification in algae
(Chlorophyta, Phacophyceae, and Rhodophyta). Algal
Research, 80(103503), 103503.

Nor. Afr. ]. Food Nutr. Res. ® Volume 9 * Special Issue » 2025


https://doi.org/10.3389/fnut.2022.830283
https://search.crossref.org/search/works?q=10.3389%2Ffnut.2022.830283&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/35387194/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Personalized+dietary+recommendations+based+on+lipid-related+genetic+variants%3A+A+systematic+review.+&btnG=
https://www.frontiersin.org/journals/nutrition/articles/10.3389/fnut.2022.830283/full
https://doi.org/10.1016/j.trac.2015.02.022
https://search.crossref.org/search/works?q=10.1016%2Fj.trac.2015.02.022&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Pressurized+hot+water+extraction+of+bioactives.+&btnG=
https://www.sciencedirect.com/science/article/pii/S0165993615001363?via%3Dihub
https://doi.org/10.1007/s43555-024-00039-3
https://search.crossref.org/search/works?q=10.1007%2Fs43555-024-00039-3&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Bioactives+and+bioactivities+from+food+byproducts.+&btnG=
https://link.springer.com/article/10.1007/s43555-024-00039-3
https://doi.org/10.1016/j.foodres.2025.116646
https://search.crossref.org/search/works?q=10.1016%2Fj.foodres.2025.116646&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/40467233/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Miniaturized+spectroscopy+and+AI-driven+probes+in+food+industry+automation.&btnG=
https://www.sciencedirect.com/science/article/pii/S0963996925009846?via%3Dihub
https://doi.org/10.3390/waste2030015
https://search.crossref.org/search/works?q=10.3390%2Fwaste2030015&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Valorization+of+fruit+and+vegetable+waste+into+sustainable+and+value-added+materials.&btnG=
https://www.mdpi.com/2813-0391/2/3/15
https://doi.org/10.3390/foods12071488
https://search.crossref.org/search/works?q=10.3390%2Ffoods12071488&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/37048309/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Polyphenols+in+jabuticaba+%28Plinia+spp.%29+peel+flours%3A+Extraction+and+comparative+evaluation+of+FTIR+and+HPLC+for+quantification+of+individual+compounds.+&btnG=
https://www.mdpi.com/2304-8158/12/7/1488
https://doi.org/10.1111/1541-4337.12330
https://doi.org/10.1111/1541-4337.12330
https://search.crossref.org/search/works?q=10.1111%2F1541-4337.12330&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/33350136/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Fruit+and+Vegetable+Waste%3A+Bioactive+Compounds%2C+Their+Extraction%2C+and+Possible+Utilization&btnG=
https://ift.onlinelibrary.wiley.com/doi/10.1111/1541-4337.12330
https://doi.org/10.1016/j.foohum.2024.100239
https://search.crossref.org/search/works?q=10.1016%2Fj.foohum.2024.100239&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Application+of+FTIR+spectroscopy+in+dairy+products%3A+A+systematic+review.&btnG=
https://www.sciencedirect.com/science/article/pii/S2949824424000144?via%3Dihub
https://doi.org/10.14295/cs.v17.4386
https://search.crossref.org/search/works?q=10.14295%2Fcs.v17.4386&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Comparison+of+quantitative+carotenoid+analysis+using+UV-Vis+spectrophotometry+and+high-performance+liquid+chromatography&btnG=
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Comparison+of+quantitative+carotenoid+analysis+using+UV-Vis+spectrophotometry+and+high-performance+liquid+chromatography&btnG=
https://comunicata.emnuvens.com.br/comunicata/article/view/4386
https://doi.org/10.1088/1755-1315/1489/1/012003
https://search.crossref.org/search/works?q=10.1088%2F1755-1315%2F1489%2F1%2F012003&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Characterization+of+Bioactive+Compounds+from+Eco-enzyme+Produced+from+Organic+Waste.&btnG=
https://iopscience.iop.org/article/10.1088/1755-1315/1489/1/012003
https://doi.org/10.1016/j.nut.2016.09.006
https://search.crossref.org/search/works?q=10.1016%2Fj.nut.2016.09.006&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/28063510/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Converting+citrus+wastes+into+value-added+products%3A+Economic+and+environmently+friendly+approaches.+&btnG=
https://www.sciencedirect.com/science/article/pii/S0899900716302131?via%3Dihub
https://doi.org/10.1016/j.biortech.2025.132640
https://search.crossref.org/search/works?q=10.1016%2Fj.biortech.2025.132640&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/40345341/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Bio-sourcing+from+byproducts%3A+A+comprehensive+review+of+bioactive+molecules+in+Agri-Food+Waste+%28AFW%29+streams+for+valorization+and+sustainable+applications.&btnG=
https://www.sciencedirect.com/science/article/pii/S0960852425006066?via%3Dihub
https://doi.org/10.1146/annurev-environ-111523-102425
https://doi.org/10.1146/annurev-environ-111523-102425
https://search.crossref.org/search/works?q=10.1146%2Fannurev-environ-111523-102425&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Resource+recovery+from+food+waste.+&btnG=
https://www.annualreviews.org/content/journals/10.1146/annurev-environ-111523-102425
https://doi.org/10.1016/j.biteb.2025.102087
https://search.crossref.org/search/works?q=10.1016%2Fj.biteb.2025.102087&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Unlocking+value+from+food+waste%3A+A+cross-regional+meta-analysis+of+economic+opportunities.+&btnG=
https://www.sciencedirect.com/science/article/pii/S2589014X25000696?via%3Dihub
https://doi.org/10.3389/fsufs.2025.1512577
https://search.crossref.org/search/works?q=10.3389%2Ffsufs.2025.1512577&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Fruit+and+vegetable+biowaste+as+a+source+of+functional+nutritional+components+for+animal+feed.+&btnG=
https://www.frontiersin.org/journals/sustainable-food-systems/articles/10.3389/fsufs.2025.1512577/full
https://doi.org/10.3390/antiox13050604
https://search.crossref.org/search/works?q=10.3390%2Fantiox13050604&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/38790709/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Phenolic+and+antioxidant+characterization+of+fruit+by-products+for+their+nutraceuticals+and+dietary+supplements+valorization+under+a+circular+bio-economy+approach.&btnG=
https://www.mdpi.com/2076-3921/13/5/604

A. Ridouh Functional Biomolecules from Food By-Products

https://doi.org/10.1016/j.algal.2024.103503  [Crossref]
[Google Scholar] [Publisher]

Tiagen, A., & Tastan Ulkii, O. (2025). Recent innovations and
novel technologies for the upcycling of bioactive
compounds from food wastes. Porravinarske Vedy [Czech
Journal  of  Food  Science],  43(6),  377-397.
hetps://doi.org/10.17221/122/2025-cjfs [Crossref]
[Google Scholar] [Publisher]

Tziolas, N., Ordoudi, S. A., Tavlaridis, A., Karyotis, K., Zalidis,
G., & Mourtzinos, 1. (2021). Rapid assessment of
anthocyanins content of onion waste through Visible-
Near-Short-Wave and ~ Mid-infrared  spectroscopy
combined  with  Machine Learning techniques.
Sustainability, 13(12), 6588.
hetps://doi.org/10.3390/5u13126588 [Crossref] [Google
Scholar] [Publisher]

Tziolas, N., Tsakiridis, N., Ben-Dor, E., Theocharis, J., &
Zalidis, G. (2019). A memory-based learning approach
utilizing combined spectral sources and geographical
proximity for improved VIS-NIR-SWIR soil properties
estimation. Geoderma, 340, 11-24.
hetps://doi.org/10.1016/j.geoderma.2018.12.044
[Crossref] [Google Scholar] [Publisher]

Varas Perez, P., Fagot, A., Heleven, M., Smeets, K., Samyn, P.,
Adriaensens, P., Marchal, W., & Vandamme, D. (2025).
Assessing food by-products macrocomposition by FTIR
microspectroscopy. Analytical and Bioanalytical Chemistry,
417(20), 4663-4679. https://doi.org/10.1007/s00216-
025-05984-z [Crossref] [PubMed] [Google Scholar]
[Publisher]

Vershinina, Y., Reshetnikova, E., Lv, S., Kolesnik, I.,
Kapitanova, O., & Veselova, I. (2025). Raman and IR
spectroscopy as a promising approach to rapid and non-
destructive monitoring of chlorogenic acid in protein
matrices.  Frontiers in  Chemistry, 13, 1543663.
hetps://doi.org/10.3389/fchem.2025.1543663 [Crossref]
[PubMed] [Google Scholar] [Publisher]

Vlasova, 1., Kriisselmann, P., Kostenko, Y., Obrebski, M.,
Granica, S., Vahjen, W., Zentek, J., Réwnicki, M., &
Piwowarski, J. P. (2025). The assessment of chemical
composition and biological activity of faba bean pods as a
potential feed additive utilized in piglets nutrition.
Scientific Reports, 15(1), 1234.
https://doi.org/10.1038/s41598-024-84925-9 [Crossref]
[PubMed] [Google Scholar] [Publisher]

Yadav, S., Malik, K., Moore, J. M., Kamboj, B. R., Malik, S.,
Malik, V. K., Arya, S., Singh, K., Mahanta, S., & Bishnoi,
D. K. (2024). Valorisation of agri-food waste for bioactive
compounds: Recent trends and future sustainable
challenges. Molecules (Basel, Switzerland), 29(9), 2055.
https://doi.org/10.3390/molecules29092055  [Crossref]
[PubMed] [Google Scholar] [Publisher]

Yang, Y., Wang, X., Zhao, C,, Tian, G., Zhang, H., Xiao, H.,
He, L., & Zheng, J. (2017). Chemical mapping of essential
oils, flavonoids and carotenoids in citrus peels by Raman
microscopy. Journal of Food Science, 82(12), 2840-2846.
https://doi.org/10.1111/1750-3841.13952 [Crossref]
[PubMed] [Google Scholar] [Publisher]

Zhang, Q., Yue, Y., Li, X., Zhang, C., Guo, Y., Wang, Z., & Li,
J. (2025). Advances in analytical techniques for bioactive
compound  quantification in  medicinal  Plants:
Innovations, Challenges, and pharmaceutical applications.
Microchemical Journal, Devoted ro the Application of
Microtechniques in All Branches of Science, 214(114119),
114119. hteps://doi.org/10.1016/j.microc.2025.114119
[Crossref] [Google Scholar] [Publisher]

Ziani, 1., Bouakline, H., El Guerraf, A., El Bachiri, A.,
Fauconnier, M.-L., & Sher, F. (2025). Integrating Al and
advanced spectroscopic techniques for precision food
safety and quality control. Trends in Food Science &
Technology, 156(104850), 104850.
https://doi.org/10.1016/j.tifs.2024.104850 [Crossref]
[Google Scholar] [Publisher]

Nor. Afr. J. Food Nutr. Res. ® Volume 9 * Special Issue ® 2025



https://doi.org/10.1016/j.algal.2024.103503
https://search.crossref.org/search/works?q=10.1016%2Fj.algal.2024.103503&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Comprehensive+evaluation+of+Folin-Ciocalteu+assay+for+total+phenolic+quantification+in+algae+%28Chlorophyta%2C+Phaeophyceae%2C+and+Rhodophyta%29.&btnG=
https://www.sciencedirect.com/science/article/pii/S2211926424001152?via%3Dihub
https://doi.org/10.17221/122/2025-cjfs
https://search.crossref.org/search/works?q=10.17221%2F122%2F2025-cjfs&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Recent+innovations+and+novel+technologies+for+the+upcycling+of+bioactive+compounds+from+food+wastes.&btnG=
https://cjfs.agriculturejournals.cz/artkey/cjf-202506-0008_recent-innovations-and-novel-technologies-for-the-upcycling-of-bioactive-compounds-from-food-wastes.php
https://doi.org/10.3390/su13126588
https://search.crossref.org/search/works?q=10.3390%2Fsu13126588&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Rapid+assessment+of+anthocyanins+content+of+onion+waste+through+Visible-Near-Short-Wave+and+Mid-infrared+spectroscopy+combined+with+Machine+Learning+techniques.&btnG=
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Rapid+assessment+of+anthocyanins+content+of+onion+waste+through+Visible-Near-Short-Wave+and+Mid-infrared+spectroscopy+combined+with+Machine+Learning+techniques.&btnG=
https://www.mdpi.com/2071-1050/13/12/6588
https://doi.org/10.1016/j.geoderma.2018.12.044
https://search.crossref.org/search/works?q=10.1016%2Fj.geoderma.2018.12.044&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=A+memory-based+learning+approach+utilizing+combined+spectral+sources+and+geographical+proximity+for+improved+VIS-NIR-SWIR+soil+properties+estimation.&btnG=
https://www.sciencedirect.com/science/article/pii/S0016706118307006?via%3Dihub
https://doi.org/10.1007/s00216-025-05984-z
https://doi.org/10.1007/s00216-025-05984-z
https://search.crossref.org/search/works?q=10.1007%2Fs00216-025-05984-z&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/40601017/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Assessing+food+by-products+macrocomposition+by+FTIR+microspectroscopy.&btnG=
https://link.springer.com/article/10.1007/s00216-025-05984-z
https://doi.org/10.3389/fchem.2025.1543663
https://search.crossref.org/search/works?q=10.3389%2Ffchem.2025.1543663&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/40109903/
https://scholar.google.com/scholar?q=Raman+and+IR+spectroscopy+as+a+promising+approach+to+rapid+and+non-destructive+monitoring+of+chlorogenic+acid+in+protein+matrices.+Frontiers+in+Chemistry,&hl=en
https://www.frontiersin.org/journals/chemistry/articles/10.3389/fchem.2025.1543663/full
https://doi.org/10.1038/s41598-024-84925-9
https://search.crossref.org/search/works?q=10.1038%2Fs41598-024-84925-9&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/39775144/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=The+assessment+of+chemical+composition+and+biological+activity+of+faba+bean+pods+as+a+potential+feed+additive+utilized+in+piglets+nutrition.&btnG=
https://www.nature.com/articles/s41598-024-84925-9
https://doi.org/10.3390/molecules29092055
https://search.crossref.org/search/works?q=10.3390%2Fmolecules29092055&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/38731546/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Valorisation+of+agri-food+waste+for+bioactive+compounds%3A+Recent+trends+and+future+sustainable+challenges.&btnG=
https://www.mdpi.com/1420-3049/29/9/2055
https://doi.org/10.1111/1750-3841.13952
https://search.crossref.org/search/works?q=10.1111%2F1750-3841.13952&from_ui=yes
https://pubmed.ncbi.nlm.nih.gov/29115662/
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Chemical+mapping+of+essential+oils%2C+flavonoids+and+carotenoids+in+citrus+peels+by+Raman+microscopy.&btnG=
https://ift.onlinelibrary.wiley.com/doi/10.1111/1750-3841.13952
https://doi.org/10.1016/j.microc.2025.114119
https://search.crossref.org/search/works?q=10.1016%2Fj.microc.2025.114119&from_ui=yes
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&as_vis=1&q=Advances+in+analytical+techniques+for+bioactive+compound+quantification+in+medicinal+Plants%3A+Innovations%2C+Challenges%2C+and+pharmaceutical+applications.&btnG=
https://www.sciencedirect.com/science/article/pii/S0026265X25014730?via%3Dihub
https://doi.org/10.1016/j.tifs.2024.104850
https://search.crossref.org/search/works?q=10.1016%2Fj.tifs.2024.104850&from_ui=yes
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Integrating+AI+and+advanced+spectroscopic+techniques+for+precision+food+safety+and+quality+control&btnG=
https://www.sciencedirect.com/science/article/pii/S0924224424005260

	Word Bookmarks
	Tab1
	Fig1
	Fig1
	Tab2
	Tab3
	Fig2
	Fig2
	Tab4
	Tab5
	Tab6
	Fig4
	Fig4
	Fig3
	Fig3
	Abderrrezag
	Ahmed
	Andrade
	Apak2
	Ayvaz
	Cavdaroglu
	Cazón
	Cen
	Censi
	Collado
	Dabić
	DUrso
	Dutta
	García
	Gómez
	Hassan
	Higgins
	Ia
	Ingallina
	Jia
	Ingallina2
	Kanwal
	Kharbach
	Krishnan
	KrishnanR
	Krivošija
	LiN
	LiQ
	Lopes
	López
	Lozada
	Maddaloni
	May
	Mirabella
	Njewa
	Page
	Paniagua
	Passos
	Pérez
	Pérez2024
	Pérez22
	Pérez2022
	Plaza
	Radha
	Ramachandran
	Râpă
	Resende
	Sagar
	Saji
	Sanchez
	Setiawan
	Sharma
	Shawky
	Sun
	Tariq
	Tedeschini
	Terenzi
	Torres
	Tüğen
	Tziolas
	Tziolas2
	Varas
	Vershinina
	Vlasova
	Yadav
	Yang
	Zhang

	1 Introduction
	One of the most pressing and growing global challenges of the twenty-first century is the generation of food waste and byproducts from agricultural and food industries, attributable to their significant environmental, economic, and public health impacts. Recent estimates indicate that substantial quantities of food are lost or wasted annually across all stages of the food supply chain, including husks, seeds, pulp, bran, and processing residues. Although these byproducts are conventionally considered as waste, accumulating evidence has demonstrated that they constitute valuable sources of bioactive compounds possessing noteworthy nutritional and functional properties, including dietary fiber, natural antioxidants, phenolic compounds, flavonoids, and bioactive peptides (Gómez-García et al., 2021; Sagar et al., 2018). 
	In response to the growing recognition of the bioactive compounds contained in these materials, the concept of food by-product valorization has emerged in recent years as a cornerstone strategy for advancing circular economy principles and promoting food system sustainability. This paradigm entails the transformation of agricultural and food processing residues into high-value raw materials suitable for diverse applications, including functional foods, active packaging, animal feed, nutraceuticals, and cosmeceutical products (Gómez-García et al., 2021; Mirabella et al., 2014). However, the successful implementation of this strategy largely depends on the ability to accurately characterize bioactive compounds, understand their functional and chemical properties, and ensure their applicability at industrial scale. In this context, chemical and spectroscopic characterization techniques have become essential tools for the identification of active compounds, assessment of their purity, and verification of their biological and functional attributes (Lozada-Ramírez et al., 2021).
	Characterization methods have undergone remarkable development in recent decades, with spectroscopic techniques emerging as rapid, non-destructive, and cost-effective tools for the profiling of bioactive compounds. Their capacity to provide accurate molecular fingerprints in a timely manner, coupled with relatively low operational costs, has rendered them particularly attractive for routine analytical applications. Among the most prominent spectroscopic methods are Fourier transform infrared  spectroscopy (FTIR), near infrared  spectroscopy (NIR), Raman spectroscopy, and Ultraviolet–Visible Spectroscopy (UV–Vis) (Zhang et al., 2025). Conversely, chemical and chromatographic techniques, such as high-performance liquid chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS), and Liquid Chromatography–Mass Spectrometry (LC–MS), despite their elevated cost and operational complexity, remain among the most widely employed techniques owing to their exceptional sensitivity and accuracy in the identification and quantification of individual compounds (Zhang et al., 2025). Despite these advances, considerable heterogeneity persists across studies with regard to the level of analytical validation, industrial applicability, and comparability of results between different studies, that requires a systematic critical evaluation of these analytical tools.
	Notwithstanding the substantial and growing body of published scientific reviews addressing the utilization of food waste and the extraction of bioactive compounds, it is noteworthy that the majority of previous investigations have concentrated on descriptive aspects related to the types of waste or extracted compounds and their potential applications. A conspicuous lacuna exists with respect to critical reviews that systematically compare the analytical performance of both spectroscopic and chemical methods across multiple parameters, including sensitivity, accuracy, rapidity, cost, industrial scalability, and experimental validation. Furthermore, the limited methodological consistency observed across studies constrains the derivation of broadly applicable conclusions that may be readily translated to industrial contexts.
	Accordingly, the present review aims to provide a comparative critical evaluation of spectroscopic and chemical methodologies employed for the characterization of bioactive compounds derived from food waste, with particular emphasis on analytical performance, advantages and limitations, industrial applicability, and levels of scientific validation. This study further seeks to identify current research gaps and to propose prospective research directions that may facilitate the development of more sustainable and reliable strategies for the valorization of food waste and its conversion into high-value products.
	Although prior reviews have addressed the extraction of bioactive compounds from food waste, such as that of Gómez-García et al. (2021), which focused on valorization strategies in general, and that of Sagar et al. (2018), which specifically examined fruit and vegetable waste, these contributions have not provided a systematic and critical comparison of the analytical performance of spectroscopic and chemical methods in terms of sensitivity, accuracy, rapidity, cost, industrial scalability, and experimental validation. Therefore, the scientific novelty of this review lies in: (1) the provision of a comprehensive comparative and critical evaluation of spectroscopic (FTIR, NIR, Raman, UV-Vis) and chemical (HPLC, GC-MS, LC-MS) methods within the context of food waste valorization; (2) the systematic analysis of the strengths and limitations of each method, with a particular focus on industrial applicability; (3) the proposal of an integrated framework combining the rapidity of spectroscopy with the accuracy of chemical methods; and (4) the identification of research gaps and outlining a roadmap for future investigations in this field.
	2 Materials and Methods 
	2.1 Review Design 
	The present study adopted a structured critical narrative review methodology, guided by the principles of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) framework, to ensure transparency methodological rigor, and reproducibility throughout the research process and study selection procedure. The review was specifically designed to evaluate published investigations related to the valorization of food processing waste through the extraction and characterization of bioactive compounds utilizing spectroscopic and chemical analytical methods, with particular emphasis to analytical performance, methodological limitations, and industrial applicability.
	2.2 Literature Research Strategy
	A comprehensive and systematic literature search was conducted across four major academic databases, including Scopus, ScienceDirect, and Springer, with the objective of identifying relevant studies published between 2015 and 2025. This ten-year time frame was selected to ensure the capture of the most significant and recent developments in the field of spectroscopic and chemical characterization techniques applied to bioactive compounds extracted from food waste and agro-food by-products.
	Search queries were systematically adapted to the indexing conventions and syntactic requirements of each individual database in order to maximize search sensitivity and ensure the most comprehensive retrieval of potentially relevant records. The specific search equations employed for each database are presented in Table 1. All searches incorporated Boolean operators (AND, OR) to combine search terms in a structured and reproducible manner. The variation in the number of records retrieved across databases reflects differences in subject coverage, indexing scope, and database-specific search syntax. Scopus yielded the most precise and focused results, whilst ScienceDirect generated the highest absolute number of retrieved publications, and Springer provided intermediate coverage across both parameters.
	2.3 Eligibility Criteria 
	Predefined inclusion and exclusion criteria were established prior to the commencement of the study selection process began to ensure methodological consistency and to minimize the risk of selection bias.
	Inclusion Criteria 
	Studies were considered eligible for inclusion if they satisfied all of the following criteria following criteria:
	 Published in peer-reviewed scientific journals indexed in the selected databases
	 Written in the English language.
	 Addressing food waste, agricultural residues, or agro-food processing by-products.
	 Incorporating the characterization or analysis of bioactive compounds through spectroscopic or chemical methods.
	 Reporting on applications of bioactive compounds or proposing strategies for the valorization of food waste.
	Exclusion Criteria: 
	Studies were excluded from the review if they met any of the following conditions:
	 Non-peer-reviewed research publications, including conference abstracts, book chapters, editorial letters, and conference proceedings.
	 Publications in languages ​​other than English.
	 Studies focusing on non-food waste materials or not incorporating bioactive compound characterization.
	 Duplicate records or studies providing insufficient methodological or analytical detail to permit meaningful critical evaluation.
	2.4 Study Selection and Screening 
	The study selection process was conducted in strict accordance with the PRISMA 2020 guidelines. A total of 17,830 research articles were initially identified through the systematic database searches of Scopus, ScienceDirect, and Springer. Following the automated removal of duplicate records, the remaining articles were screened based on their titles and abstracts against the predefined eligibility criteria. Articles meeting the preliminary eligibility requirements were subsequently retrieved in full text and assessed for final inclusion. Only those studies satisfying all established inclusion criteria were retained for qualitative synthesis and critical analysis. The complete study selection and screening process is presented in the PRISMA 2020 flow diagram in Figure 1.
	To position the present review within the current landscape of systematic reviews addressing food by-product valorization, a selection of recent PRISMA-based systematic reviews were identified and considered as reference studies for methodological comparison (Table 2). These reviews covering a broad range of related topics, including the health effects of  foods processed from plant by-products (Pérez-Beltrán et al., 2024), techno-economic aspects of food waste valorization (Tariq et al., 2025), digital transformation for sustainable agri-food waste management (Censi et al., 2025), green extraction of phenolic compounds (López-Salas et al., 2024), marine by-product valorization (Passos et al., 2026), food genomics (Pérez-Beltrán et al., 2022), and mycotoxin occurrence in food by-products (Lopes et al., 2023). As summarized in Table 2, the number of initially identified records and the final number of studies included varied considerably across these reference reviews, reflecting differences in research scope, search strategies, and eligibility criteria. The present review identified 17,830 records and ultimately retained 44 studies for inclusion, placing its scope within the range of recent PRISMA-based systematic reviews in this field.
	The PRISMA 2020 flow diagram presented in Figure 1 provides a transparent and structured overview of all stages of the literature search and study selection process performed, encompassing the identification of records retrieved from the three selected databases, duplicate removal, title and abstract screening, full-text eligibility assessment, and the final inclusion of studies meeting all predefined eligibility criteria. This diagram enhances the methodological transparency and reproducibility of the review.
	2.5 Data Extraction and Synthesis
	Relevant data were systematically extracted from all included studies employing a standardized data extraction framework. The following information was recorded for each study: the type of food waste or agro-food by-product investigated, the class and identity of bioactive compounds extracted; the spectroscopic and/or chemical analytical methods employed, the principal analytical findings and quantitative results, and the proposed valorization strategies or applications. A comparative critical analysis was subsequently conducted to evaluate and compare the analytical performance of the different characterization methods across the dimensions of accuracy, sensitivity, analytical rapidity, operational cost, and industrial applicability.
	2.6  Quality Assessment 
	To enhance the reliability, scientific rigor, and interpretive robustness of this review, the methodological quality of the selected studies was systematically assessed through predefined methodological quality criteria adapted from established systematic review guidelines (Higgins et al., 2011; Page et al., 2021). The quality assessment focused framework focused on five principal dimensions:
	 The clarity and accuracy of the research objectives and study design 
	 The adequacy and completeness of the description of food by-products and the samples characterization procedure 
	 The suitability, validity and degree of analytical validation of the spectroscopic or chemical analytical methods employed. 
	 The reproducibility and methodological transparency of the experimental procedures. 
	 The scientific significance and practical relevance of the reported results for food by-products valorization and their potential industrial applications. 
	Each included study underwent rigorous examination according to these criteria to identify methodological strengths and limitations. Studies providing detailed and reproducible experimental protocols, rigorous analytical procedures, and clearly interpretable results were considered to represent higher-quality evidence. Conversely, studies characterized by insufficient methodological reporting or limited analytical validation were interpreted with appropriate caution during the data synthesis process. 
	The quality assessment was employed primarily as an instrument to support the critical and balanced interpretation of the assembled literature and to minimize the influence of methodological heterogeneity and potential bias on the conclusions of this review. The specific quality assessment criteria applied to the included studies are presented in Table 3, which evaluate study design, sample characterization, analytical validation, experimental reproducibility, and industrial relevance. These criteria were specifically designed for the purposes of the present review to ensure their appropriateness for evaluating the methodological quality and practical relevance of studies addressing the spectroscopic and chemical characterization of bioactive compounds derived from food by-products.
	3 Results and Critical Review
	3.1 Overview of Selected Studies
	3.1.1 General Characteristics of Included Studies 
	The systematic literature research yielded a collection of studies investigating the valorization of food waste through the extraction and characterization of bioactive compounds employing a diverse array of spectroscopic and chemical analytical techniques. The included studies demonstrated considerable heterogeneity with respect to the types of food waste examined, the classes of bioactive compounds targeted, the analytical methods employed, and the proposed end applications of these compounds across various food science, functional food development, and healthcare sectors.
	The majority of included studies focused on plant-derived byproducts generated by the food industry — principally fruit peels and pomaces, olive processing residues, cereal bran and milling by-products, and vegetable and legume residues — attributable to their richness in phenolic compounds, flavonoids, dietary fiber, and antioxidants (Gómez-García et al., 2021; Sagar et al., 2018). The results further revealed that phenolic compounds and antioxidants constituted the most extensively studied classes of bioactive compounds, across the included literature, reflecting their established functional significance in enhancing the nutritional and technological properties of food products and in extending shelf life.
	A notable divergence was also identified in the analytical approaches adopted across the included studies. A substantial proportion of investigations favored rapid, non-destructive spectroscopic methods such as FTIR and NIR for the preliminary screening and broad characterization of target bioactive compounds, while other investigations relied upon more precise chemical techniques, such as HPLC and GC-MS, for the accurate quantitative and qualitative determination of individual compounds (Kanwal & Musharraf, 2024). This divergence reflects the absence of a clearly established methodological consensus regarding the most appropriate analytical strategy, necessitating a rigorous comparative critical evaluation of the analytical performance, strengths, and limitations of each technique within the context of food by-product valorization.
	Table 4 provides a comprehensive summary of the key characteristics of the studies included in this review, including the type of food waste investigated, the targeted bioactive compounds, the analytical methods employed, the principal findings, and the proposed valorization applications.
	Figure 2 illustrates the temporal distribution of publications retrieved from Scopus, ScienceDirect, and Springer between 2015 and 2025. The data demonstrate a progressive and consistent increase in the number of publications across all three databases over the study period, reflecting the growing scientific interest in food waste valorization and bioactive compound characterization. A notable acceleration in publication output is evident following 2020, likely attributable to heightened global attention to circular economy principles and sustainability. The highest annual number of publications was recorded in 2025 across all three databases, with ScienceDirect consistently yielding the highest annual publication counts, followed by Springer and Scopus, respectively.
	3.1.2 Research Trends and Geographical Distribution of Included Studies
	The studies included in this review demonstrate a significant increase in scientific interest in the valorization of food waste in recent years, reflecting the growing shift towards adopting the principles of the circular economy and sustainability in modern food systems. Chronological analysis of the included studies reveals a gradual and progressive increase in the number of publications addressing the extraction and characterization of bioactive compounds from food waste, with a marked acceleration observed further 2020, driven by the growing imperative to develop alternative sources of functional compounds and reduce the environmental and socioeconomic impacts of food waste generation (Gómez-García et al., 2021).
	With respect to the nature of the raw materials investigated, the overwhelming majority of included studies focused on plant-derived residues from agricultural and food processing operations — in particular, fruit and vegetable waste, olive residues, and the byproducts of grains and oilseeds — attributable to their high concentrations of phenolic compounds, dietary fiber, and antioxidants. Growing number of  studies have additionally examined residues from beverage and dairy production, although to a lesser extent than traditional plant-derived sources (Sagar et al., 2018). 
	Regarding analytical approaches, a discernible trend towards the increased adoption of rapid spectroscopic techniques, particularly FTIR and NIR was observed in more recently published studies due to their lower cost and faster analysis rapidity. Meanwhile, chromatographic chemical techniques, such as HPLC and GC-MS, continue to fulfill a pivotal role in high-resolution quantitative and qualitative analysis. This trend reflects a gradual shift towards the integrated application of rapid, non-destructive techniques in combination with reference chromatographic methods, aimed at simultaneously improving characterization efficiency and ensuring the reliability and scientific validity of analytical results (Tziolas et al., 2021). 
	A critical review of the included studies further reveals that whilst scientific activity in the domain of food waste valorization has increased substantially since 2020, the majority of studies have concentrated on a relatively limited range of plant-derived waste streams — principally fruit peels, olive pomace, and cereal bran. Gómez-García et al., (2021) noted that these categories represent the largest proportion of raw materials studied in the literature, while other food wastes with potentially high value remain comparatively underexplored. Furthermore, Sagar et al., (2018) highlighted that the predominant focus of the existing literature is on the extraction and in vitro characterization of bioactive compounds, while only a limited number of studies have addressed aspects related to economic feasibility or practical industrial implementation of the proposed valorization strategies — a critical gap that constrains the translation of research findings into industrial practice.
	3.2 Spectroscopic Methods for Food By-Product Characterization 
	Spectroscopic methods are among the most extensively employed analytical techniques for the characterization of bioactive compounds extracted from food waste, attributable to their ability to deliver rapid and non-destructive analysis with minimal sample preparation requirements. These techniques have gained increasing importance in recent years owing to their ability to improve the efficiency of chemical characterization and reduce operational costs, particularly in industrial applications requiring rapid and scalable analyses. The most widely applied spectroscopic techniques in this domain include FTIR, NIR, Raman spectroscopy, and ultraviolet–visible spectroscopy (UV–Vis) (Hassan et al., 2025; Ramachandran et al., 2025)
	3.2.1 Fourier Transform Infrared Spectroscopy
	FTIR constitutes one of the most extensively utilized spectroscopic techniques for the analysis of bioactive compounds extracted from food by-products, owing to its capacity to rapidly identify functional groups and generate a distinctive molecular fingerprint characteristic of the compounds under investigation. The technique operates on the principle of measuring infrared the absorption of infrared radiation by the chemical bonds present within molecular structure, allowing for the determination of the chemical structure , thereby enabling the determination of the chemical and structural characteristics of diverse compound classes, including phenolic compounds, carbohydrates, proteins, and fatty acids (Varas Perez et al., 2025).
	FTIR has been widely applied to characterize plant-based food processing residues, including citrus waste, fruit peels, olive pomace, and cereal by-products, and has demonstrated efficacy in the rapid detection and preliminary identification of antioxidant compounds and, as well as in monitoring chemical transformations associated with extraction and processing operations (Sun et al., 2025). The principal analytical advantages of FTIR include its high rapidity, low operating costs compared to chromatographic techniques, the absence of complex or time-consuming sample preparation requirements, and its non-destructive character, which permits the preservation and subsequent re-analysis of the original sample. These attributes render FTIR a particularly attractive method for industrial applications and quality control within food processing chains (May, 2024; Saji et al., 2024). 
	Notwithstanding these advantages, FTIR is subject to a number of significant analytical limitations. Whilst the technique provides a comprehensive molecular fingerprint of the sample, its sensitivity and selectivity in the identification and quantification of individual compounds remains limited compared to those of chromatographic techniques such as HPLC or GC-MS, especially in the analysis of complex matrices or when target compounds present at low concentrations. Furthermore, the accuracy and reliability of FTIR-based quantification are critically dependent upon the quality of calibration models and reference spectral databases, which can affect the reproducibility of results across different studies (Resende et al., 2023). 
	Therefore, while FTIR may be considered an appropriate technique for rapid preliminary screening and general characterization of bioactive compounds, its independent application is generally insufficient for the accurate identification and quantification of individual target compounds. Consequently, the integrated use of FTIR in conjunction with complementary chromatographic techniques — such as HPLC or GC-MS — is widely recommended in the literature to ensure the accuracy, specificity, and completeness of characterization outcomes, particularly in demanding industrial and regulatory applications.
	Several investigations have demonstrated the utility of FTIR spectroscopy for the rapid characterization of phenolic compounds and other bioactive constituents in food by-products. Gómez-García et al., (2021) highlighted the potential of FTIR as a rapid and non-destructive screening tool for valuable bioactive compounds in fruit and olive processing residues. In contract Tziolas et al., (2021) reported that the predictive performance of FTIR-based chemometric models may decline considerably when applied to highly heterogeneous food matrices or when calibration models are transferred across different sample types. This apparent discrepancy suggests that the successful implementation of FTIR depends strongly on sample composition, calibration quality, and the robustness of chemometric modelling approach employed.
	3.2.2 Near Infrared Spectroscopy (NIR)
	NIR spectroscopy represents a promising and increasingly adopted spectroscopic technique for the characterization of bioactive compounds extracted from food waste, principally by virtue of its capacity to perform rapid, non-destructive analyses with minimal sample preparation. The technique operates through the measurement of electromagnetic radiation absorption in the near-infrared spectral region, enabling the detection of chemical bonds associated with organic compound classes, including phenolic compounds, proteins, lipids, and carbohydrates (Njewa et al., 2025; Yadav et al., 2024).
	The application of NIR has undergone substantial expansion within the field of food waste valorization, particularly in assessing the quality of agricultural by-products and the rapid determination of the chemical composition of plant-derived residues. The technique has been applied to the analysis of cereal residues, fruit peels, and oilseed by-products, demonstrating efficacy in the rapid estimation of total phenolic content and antioxidant activity relative to conventional chemical methods (Ayvaz & Doğan, 2025). Among the most significant analytical advantages of NIR is its capacity for high-throughput real-time analysis with minimal consumption of chemical reagents, rendering it an environmentally compatible and friendly technology with promising potential for large-scale industrial applications. Furthermore, the capacity for integration of NIR instrumentation with artificial intelligence (AI) algorithms and advanced chemometric models enhances its predictive capability for the rapid assessment of sample quality and chemical composition (Kanwal & Musharraf, 2024).
	Despite these attributes, NIR technology exhibits lower resolution and selectivity for the precise identification and quantification of individual compounds compared with advanced chromatographic techniques such as HPLC and GC-MS. As a consequence, NIR is generally more appropriate for rapid screening and preliminary assessment than for detailed, chemical characterization (Kanwal & Musharraf, 2024).
	NIR spectroscopy may therefore be considered an effective and valuable tool for the rapid, non-destructive assessment of bioactive compounds in food waste matrices, particularly in industrial settings that require rapid decision-making and lower analysis costs. However, the enhancement of predictive accuracy and analytical reliability necessitates the development of more robust, reliable calibration models and integrating them with complementary analytical techniques to ensure the accurate characterization of target bioactive constituents.
	Published evidence further illustrates the performance characteristics and limitations of NIR in food by-product applications. Cen & He, (2007) demonstrated the capacity of NIR to deliver rapid and non-destructive compositional analysis in relatively homogeneous food matrices. In contrast, Ayvaz & Doğan, (2025) reported a significant reduction in the predictive accuracy of NIR-based models when applied to complex food by-products characterized by highly variable compositions. Collectively, these findings indicate that the transferability of NIR calibration models across diverse categories of food by-products remains limited, and that the development of robust calibration strategies represents a critical requirement for the reliable industrial implementation.
	3.2.3 Raman Spectroscopy
	Raman spectroscopy constitutes an advanced and increasingly adopted spectroscopic for the characterization of bioactive compounds extracted from food by-products, attributable to its capacity to generate a precise molecular fingerprint. The technique relies on the principle of Raman scattering, where the energy of scattered light changes as a result of its interaction with chemical bonds within molecules, allowing for the determination of the structural and chemical properties of various organic compounds (Vershinina et al., 2025; Yang et al., 2017).
	Raman spectroscopy has been applied to the characterization of a broad spectrum of food processing residues, including fruit peels, grain residues, and vegetable oil processing derivatives, with the aim of identifying phenolic compounds, carotenoids, fatty acids, and antioxidants. Published investigations have additionally demonstrated the efficacy of this technique in detecting and monitoring chemical transformations associated with extraction and processing operations, as well as in the verification of the authenticity and quality of food products (Dabić Zagorac et al., 2024; Yang et al., 2017).
	Among the most significant advantages of Raman spectroscopy is its capacity to provide accurate molecular information with minimal sample preparation, in addition to its ability to directly analyze hydrated or wet samples, which is a significant advantage compared to some other spectroscopic methods, such as FTIR. Its high accuracy in characterizing organic compounds also makes Its high molecular specificity in the characterization of organic compounds further positions it as a promising instrument for quality control and rapid structural characterization within the food processing industry (Cavdaroglu et al., 2025).
	Despite these advantages, Raman spectroscopy is subject to several significant practical challenges that limit its widespread application. The elevated capital cost of Raman instrumentation constitutes a major barrier to large-scale deployment. In addition, the technique exhibits limited sensitivity when applied to compounds present at low concentrations in complex matrices. Signal quality may be substantially compromised by fluorescence interference, particularly in complex plant-derived samples, potentially resulting in reduced spectral resolution and diminished analytical accuracy (Li et al., 2024).
	These challenges are further accentuated in the context of the transition from controlled laboratory environments to real-world industrial settings. The majority of published studies have focused on utilizing Raman spectroscopy under controlled laboratory conditions, while research evaluating its performance in actual industrial settings remains exceedingly limited. Consequently, the considerable theoretical analytical potential of this technique has not yet been fully realized in large-scale industrial applications, necessitating further applied studies to assess its economic and technical feasibility in real-world production conditions.
	Raman spectroscopy may accordingly be regarded as a powerful technique for advanced molecular characterization of bioactive compounds, particularly in investigations requiring detailed structural elucidation. Nevertheless, its systematic integration with complementary analytical techniques — such as FTIR for broad molecular fingerprinting, or HPLC for quantitative compound-specific analysis — is recommended to achieve a more comprehensive and reliable characterization of complex food by-product matrices.
	The divergent findings reported in the literature further illustrate the context-dependent performance of Raman spectroscopy. Vershinina et al. (2025) demonstrated the utility of this technique for the structural characterization and quantification of plant-derived bioactive compounds. In contrast, other studies reported that the presence of naturally fluorescent compounds and pigments in plant by-products can generate strong background signals and substantially reduce spectral quality. This apparent discrepancy indicates that, despite its excellent analytical capabilities, the successful application of Raman spectroscopy to heterogeneous food by-products remains highly dependent on sample composition and signal pre-processing strategies.
	3.2.4  Ultraviolet –Visible Spectroscopy (UV–Vis)
	UV-Vis spectroscopy constitutes one of the most widely employed analytical techniques for the characterization and quantification of bioactive compounds extracted from food by-products. The technique operates on the principle of measuring the absorption of electromagnetic radiation in the ultraviolet and visible spectral ranges, enabling the estimation of the concentration of compounds possessing chromophoric structural groups, such as phenolic compounds, flavonoids, and natural pigments (Njewa et al., 2025).
	UV-Vis spectroscopy has been extensively applied to the assessment of antioxidant activity and the estimation of total phenolic, total flavonoid, and carotenoid contents across a broad range of food processing residues, including citrus peels, olive pomace, grain residues, and fruit and vegetable waste. This technique additionally facilitates the rapid evaluation of chemical modifications arising from various extraction processes, making it an effective tool for preliminary screening and quality evaluation in research and industrial settings (Terenzi et al., 2024).
	The principal analytical advantages of UV–Vis spectroscopy include its operational simplicity, high analytical rapidity, and lower equipment costs compared to advanced chromatographic reference techniques. Its capacity to deliver rapid quantitative analyses employing relatively simple protocols, renders it particularly appropriate for industrial quality control applications and routine quality control within food processing chains (Tüğen & Taştan Ülkü, 2025).
	However, UV–Vis spectroscopy is characterized by several significant and well-recognized methodological limitations. Its capacity to qualitatively differentiate between individual compounds is relatively limited, especially in complex samples containing a mixture of compounds with overlapping absorption spectra. Furthermore, its detection sensitivity is inferior to that of advanced techniques such as HPLC or LC-MS, rendering it more appropriate for macroscopic analysis or rapid screening rather than precise molecular determination (García-Rodríguez et al., 2017; Sanchez et al., 2026).
	The limitations of UV–Vis spectroscopy in the context of bioactive compound characterization have been clearly delineated in the published literature. Lozada-Ramírez et al. (2021) emphasized that UV–Vis measurements yield only global estimations based on absorbance and do not permit the identification or quantification of individual bioactive compounds. Similarly, Apak et al., (2016) highlighted that spectrophotometric antioxidant assays are highly dependent on reaction conditions and may generate considerable inter-study variability. Collectively, these observations confirm that UV–Vis spectroscopy is most appropriately employed as a rapid and cost-effective preliminary screening tool, and should preferably be combined with chromatographic techniques such as HPLC or LC–MS for comprehensive characterization of food by-products.
	UV-Vis spectroscopy may accordingly be regarded as an appropriate technique for the rapid preliminary evaluation of bioactive compounds, particularly in studies aimed at initial comparison or quality control. Its independent application, however, is insufficient for advanced chemical characterization, and its integration with more precise analytical techniques is required to ensure the reliability, specificity, and scientific validity of the characterization outcomes.
	Table 5 illustrates a detailed critical comparison of the different spectroscopic methods employed to characterize bioactive compounds extracted from food waste.
	3.3 Chemical Methods for Bioactive Compound Analysis
	Despite the significant advancements in rapid spectroscopic techniques, advanced chemical and chromatographic analytical methods retain their status as the primary reference methodologies for the characterization of bioactive compounds extracted from food by-products, attributable to their superior accuracy and sensitivity in the quantitative and qualitative determination of individual compounds. These methods include various chromatographic techniques, such as high-performance liquid chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS), and liquid chromatography-mass spectrometry (LC-MS), in addition to conventional chemical assays applied to estimate antioxidant activity and total phenolic content.
	3.3.1 High-Performance Liquid Chromatography (HPLC)
	High-performance liquid chromatography (HPLC) represents one of the most widely utilized techniques for the characterization of bioactive compounds in food by-products, attributable to its demonstrated capacity for the separation, identification, and quantification of individual constituents within complex multi-component mixtures. This technique relies on the differential interactions of analyte molecules with the stationary and mobile phases, enabling the selective separation and analysis of a wide range of bioactive compound classes (Abderrrezag et al., 2025; Njewa et al., 2025). 
	HPLC has been extensively applied to the analysis of phenolic compounds, flavonoids, carotenoids, and organic acids extracted from fruit, olive, grain, and vegetable waste. The technique has demonstrated particular efficacy in the precise quantitative determination of bioactive compounds, establishing it as one of the most reliable and validated methods for studies aimed at verifying the functional and nutritional properties of plant-derived extracts (Krivošija et al., 2025; Terenzi et al., 2024).
	The most significant analytical advantages of HPLC include its high accuracy, its and quantitative precision, its demonstrated capacity to resolve and separate structurally analogous compounds, and its compatibility with various detectors to enhance analytical sensitivity. These attributes collectively render HPLC the method of choice for high-resolution characterization studies requiring unambiguous compound identification and accurate quantification.
	Despite its analytical strengths, HPLC is subject to several practical limitations, most notably the high cost of instrumentation and analytical reagents, the requirement for complex and time-consuming sample preparation procedures, and the relatively longer analysis time compared to rapid spectroscopic methods. Furthermore, the advanced operational expertise and maintenance requirements associated with HPLC instrumentation may limit its accessibility and throughput in routine industrial quality control applications (Krivošija et al., 2025; Njewa et al., 2025).
	HPLC therefore retains its established status as the reference analytical technique for the detailed characterization of bioactive compounds in food by-products. Nevertheless, combining HPLC with rapid spectroscopic screening methods may improve analytical efficiency while reducing analysis time and overall cost.
	Published evidence firmly establishes the analytical precision and selectivity of HPLC for the characterization of complex bioactive extracts from food by-products. Plaza & Turner, (2015) highlighted the high analytical precision and selectivity of HPLC for the characterization of complex bioactive extracts. However, Gómez-García et al. (2021) identified substantial inter-study variability in extraction procedures, chromatographic columns, mobile phase composition, and detection conditions, rendering direct comparisons between published datasets difficult. These observations confirm that, despite its status as a reference analytical method, the absence of standardized and universally adopted HPLC methodologies for food by-product characterization remains a significant and persistent limitation in this field.
	3.3.2 Gas Chromatography–Mass Spectrometry (GC-MS)
	GC–MS constitutes one of the most powerful and analytically sensitive tools available for the identification and structural characterization of volatile and semi-volatile compounds in food by-products. The technique combines the high-resolution chromatographic separation capability of gas chromatography with the structural elucidation and molecular identification power of mass spectrometric detection, enabling the structural characterization of a wide range of volatile metabolites (Abderrrezag et al., 2025; Andrade et al., 2022).
	  GC-MS has been widely applied to analyze essential oils, fatty acids, and volatile aromatic compounds extracted from citrus, olive, and oilseed waste. The technique has additionally played a significant role in identifying compounds of recognized health and technological value within the food and pharmaceutical industries (Andrade et al., 2022; Setiawan et al., 2025). The principal analytical advantages of GC-MS include its high sensitivity, ability to identify compounds with high molecular resolution, and reliability in analyzing complex volatile compounds. These attributes render GC-MS the analytical method of reference in advanced chemical characterization studies focused on volatile bioactive constituents.
	  Despite these analytical advantages, GC–MS is subject to several practical limitations, including the necessity for derivatization and the relatively high operational cost, both of which may reduce analytical throughput in routine applications.
	Several studies have demonstrated the effectiveness of GC–MS for the identification and quantification of volatile compounds, fatty acids, and aroma-related metabolites in food by-products. Plaza & Turner, (2015) highlighted the appropriateness of GC–MS for the comprehensive characterization of volatile bioactive compounds in complex food matrices. However, subsequent investigations have reported that a substantial proportion of phenolic compounds and other non-volatile metabolites require derivatization prior to GC–MS analysis — a requirement that increases sample preparation time and introducing additional sources of variability. These observations indicate that, although GC–MS remains a highly sensitive and selective reference technique, its applicability is largely restricted to volatile or semi-volatile compounds and is therefore generally insufficient as a standalone technique for the comprehensive characterization of the complete bioactive compound profile of food by-products.
	GC–MS accordingly remains the analytical method of choice for the characterization of volatile and semi-volatile bioactive compounds. Nevertheless, comprehensive characterization of food by-products generally requires complementary analytical techniques, such as HPLC or LC–MS, to accurately identify and quantify non-volatile constituents. Consequently, integrated analytical strategies combining GC–MS with complementary chromatographic methods provide a more complete understanding of the chemical composition of food by-products.
	3.3.3 Liquid Chromatography–Mass Spectrometry (LC-MS)  
	LC-MS constitutes one of the most advanced analytical platforms for the characterization of bioactive compounds extracted from food waste, owing to its high capacity for precise separation and structural identification of complex compounds present at trace concentrations. This technique integrates the separation efficiency of liquid chromatography with mass spectrometric detection, thereby enabling the simultaneous identification of a substantial number of compounds within complex biological and food matrices (D’Urso et al., 2025; Kharbach et al., 2026). 
	LC-MS has been increasingly employed for the analysis of phenolic compounds, flavonoids, bioactive peptides, and antioxidants extracted from fruit, vegetable, olive, and cereal by-products. Furthermore, it has demonstrated considerable efficacy in the identification of novel or rare compounds that are difficult to detect by conventional chemical methods (Collado-González et al., 2026; D’Urso et al., 2025; Njewa et al., 2025).
	The key advantages of LC-MS reside in its exceptional sensitivity, its capacity to perform both qualitative and quantitative analyses simultaneously, and its aptitude to accurately determine the molecular structure of complex compounds. It additionally constitutes a fundamental tool in advanced metabolomics studies and the characterization of low-concentration bioactive compounds.
	However, this technique is subject of several practical limitations, including the requirement for advanced technical expertise, the complexity of data processing, and demanding operational requirements that may restrict its routine industrial application (D’Urso et al., 2025; Kharbach et al., 2026; Njewa et al., 2025). 
	Therefore, while LC-MS may be regarded as one of the most accurate and comprehensive analytical techniques for the characterization of bioactive compounds, its application is predominantly oriented towards advanced research studies or reference validation applications that demand high levels of sensitivity and accuracy.
	Several studies have highlighted the remarkable analytical capabilities of LC–MS for identifying and quantifying bioactive compounds at extremely low concentrations in complex food matrices. Kharbach et al. (2026) emphasized that LC–MS/MS has become one of the most powerful techniques for comprehensive food characterization owing to its high sensitivity and molecular specificity. However, other investigations have reported that the high acquisition and maintenance costs of LC–MS instruments, together with the complexity of data processing and interpretation, limit their routine implementation in industrial environments. These observations suggest that, despite its superior analytical performance, the widespread adoption of LC–MS in food by-product valorization continues to face considerable economic and operational challenges.
	3.3.4 Conventional Chemical Assays 
	In addition to advanced chromatographic techniques, traditional chemical assays are widely employed to evaluate the functional properties of bioactive compounds extracted from food by-products, particularly with respect to antioxidant activity and total phenolic content. Among the most commonly applied assays are Folin–Ciocalteu, DPPH, ABTS, and FRAP methods. 
	The Folin–Ciocalteu assay is primarily employed to estimate total phenolic content. The technique relies on the reaction of phenolic compounds with Folin reagent to form a colored complex that can be measured spectroscopically. While this assay is simple and straightforward to perform, its limited specificity may result in interference from other non-phenolic reducing compounds, potentially compromising the accuracy of the results (Torres et al., 2024).
	The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay is widely utilized to evaluate antioxidant activity based on the capacity of bioactive compounds to inhibit free radicals. It is characterized by its rapidity and low cost; however, its sensitivity may vary depending on the solvent employed and the nature of the compounds under investigation (Jia et al., 2024). 
	Similarly, the ABTS (2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)) assay is utilized to assess antioxidant capacity and is considered more versatile than DPPH, as it can be applied in both aqueous and organic media. It also permits the evaluation of a broader spectrum of antioxidant compounds (Jia et al., 2024). 
	In contrast, the FRAP (Ferric Reducing Antioxidant Power) assay measures the reducing capacity of bioactive compounds by converting ferric to ferrous ions. Despite its simplicity and rapidity, it may not reflect all mechanisms of antioxidant activity, thereby limiting its ability to provide a comprehensive assessment when employed in isolation (Apak, 2016).
	Several studies have demonstrated that conventional colorimetric assays remain indispensable for the rapid evaluation of antioxidant activity and total phenolic content in food by-products owing to their simplicity and low operational cost. However, Apak, (2016) emphasized that antioxidant assays such as DPPH, ABTS, and FRAP are based on divergent reaction mechanisms and therefore frequently yield non-comparable results. Likewise, Torres et al. (2024) reported that the Folin–Ciocalteu assay may overestimate total phenolic content owing to interference from other reducing substances. These findings indicate that conventional chemical assays should be interpreted with caution and preferably combined with chromatographic techniques to obtain a more reliable characterization of bioactive compounds.
	Overall, these conventional chemical assays remain valuable tools for the preliminary evaluation of bioactive compounds and antioxidant activity in food by-products. However, their limited specificity and dependence on experimental conditions frequently necessitate their integration with more accurate analytical techniques, such as HPLC or LC-MS, to ensure more reliable interpretation of the results.
	3.4 Comparative Critical Analysis of Spectroscopic and Chemical Methods
	The studies included in this review demonstrate that the selection of an appropriate analytical technique for characterizing bioactive compounds extracted from food waste depends largely upon the nature of the target compounds, the required level of accuracy, and the ultimate objective of the analysis. Generally, analytical methods can be categorized into two principal groups: rapid spectroscopic methods and chemical reference methods. Each group possesses distinct advantages and limitations that directly influence characterization efficiency and industrial applicability. 
	Spectroscopic methods, including FTIR, NIR, Raman, and UV–Vis, are particularly appropriate for rapid screening and routine quality control as they enable fast analyses with relatively simple sample preparation, rendering them suitable tools for initial screening, routine quality control, and real-time analysis within food production lines. Furthermore, the limited consumption of chemical reagents renders these methods more closely aligned with the principles of green chemistry and environmental sustainability. In addition, the integration of these methods with chemometric instruments and AI techniques has enhanced their predictive capabilities, particularly in classification and rapid quality detection applications (Li et al., 2025; Tziolas et al., 2021). 
	However, the capacity of spectroscopic techniques to accurately and quantitatively identify individual compounds remains relatively limited, especially in complex, multi-component samples. Furthermore, the reliability of their results depends heavily upon the quality of calibration models and reference databases, which may limit the generalizability of results across various types of food waste or varying processing conditions (Njewa et al., 2025; Tziolas et al., 2021). 
	In contrast, chemical techniques, such as HPLC, GC-MS, and LC-MS, offer exceptionally high levels of sensitivity and accuracy, rendering them more appropriate for advanced structural characterization and precise quantitative analysis of bioactive compounds. These techniques have proven pivotal in validating results obtained from spectroscopic methods and confirming the molecular identity of target compounds, particularly phenolic compounds, organic acids, and volatile compounds (Njewa et al., 2025; Paniagua-García et al., 2019). 
	Nevertheless, chemical techniques face practical challenges, including elevated equipment and maintenance costs, the requirement for more complex sample preparation, and the extended time required for analysis. Furthermore, their routine application in large-scale industrial settings may be constrained by the requirement for specialized technical expertise and high operational requirements (Njewa et al., 2025; Tziolas et al., 2021). 
	Although most studies consistently recognize spectroscopy as a rapid and cost-effective analytical approach, considerable disagreement remains regarding its capability to replace conventional chromatographic methods. Gómez-García et al. (2021) suggested that spectroscopic techniques may provide sufficiently accurate estimations for routine quality control when supported by robust chemometric models. In contrast, Tziolas et al. (2021) reported that prediction accuracy decreases substantially when calibration models are transferred to heterogeneous food matrices. Similarly, Plaza & Turner. (2015) emphasized that chromatographic methods remain indispensable whenever reliable identification and quantification of individual bioactive compounds are required. These contrasting findings indicate that the choice of analytical method should depend upon the intended application rather than upon analytical performance alone.
	Based on the available evidence, neither spectroscopic nor chemical methods can be regarded as universally superior. Instead, their analytical performance should be evaluated according to the objectives of the analysis, the complexity of the food matrix, and the intended industrial application. Consequently, integrated analytical workflows that combine rapid spectroscopic screening with confirmatory chromatographic analyses appear to be the most robust strategy for the comprehensive characterization of bioactive compounds in food by-products. Table 6 illustrates a critical comparison between spectroscopic and chemical methods.
	3.5 Industrial Applications of Bioactive Compounds Derived from Food By-Products
	Recent investigations demonstrate that bioactive compounds extracted from food waste are of significance not only for their nutritional value, but also for their diverse industrial applications, which possess considerable economic and environmental potential. Advances in extraction and characterization technologies have expanded opportunities for utilizing these compounds in the food, pharmaceutical, and smart packaging industries, supporting the principles of the circular economy and reducing food waste (Cinzia Ingallina et al., 2025; Shawky et al., 2025).
	3.5.1  Functional Foods 
	Bioactive compounds derived from food waste are increasingly employed in the development of functional foods owing to their capacity to enhance the health and nutritional properties of food products. These compounds include phenols, dietary fiber, flavonoids, and antioxidants, which can be incorporated into foods to improve their health value and reduce the risk of chronic diseases (Ahmed et al., 2025; Krishnan & Devarajan, 2025).
	3.5.2 Active and Intelligent Packaging
	  Studies have demonstrated promising potential for the utilization of natural extracts rich in antioxidant and antimicrobial compounds in the development of smart, active food packaging materials. Compounds extracted from fruit peels and plant residues can be incorporated into biofilms to improve food stability and extend shelf life, while reducing reliance on artificial preservatives (Cazón et al., 2025; Dutta et al., 2025; Maddaloni et al., 2025).
	3.5.3 Nutraceuticals and Health Products
	Food byproducts represent a promising source for the development of nutraceuticals and health supplements, particularly those rich in antioxidants, fatty acids, and anti-inflammatory compounds. Advanced characterization techniques have contributed to a better understanding of the biological activity of these compounds and enhanced their commercial potential (Radha et al., 2024).
	3.5.4 Animal Feed Applications
	In addition to human food applications, certain food waste has been utilized as functional ingredients in animal feed, owing to their fiber content and biologically active compounds that may contribute to improving animal health and productivity while reducing feed costs (Tedeschini, 2025; Vlasova et al., 2025).
	Figure 3 illustrates the principal industrial applications of bioactive compounds derived from food by-products.
	Despite the promising industrial applications reported in the literature, the majority of valorization strategies remain at the laboratory or pilot scale. A limited body of research has evaluated long-term economic feasibility, regulatory constraints, or large-scale industrial implementation. Consequently, a significant gap persists between proof-of-concept demonstrations and commercial deployment of bioactive compounds derived from food by-products (Krishnan & Devarajan, 2025).
	3.6 Current Challenges and Future Research Directions
	Despite significant progress in the field of food waste valorization and bioactive compound extraction, several challenges impede the transition from laboratory findings to large-scale industrial applications. Among the most prominent of these challenges are the absence of standardized protocols for bioactive compound extraction and characterization, and the considerable variability in the physical and chemical properties of food waste, which affects the comparability of results across different studies.
	Furthermore, the inconsistency in the selection of analytical techniques and the absence of standardized validation protocols present additional challenges to standardizing results and enhancing their reproducibility. Moreover, certain advanced techniques, such as LC-MS and GC-MS, continue to face limitations related to high cost and operational complexity, restricting their adoption in routine industrial applications. 
	Conversely, promising opportunities emerge in the future through the integration of spectroscopic techniques with AI tools and chemometric analysis, with the aim of developing more accurate and efficient predictive models for the rapid characterization of bioactive compounds. Developments in smart packaging, functional foods, and the circular economy are also expected to contribute to enhancing the economic value of food waste and transforming it into sustainable industrial resources.
	Future research should move beyond analytical characterization alone and focus on developing standardized analytical protocols, inter-laboratory validation studies, techno-economic assessments, and real-scale industrial demonstrations. In addition, integrating AI with spectroscopy may substantially improve prediction accuracy and facilitate the industrial adoption of rapid analytical methods (Li et al., 2025; Râpă et al., 2024).
	Previous reviews on food by-product valorization have predominantly focused on extraction technologies, the recovery of bioactive compounds, and their nutritional or functional applications (Sagar et al., 2018; Sharma et al., 2017). In contrast, the present review comparatively evaluates both spectroscopic and chemical characterization methods while emphasizing their analytical performance, industrial applicability, and future integration with AI tools. By combining analytical characterization with practical valorization strategies, this review contributes to narrowing the gap between laboratory research and industrial implementation.
	Based on the challenges and future opportunities identified in this review, a conceptual framework is proposed to facilitate the integration of rapid spectroscopic techniques, advanced chemical analyses, and AI tools for the sustainable valorization of food by-products. Figure 4 proposes an integrated framework that combines the rapid screening capabilities of spectroscopic techniques with the high analytical accuracy of chemical methods, thereby bridging the gap between laboratory research and industrial implementation. The proposed framework consists of five interconnected stages: sample preparation, spectroscopic screening, chemical characterization, data analysis and decision-making, and industrial application, supported by a continuous feedback loop to promote method optimization and sustainable valorization strategies.
	3.7 Limitations of the Current Review
	Despite the rigorous methodology employed in this review, certain limitations must be acknowledged. First, the literature search was limited to major scientific databases and English-language publications, which may have resulted in the exclusion of relevant studies published elsewhere. Second, considerable variation was observed among the included studies regarding extraction protocols, analytical procedures, and reporting practices, making direct comparisons challenging. 
	Furthermore, several of the reviewed studies were conducted under laboratory conditions, while evidence regarding industrial-scale application remains limited. Consequently, certain conclusions concerning industrial applications should be interpreted with caution. Future reviews would benefit from incorporating more standardized datasets and a greater emphasis on technical and economic evaluations.
	4 Discussion
	The present review provides a critical evaluation of spectroscopic and chemical methods for the characterization of bioactive compounds derived from food processing waste, with particular emphasis on analytical performance, methodological limitations, and industrial applicability. The collective findings demonstrate that spectroscopic methods, including FTIR, NIR, Raman, and UV-Vis offer significant analytical advantages with respect to rapidity, non-destructiveness, and minimal sample preparation, rendering them well-suited to rapid screening and quality control applications in industrial settings (Li et al., 2025; Tziolas et al., 2019). However, their limited sensitivity and selectivity for the identification and quantification of individual bioactive compound, combined with their  strong dependence upon calibration models remain major challenges (Njewa et al., 2025).
	In contrast, chemical and chromatographic analytical methods — principally HPLC, GC-MS, and LC-MS —provide superior accuracy, sensitivity, and molecular resolution, enabling precise quantitative and qualitative determination of individual bioactive compounds (Abderrrezag et al., 2025; D’Urso et al., 2025). Nevertheless, their substantially higher instrumentation and reagent costs, considerable operational complexity, and time-consuming sample requirements represent significant practical barriers to their widespread adoption in routine industrial analytical workflows (Krivošija et al., 2025). 
	The considerable divergence in analytical approaches adopted across studies reflects a broader absence of established methodological consensus in this field, as previously highlighted by Gómez-García et al. (2021) and Sagar et al. (2018). This observation underscores the critical and urgent necessity for the development and adoption of standardized analytical protocols to enhance the comparability, reproducibility, and scientific validity of results across studies. The variability in reported findings for FTIR analysis, as shown by the contrasting results obtained by Gómez-García et al. (2021) and Tziolas et al. (2021), further illustrates the influence of sample matrix heterogeneity and calibration model quality on the analytical performance.
	The systematic reviews consulted as methodological reference benchmarks confirm the rapidly expanding body of literature on food waste valorization, with the number of studies included ranging from 16 to 373 depending on the scope of the research question and stringency of the applied eligibility criteria (Pérez-Beltrán et al., 2024). This considerable variability in review scope and inclusion criteria underscores the importance of rigorous methodological transparency and strict adherence to PRISMA reporting guidelines in systematic review research.
	In contradistinction to previous reviews that primarily focused on extraction technologies or specific categories of bioactive compounds in isolation, the present review provides a critical comparative assessment of both spectroscopic and chemical characterization methodologies while emphasizing their industrial applicability and their prospective integration with AI tools and advanced chemometric modelling tools.
	The integrated analytical framework proposed in the pre
	Conclusions
	The present review confirms that food processing waste constitutes a valuable and largely underexploited reservoir of bioactive compounds with significant nutritional, technological, and economic potential. Spectroscopic methods — including FTIR, NIR, Raman, and UV-Vis — provide rapid, non-destructive, and cost-effective analytical tools well-suited to preliminary screening and industrial quality control applications. Chemical and chromatographic methods — including HPLC, GC-MS, and LC-MS — remain the established reference standard for the accurate quantification and structural characterization of individual bioactive constituents, by virtue of their superior sensitivity, selectivity, and molecular resolution.
	The principal findings of this review may be summarized as follows:
	 No single analytical method is universally optimal across all food by-product characterization contexts; an integrated approach combining spectroscopic and chemical methods offers the most comprehensive characterization.
	 The analytical performance and reliability of spectroscopic methods are critically dependent upon the quality, robustness, and transferability of calibration models, as well as upon the compositional characteristics and homogeneity of the sample matrix under investigation
	 Chemical and chromatographic methods, despite their accuracy, are subject to significant practical challenges related to instrumentation cost, operational complexity, sample preparation requirements, and scalability for routine industrial applications.
	 The absence of standardized and universally adopted analytical protocols across the published literature constitutes a major and persistent barrier to the cross-study comparability of results and to the industrial implementation of food by-product characterization strategies.
	Future research endeavors should prioritize the development and international validation of standardized analytical protocols for food by-product bioactive compound characterization; the improvement and systematic validation of calibration models for spectroscopic methods across diverse and heterogeneous food matrices; the conduct of rigorous techno-economic feasibility studies evaluating the industrial-scale implementation of integrated analytical frameworks; and the strengthening of collaborative research partnerships between academic institutions and the food processing industry. The integration of AI algorithms and chemometric modeling with spectroscopic instrumentation represents a promising direction for the enhancement of predictive capabilities and real-time quality monitoring.
	In conclusion, the sustainable valorization of food processing waste through the application of appropriate analytical characterization strategies constitutes a scientifically sound and practically actionable approach to advancing the principles of the circular bioeconomy. Such valorization contributes to the reduction the environmental burden associated with food waste generation and to the creation of measurable economic value through the recovery and application of high-value bioactive compounds across food, nutraceutical, and pharmaceutical sectors.
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		Background: Large quantities of by-products and waste materials are inevitably generated throughout food processing and manufacturing operations. Despite being consistently rich in high-value bioactive constituents — including polyphenols, dietary fiber, antioxidant compounds, and bioactive peptides — these by-products are frequently discarded without further utilization, representing a considerable loss of both nutritional and economic potential. Therefore, valorizing such byproducts constitutes a sustainable strategy for reducing food waste while generating added value across food, animal feed, and non-food industrial applications.

Aims: This review aimed to systematically and critically evaluate the current scientific literature pertaining to the characterization and valuation of bioactive compounds extracted from food by-products, with particular emphasis on the spectroscopic and chemical methods employed for their identification and quantification, and on their applications within food systems food systems. 

Material and Methods: A structured critical narrative review methodology was adopted for this study. A systematic literature search was conducted across three major academic databases—Scopus, ScienceDirect, and Springer—encompassing publications from 2015 to 2025. The initial search yielded 26,152 documents, from which 17,830 peer-reviewed research articles published in English language were identified. Inclusion criteria were applied to retain publications specifically describing the characterization of bioactive substances employing spectroscopic or chemical analytical methods, and reporting on their primary applications in food-related contexts.

Results: The reviewed literature consistently confirms that food by-products represent potential and underexploited sources of bioactive compounds with biological, technical, and nutritional properties. The integration of spectroscopic techniques — most notably Fourier-transform infrared spectroscopy (FTIR) and near-infrared spectroscopy (NIR) — with conventional chemical analytical methods has demonstrated considerable utility for the rapid and non-destructive characterization of bioactive molecules, quality evaluation, and authenticity verification of food by-product-derived materials. Applications of these compounds in food formulation, preservation, and active packaging have been increasingly documented in the literature; however, persistent challenges remain with respect to analytical standardization, comprehensive safety evaluation, and industrial-scale feasibility.

Conclusions: The valorization of food by-products through the combined application of spectroscopic and chemical analytical approaches presents substantial and scientifically exciting prospects for the development of sustainable, circular food systems. To fully realize the functional and commercial potential of food by-product-derived bioactive compounds, future research should prioritize the standardization of analytical protocols, the rigorous evaluation of safety and toxicological profiles, and enabling their industrial-scale deployment.
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1 INTRODUCTION

One of the most pressing and growing global challenges of the twenty-first century is the generation of food waste and byproducts from agricultural and food industries, attributable to their significant environmental, economic, and public health impacts. Recent estimates indicate that substantial quantities of food are lost or wasted annually across all stages of the food supply chain, including husks, seeds, pulp, bran, and processing residues. Although these byproducts are conventionally considered as waste, accumulating evidence has demonstrated that they constitute valuable sources of bioactive compounds possessing noteworthy nutritional and functional properties, including dietary fiber, natural antioxidants, phenolic compounds, flavonoids, and bioactive peptides (Gómez-García et al., 2021; Sagar et al., 2018). 

In response to the growing recognition of the bioactive compounds contained in these materials, the concept of food by-product valorization has emerged in recent years as a cornerstone strategy for advancing circular economy principles and promoting food system sustainability. This paradigm entails the transformation of agricultural and food processing residues into high-value raw materials suitable for diverse applications, including functional foods, active packaging, animal feed, nutraceuticals, and cosmeceutical products (Gómez-García et al., 2021; Mirabella et al., 2014). However, the successful implementation of this strategy largely depends on the ability to accurately characterize bioactive compounds, understand their functional and chemical properties, and ensure their applicability at industrial scale. In this context, chemical and spectroscopic characterization techniques have become essential tools for the identification of active compounds, assessment of their purity, and verification of their biological and functional attributes (Lozada-Ramírez et al., 2021).

Characterization methods have undergone remarkable development in recent decades, with spectroscopic techniques emerging as rapid, non-destructive, and cost-effective tools for the profiling of bioactive compounds. Their capacity to provide accurate molecular fingerprints in a timely manner, coupled with relatively low operational costs, has rendered them particularly attractive for routine analytical applications. Among the most prominent spectroscopic methods are Fourier transform infrared  spectroscopy (FTIR), near infrared  spectroscopy (NIR), Raman spectroscopy, and Ultraviolet–Visible Spectroscopy (UV–Vis) (Zhang et al., 2025). Conversely, chemical and chromatographic techniques, such as high-performance liquid chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS), and Liquid Chromatography–Mass Spectrometry (LC–MS), despite their elevated cost and operational complexity, remain among the most widely employed techniques owing to their exceptional sensitivity and accuracy in the identification and quantification of individual compounds (Zhang et al., 2025). Despite these advances, considerable heterogeneity persists across studies with regard to the level of analytical validation, industrial applicability, and comparability of results between different studies, that requires a systematic critical evaluation of these analytical tools.

Notwithstanding the substantial and growing body of published scientific reviews addressing the utilization of food waste and the extraction of bioactive compounds, it is noteworthy that the majority of previous investigations have concentrated on descriptive aspects related to the types of waste or extracted compounds and their potential applications. A conspicuous lacuna exists with respect to critical reviews that systematically compare the analytical performance of both spectroscopic and chemical methods across multiple parameters, including sensitivity, accuracy, rapidity, cost, industrial scalability, and experimental validation. Furthermore, the limited methodological consistency observed across studies constrains the derivation of broadly applicable conclusions that may be readily translated to industrial contexts.

Accordingly, the present review aims to provide a comparative critical evaluation of spectroscopic and chemical methodologies employed for the characterization of bioactive compounds derived from food waste, with particular emphasis on analytical performance, advantages and limitations, industrial applicability, and levels of scientific validation. This study further seeks to identify current research gaps and to propose prospective research directions that may facilitate the development of more sustainable and reliable strategies for the valorization of food waste and its conversion into high-value products.

Although prior reviews have addressed the extraction of bioactive compounds from food waste, such as that of Gómez-García et al. (2021), which focused on valorization strategies in general, and that of Sagar et al. (2018), which specifically examined fruit and vegetable waste, these contributions have not provided a systematic and critical comparison of the analytical performance of spectroscopic and chemical methods in terms of sensitivity, accuracy, rapidity, cost, industrial scalability, and experimental validation. Therefore, the scientific novelty of this review lies in: (1) the provision of a comprehensive comparative and critical evaluation of spectroscopic (FTIR, NIR, Raman, UV-Vis) and chemical (HPLC, GC-MS, LC-MS) methods within the context of food waste valorization; (2) the systematic analysis of the strengths and limitations of each method, with a particular focus on industrial applicability; (3) the proposal of an integrated framework combining the rapidity of spectroscopy with the accuracy of chemical methods; and (4) the identification of research gaps and outlining a roadmap for future investigations in this field.

2 [bookmark: _Hlk185235941]MATERIALS AND METHODS 

2.1 Review Design 

The present study adopted a structured critical narrative review methodology, guided by the principles of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) framework, to ensure transparency methodological rigor, and reproducibility throughout the research process and study selection procedure. The review was specifically designed to evaluate published investigations related to the valorization of food processing waste through the extraction and characterization of bioactive compounds utilizing spectroscopic and chemical analytical methods, with particular emphasis to analytical performance, methodological limitations, and industrial applicability.

2.2 Literature Research Strategy

A comprehensive and systematic literature search was conducted across four major academic databases, including Scopus, ScienceDirect, and Springer, with the objective of identifying relevant studies published between 2015 and 2025. This ten-year time frame was selected to ensure the capture of the most significant and recent developments in the field of spectroscopic and chemical characterization techniques applied to bioactive compounds extracted from food waste and agro-food by-products.

Search queries were systematically adapted to the indexing conventions and syntactic requirements of each individual database in order to maximize search sensitivity and ensure the most comprehensive retrieval of potentially relevant records. The specific search equations employed for each database are presented in Table 1. All searches incorporated Boolean operators (AND, OR) to combine search terms in a structured and reproducible manner. The variation in the number of records retrieved across databases reflects differences in subject coverage, indexing scope, and database-specific search syntax. Scopus yielded the most precise and focused results, whilst ScienceDirect generated the highest absolute number of retrieved publications, and Springer provided intermediate coverage across both parameters.[bookmark: Tab1]Table 1. Modified search equations for each database

Database

Modified search equation

Total papers

Research articles

English articles

Scopus

TITLE-ABS-KEY("food waste" OR byproducts) AND TITLE-ABS-KEY("bioactive compounds" OR polyphenols OR antioxidants) AND TITLE-ABS-KEY(spectroscopy OR FTIR OR HPLC OR "GC-MS")

950

915

908

Science Direct

("food waste" OR byproducts) AND ("bioactive compounds" OR polyphenols OR antioxidants) AND (spectroscopy OR FTIR OR HPLC OR "GC-MS")

21,410

14,786

14,786

Springer

("food waste" OR byproducts) AND ("bioactive compounds" OR polyphenols OR antioxidants) AND (spectroscopy OR FTIR OR HPLC OR "GC-MS")

3,792

2,137

2,136





2.3 Eligibility Criteria 

Predefined inclusion and exclusion criteria were established prior to the commencement of the study selection process began to ensure methodological consistency and to minimize the risk of selection bias.

Inclusion Criteria 

Studies were considered eligible for inclusion if they satisfied all of the following criteria following criteria:

· Published in peer-reviewed scientific journals indexed in the selected databases

· Written in the English language.

· Addressing food waste, agricultural residues, or agro-food processing by-products.

· Incorporating the characterization or analysis of bioactive compounds through spectroscopic or chemical methods.

· Reporting on applications of bioactive compounds or proposing strategies for the valorization of food waste.

Exclusion Criteria: 

Studies were excluded from the review if they met any of the following conditions:

· Non-peer-reviewed research publications, including conference abstracts, book chapters, editorial letters, and conference proceedings.

· Publications in languages ​​other than English.

· Studies focusing on non-food waste materials or not incorporating bioactive compound characterization.

· Duplicate records or studies providing insufficient methodological or analytical detail to permit meaningful critical evaluation.

2.4 Study Selection and Screening 

The study selection process was conducted in strict accordance with the PRISMA 2020 guidelines. A total of 17,830 research articles were initially identified through the systematic database searches of Scopus, ScienceDirect, and Springer. Following the automated removal of duplicate records, the remaining articles were screened based on their titles and abstracts against the predefined eligibility criteria. Articles meeting the preliminary eligibility requirements were subsequently retrieved in full text and assessed for final inclusion. Only those studies satisfying all established inclusion criteria were retained for qualitative synthesis and critical analysis. The complete study selection and screening process is presented in the PRISMA 2020 flow diagram in Figure 1.

To position the present review within the current landscape of systematic reviews addressing food by-product valorization, a selection of recent PRISMA-based systematic reviews were identified and considered as reference studies for methodological comparison (Table 2). These reviews covering a broad range of related topics, including the health effects of  foods processed from plant by-products (Pérez-Beltrán et al., 2024), techno-economic aspects of food waste valorization (Tariq et al., 2025), digital transformation for sustainable agri-food waste management (Censi et al., 2025), green extraction of phenolic compounds (López-Salas et al., 2024), marine by-product valorization (Passos et al., 2026), food genomics (Pérez-Beltrán et al., 2022), and mycotoxin occurrence in food by-products (Lopes et al., 2023). As summarized in Table 2, the number of initially identified records and the final number of studies included varied considerably across these reference reviews, reflecting differences in research scope, search strategies, and eligibility criteria. The present review identified 17,830 records and ultimately retained 44 studies for inclusion, placing its scope within the range of recent PRISMA-based systematic reviews in this field.[bookmark: Fig1][image: ]

Figure 1. PRISMA 2020 Flow Diagram of the Literature Search and Study Selection Process 





[bookmark: Tab2]Table 2. Comparison Between the Present Systematic Review and Selected Recent PRISMA-Based Systematic Reviews in the Field of Food By-Product Valorization

Reference

Topic

Initial records

Final Included

Pérez-Beltrán et al. (2024)

Effects of plant by-product consumption on blood lipid levels

15,706

19

Tariq et al. (2025)

Economic analysis of food waste valorization across regions

3,964

50

Censi et al. (2025)

Digital pathways toward sustainability in agri-food waste

524

373

López-Salas et al. (2024)

Phenolic compound extraction using green solvents

282

67

Passos et al. (2026)

Characterization of marine by-products and geographical origin tracing

6,443

94–96

Pérez-Beltrán et al. (2022)

Gene-diet interactions and effects on lipids

1,110

38

Lopes et al. (2023)

Occurrence of mycotoxins in food by-products

Not specified

16

Present review

Spectroscopic and chemical characterization of bioactive compounds from food by-products

4,538

44





The PRISMA 2020 flow diagram presented in Figure 1 provides a transparent and structured overview of all stages of the literature search and study selection process performed, encompassing the identification of records retrieved from the three selected databases, duplicate removal, title and abstract screening, full-text eligibility assessment, and the final inclusion of studies meeting all predefined eligibility criteria. This diagram enhances the methodological transparency and reproducibility of the review.

2.5 Data Extraction and Synthesis

Relevant data were systematically extracted from all included studies employing a standardized data extraction framework. The following information was recorded for each study: the type of food waste or agro-food by-product investigated, the class and identity of bioactive compounds extracted; the spectroscopic and/or chemical analytical methods employed, the principal analytical findings and quantitative results, and the proposed valorization strategies or applications. A comparative critical analysis was subsequently conducted to evaluate and compare the analytical performance of the different characterization methods across the dimensions of accuracy, sensitivity, analytical rapidity, operational cost, and industrial applicability.[bookmark: Tab3]Table 3. Quality Assessment Criteria Employed for the Evaluation of Included Studies

Criterion

Evaluation focus

Study design

Clarity of objectives and methodology

Sample characterization

Adequate description of food by-products

Analytical validation

Validation of spectroscopic or chemical methods

Reproducibility

Availability of sufficient methodological details

Industrial relevance

Potential applicability in real-world valorization processes





2.6  Quality Assessment 

To enhance the reliability, scientific rigor, and interpretive robustness of this review, the methodological quality of the selected studies was systematically assessed through predefined methodological quality criteria adapted from established systematic review guidelines (Higgins et al., 2011; Page et al., 2021). The quality assessment focused framework focused on five principal dimensions:

· The clarity and accuracy of the research objectives and study design 

· The adequacy and completeness of the description of food by-products and the samples characterization procedure 

· The suitability, validity and degree of analytical validation of the spectroscopic or chemical analytical methods employed. 

· The reproducibility and methodological transparency of the experimental procedures. 

· The scientific significance and practical relevance of the reported results for food by-products valorization and their potential industrial applications. 

Each included study underwent rigorous examination according to these criteria to identify methodological strengths and limitations. Studies providing detailed and reproducible experimental protocols, rigorous analytical procedures, and clearly interpretable results were considered to represent higher-quality evidence. Conversely, studies characterized by insufficient methodological reporting or limited analytical validation were interpreted with appropriate caution during the data synthesis process. 

The quality assessment was employed primarily as an instrument to support the critical and balanced interpretation of the assembled literature and to minimize the influence of methodological heterogeneity and potential bias on the conclusions of this review. The specific quality assessment criteria applied to the included studies are presented in Table 3, which evaluate study design, sample characterization, analytical validation, experimental reproducibility, and industrial relevance. These criteria were specifically designed for the purposes of the present review to ensure their appropriateness for evaluating the methodological quality and practical relevance of studies addressing the spectroscopic and chemical characterization of bioactive compounds derived from food by-products.

3 RESULTS AND CRITICAL REVIEW

3.1 Overview of Selected Studies

3.1.1 General Characteristics of Included Studies 

The systematic literature research yielded a collection of studies investigating the valorization of food waste through the extraction and characterization of bioactive compounds employing a diverse array of spectroscopic and chemical analytical techniques. The included studies demonstrated considerable heterogeneity with respect to the types of food waste examined, the classes of bioactive compounds targeted, the analytical methods employed, and the proposed end applications of these compounds across various food science, functional food development, and healthcare sectors.

The majority of included studies focused on plant-derived byproducts generated by the food industry — principally fruit peels and pomaces, olive processing residues, cereal bran and milling by-products, and vegetable and legume residues — attributable to their richness in phenolic compounds, flavonoids, dietary fiber, and antioxidants (Gómez-García et al., 2021; Sagar et al., 2018). The results further revealed that phenolic compounds and antioxidants constituted the most extensively studied classes of bioactive compounds, across the included literature, reflecting their established functional significance in enhancing the nutritional and technological properties of food products and in extending shelf life.[bookmark: Fig2]

Figure 2. Temporal Distribution of Included Studies Published Between 2015 and 2025





A notable divergence was also identified in the analytical approaches adopted across the included studies. A substantial proportion of investigations favored rapid, non-destructive spectroscopic methods such as FTIR and NIR for the preliminary screening and broad characterization of target bioactive compounds, while other investigations relied upon more precise chemical techniques, such as HPLC and GC-MS, for the accurate quantitative and qualitative determination of individual compounds (Kanwal & Musharraf, 2024). This divergence reflects the absence of a clearly established methodological consensus regarding the most appropriate analytical strategy, necessitating a rigorous comparative critical evaluation of the analytical performance, strengths, and limitations of each technique within the context of food by-product valorization.

Table 4 provides a comprehensive summary of the key characteristics of the studies included in this review, including the type of food waste investigated, the targeted bioactive compounds, the analytical methods employed, the principal findings, and the proposed valorization applications.[bookmark: Tab4]Table 4. Summary of Included Studies on Food By-Product Valorization and Bioactive Compound Characterization

By-product source

Bioactive compounds

Analytical methods

Key findings

Applications

Citrus peels

Flavonoids, dietary fiber

FTIR, HPLC

Rich source of phenolic compounds

Functional foods

Olive pomace

Phenolics, antioxidants

NIR, GC-MS

High antioxidant activity

Natural preservatives

Grape pomace

Anthocyanins, tannins

FTIR, HPLC-DAD

High phenolic content

Nutraceuticals

Cereal bran

Dietary fiber, proteins

FTIR, UV-Vis

Rich in soluble fiber

Food supplements

Vegetable peels

Carotenoids, phenolics

Raman, HPLC

Diverse bioactive compounds

Active packaging

Coffee grounds

Fatty acids, phenolics

GC-MS, HPLC

High volatile compound content

Cosmetic applications

Fruit seeds

Bioactive peptides, oils

LC-MS, FTIR

Rich in unsaturated fatty acids

Health products

Legume husks

Polyphenols, proteins

UV-Vis, HPLC

High antioxidant capacity

Animal feed





Figure 2 illustrates the temporal distribution of publications retrieved from Scopus, ScienceDirect, and Springer between 2015 and 2025. The data demonstrate a progressive and consistent increase in the number of publications across all three databases over the study period, reflecting the growing scientific interest in food waste valorization and bioactive compound characterization. A notable acceleration in publication output is evident following 2020, likely attributable to heightened global attention to circular economy principles and sustainability. The highest annual number of publications was recorded in 2025 across all three databases, with ScienceDirect consistently yielding the highest annual publication counts, followed by Springer and Scopus, respectively.

3.1.2 Research Trends and Geographical Distribution of Included Studies

The studies included in this review demonstrate a significant increase in scientific interest in the valorization of food waste in recent years, reflecting the growing shift towards adopting the principles of the circular economy and sustainability in modern food systems. Chronological analysis of the included studies reveals a gradual and progressive increase in the number of publications addressing the extraction and characterization of bioactive compounds from food waste, with a marked acceleration observed further 2020, driven by the growing imperative to develop alternative sources of functional compounds and reduce the environmental and socioeconomic impacts of food waste generation (Gómez-García et al., 2021).

With respect to the nature of the raw materials investigated, the overwhelming majority of included studies focused on plant-derived residues from agricultural and food processing operations — in particular, fruit and vegetable waste, olive residues, and the byproducts of grains and oilseeds — attributable to their high concentrations of phenolic compounds, dietary fiber, and antioxidants. Growing number of  studies have additionally examined residues from beverage and dairy production, although to a lesser extent than traditional plant-derived sources (Sagar et al., 2018). 

Regarding analytical approaches, a discernible trend towards the increased adoption of rapid spectroscopic techniques, particularly FTIR and NIR was observed in more recently published studies due to their lower cost and faster analysis rapidity. Meanwhile, chromatographic chemical techniques, such as HPLC and GC-MS, continue to fulfill a pivotal role in high-resolution quantitative and qualitative analysis. This trend reflects a gradual shift towards the integrated application of rapid, non-destructive techniques in combination with reference chromatographic methods, aimed at simultaneously improving characterization efficiency and ensuring the reliability and scientific validity of analytical results (Tziolas et al., 2021). 

A critical review of the included studies further reveals that whilst scientific activity in the domain of food waste valorization has increased substantially since 2020, the majority of studies have concentrated on a relatively limited range of plant-derived waste streams — principally fruit peels, olive pomace, and cereal bran. Gómez-García et al., (2021) noted that these categories represent the largest proportion of raw materials studied in the literature, while other food wastes with potentially high value remain comparatively underexplored. Furthermore, Sagar et al., (2018) highlighted that the predominant focus of the existing literature is on the extraction and in vitro characterization of bioactive compounds, while only a limited number of studies have addressed aspects related to economic feasibility or practical industrial implementation of the proposed valorization strategies — a critical gap that constrains the translation of research findings into industrial practice.

3.2 Spectroscopic Methods for Food By-Product Characterization 

Spectroscopic methods are among the most extensively employed analytical techniques for the characterization of bioactive compounds extracted from food waste, attributable to their ability to deliver rapid and non-destructive analysis with minimal sample preparation requirements. These techniques have gained increasing importance in recent years owing to their ability to improve the efficiency of chemical characterization and reduce operational costs, particularly in industrial applications requiring rapid and scalable analyses. The most widely applied spectroscopic techniques in this domain include FTIR, NIR, Raman spectroscopy, and ultraviolet–visible spectroscopy (UV–Vis) (Hassan et al., 2025; Ramachandran et al., 2025)

3.2.1 Fourier Transform Infrared Spectroscopy

FTIR constitutes one of the most extensively utilized spectroscopic techniques for the analysis of bioactive compounds extracted from food by-products, owing to its capacity to rapidly identify functional groups and generate a distinctive molecular fingerprint characteristic of the compounds under investigation. The technique operates on the principle of measuring infrared the absorption of infrared radiation by the chemical bonds present within molecular structure, allowing for the determination of the chemical structure , thereby enabling the determination of the chemical and structural characteristics of diverse compound classes, including phenolic compounds, carbohydrates, proteins, and fatty acids (Varas Perez et al., 2025).

FTIR has been widely applied to characterize plant-based food processing residues, including citrus waste, fruit peels, olive pomace, and cereal by-products, and has demonstrated efficacy in the rapid detection and preliminary identification of antioxidant compounds and, as well as in monitoring chemical transformations associated with extraction and processing operations (Sun et al., 2025). The principal analytical advantages of FTIR include its high rapidity, low operating costs compared to chromatographic techniques, the absence of complex or time-consuming sample preparation requirements, and its non-destructive character, which permits the preservation and subsequent re-analysis of the original sample. These attributes render FTIR a particularly attractive method for industrial applications and quality control within food processing chains (May, 2024; Saji et al., 2024). 

Notwithstanding these advantages, FTIR is subject to a number of significant analytical limitations. Whilst the technique provides a comprehensive molecular fingerprint of the sample, its sensitivity and selectivity in the identification and quantification of individual compounds remains limited compared to those of chromatographic techniques such as HPLC or GC-MS, especially in the analysis of complex matrices or when target compounds present at low concentrations. Furthermore, the accuracy and reliability of FTIR-based quantification are critically dependent upon the quality of calibration models and reference spectral databases, which can affect the reproducibility of results across different studies (Resende et al., 2023). 

Therefore, while FTIR may be considered an appropriate technique for rapid preliminary screening and general characterization of bioactive compounds, its independent application is generally insufficient for the accurate identification and quantification of individual target compounds. Consequently, the integrated use of FTIR in conjunction with complementary chromatographic techniques — such as HPLC or GC-MS — is widely recommended in the literature to ensure the accuracy, specificity, and completeness of characterization outcomes, particularly in demanding industrial and regulatory applications.

Several investigations have demonstrated the utility of FTIR spectroscopy for the rapid characterization of phenolic compounds and other bioactive constituents in food by-products. Gómez-García et al., (2021) highlighted the potential of FTIR as a rapid and non-destructive screening tool for valuable bioactive compounds in fruit and olive processing residues. In contract Tziolas et al., (2021) reported that the predictive performance of FTIR-based chemometric models may decline considerably when applied to highly heterogeneous food matrices or when calibration models are transferred across different sample types. This apparent discrepancy suggests that the successful implementation of FTIR depends strongly on sample composition, calibration quality, and the robustness of chemometric modelling approach employed.

3.2.2 Near Infrared Spectroscopy (NIR)

NIR spectroscopy represents a promising and increasingly adopted spectroscopic technique for the characterization of bioactive compounds extracted from food waste, principally by virtue of its capacity to perform rapid, non-destructive analyses with minimal sample preparation. The technique operates through the measurement of electromagnetic radiation absorption in the near-infrared spectral region, enabling the detection of chemical bonds associated with organic compound classes, including phenolic compounds, proteins, lipids, and carbohydrates (Njewa et al., 2025; Yadav et al., 2024).

The application of NIR has undergone substantial expansion within the field of food waste valorization, particularly in assessing the quality of agricultural by-products and the rapid determination of the chemical composition of plant-derived residues. The technique has been applied to the analysis of cereal residues, fruit peels, and oilseed by-products, demonstrating efficacy in the rapid estimation of total phenolic content and antioxidant activity relative to conventional chemical methods (Ayvaz & Doğan, 2025). Among the most significant analytical advantages of NIR is its capacity for high-throughput real-time analysis with minimal consumption of chemical reagents, rendering it an environmentally compatible and friendly technology with promising potential for large-scale industrial applications. Furthermore, the capacity for integration of NIR instrumentation with artificial intelligence (AI) algorithms and advanced chemometric models enhances its predictive capability for the rapid assessment of sample quality and chemical composition (Kanwal & Musharraf, 2024).

Despite these attributes, NIR technology exhibits lower resolution and selectivity for the precise identification and quantification of individual compounds compared with advanced chromatographic techniques such as HPLC and GC-MS. As a consequence, NIR is generally more appropriate for rapid screening and preliminary assessment than for detailed, chemical characterization (Kanwal & Musharraf, 2024).

NIR spectroscopy may therefore be considered an effective and valuable tool for the rapid, non-destructive assessment of bioactive compounds in food waste matrices, particularly in industrial settings that require rapid decision-making and lower analysis costs. However, the enhancement of predictive accuracy and analytical reliability necessitates the development of more robust, reliable calibration models and integrating them with complementary analytical techniques to ensure the accurate characterization of target bioactive constituents.

Published evidence further illustrates the performance characteristics and limitations of NIR in food by-product applications. Cen & He, (2007) demonstrated the capacity of NIR to deliver rapid and non-destructive compositional analysis in relatively homogeneous food matrices. In contrast, Ayvaz & Doğan, (2025) reported a significant reduction in the predictive accuracy of NIR-based models when applied to complex food by-products characterized by highly variable compositions. Collectively, these findings indicate that the transferability of NIR calibration models across diverse categories of food by-products remains limited, and that the development of robust calibration strategies represents a critical requirement for the reliable industrial implementation.

3.2.3 Raman Spectroscopy

Raman spectroscopy constitutes an advanced and increasingly adopted spectroscopic for the characterization of bioactive compounds extracted from food by-products, attributable to its capacity to generate a precise molecular fingerprint. The technique relies on the principle of Raman scattering, where the energy of scattered light changes as a result of its interaction with chemical bonds within molecules, allowing for the determination of the structural and chemical properties of various organic compounds (Vershinina et al., 2025; Yang et al., 2017).

Raman spectroscopy has been applied to the characterization of a broad spectrum of food processing residues, including fruit peels, grain residues, and vegetable oil processing derivatives, with the aim of identifying phenolic compounds, carotenoids, fatty acids, and antioxidants. Published investigations have additionally demonstrated the efficacy of this technique in detecting and monitoring chemical transformations associated with extraction and processing operations, as well as in the verification of the authenticity and quality of food products (Dabić Zagorac et al., 2024; Yang et al., 2017).

Among the most significant advantages of Raman spectroscopy is its capacity to provide accurate molecular information with minimal sample preparation, in addition to its ability to directly analyze hydrated or wet samples, which is a significant advantage compared to some other spectroscopic methods, such as FTIR. Its high accuracy in characterizing organic compounds also makes Its high molecular specificity in the characterization of organic compounds further positions it as a promising instrument for quality control and rapid structural characterization within the food processing industry (Cavdaroglu et al., 2025).

[bookmark: _Hlk240039298]Despite these advantages, Raman spectroscopy is subject to several significant practical challenges that limit its widespread application. The elevated capital cost of Raman instrumentation constitutes a major barrier to large-scale deployment. In addition, the technique exhibits limited sensitivity when applied to compounds present at low concentrations in complex matrices. Signal quality may be substantially compromised by fluorescence interference, particularly in complex plant-derived samples, potentially resulting in reduced spectral resolution and diminished analytical accuracy (Li et al., 2024).

These challenges are further accentuated in the context of the transition from controlled laboratory environments to real-world industrial settings. The majority of published studies have focused on utilizing Raman spectroscopy under controlled laboratory conditions, while research evaluating its performance in actual industrial settings remains exceedingly limited. Consequently, the considerable theoretical analytical potential of this technique has not yet been fully realized in large-scale industrial applications, necessitating further applied studies to assess its economic and technical feasibility in real-world production conditions.

Raman spectroscopy may accordingly be regarded as a powerful technique for advanced molecular characterization of bioactive compounds, particularly in investigations requiring detailed structural elucidation. Nevertheless, its systematic integration with complementary analytical techniques — such as FTIR for broad molecular fingerprinting, or HPLC for quantitative compound-specific analysis — is recommended to achieve a more comprehensive and reliable characterization of complex food by-product matrices.

The divergent findings reported in the literature further illustrate the context-dependent performance of Raman spectroscopy. Vershinina et al. (2025) demonstrated the utility of this technique for the structural characterization and quantification of plant-derived bioactive compounds. In contrast, other studies reported that the presence of naturally fluorescent compounds and pigments in plant by-products can generate strong background signals and substantially reduce spectral quality. This apparent discrepancy indicates that, despite its excellent analytical capabilities, the successful application of Raman spectroscopy to heterogeneous food by-products remains highly dependent on sample composition and signal pre-processing strategies.

3.2.4  Ultraviolet –Visible Spectroscopy (UV–Vis)

UV-Vis spectroscopy constitutes one of the most widely employed analytical techniques for the characterization and quantification of bioactive compounds extracted from food by-products. The technique operates on the principle of measuring the absorption of electromagnetic radiation in the ultraviolet and visible spectral ranges, enabling the estimation of the concentration of compounds possessing chromophoric structural groups, such as phenolic compounds, flavonoids, and natural pigments (Njewa et al., 2025).

UV-Vis spectroscopy has been extensively applied to the assessment of antioxidant activity and the estimation of total phenolic, total flavonoid, and carotenoid contents across a broad range of food processing residues, including citrus peels, olive pomace, grain residues, and fruit and vegetable waste. This technique additionally facilitates the rapid evaluation of chemical modifications arising from various extraction processes, making it an effective tool for preliminary screening and quality evaluation in research and industrial settings (Terenzi et al., 2024).

The principal analytical advantages of UV–Vis spectroscopy include its operational simplicity, high analytical rapidity, and lower equipment costs compared to advanced chromatographic reference techniques. Its capacity to deliver rapid quantitative analyses employing relatively simple protocols, renders it particularly appropriate for industrial quality control applications and routine quality control within food processing chains (Tüğen & Taştan Ülkü, 2025).

However, UV–Vis spectroscopy is characterized by several significant and well-recognized methodological limitations. Its capacity to qualitatively differentiate between individual compounds is relatively limited, especially in complex samples containing a mixture of compounds with overlapping absorption spectra. Furthermore, its detection sensitivity is inferior to that of advanced techniques such as HPLC or LC-MS, rendering it more appropriate for macroscopic analysis or rapid screening rather than precise molecular determination (García-Rodríguez et al., 2017; Sanchez et al., 2026).

The limitations of UV–Vis spectroscopy in the context of bioactive compound characterization have been clearly delineated in the published literature. Lozada-Ramírez et al. (2021) emphasized that UV–Vis measurements yield only global estimations based on absorbance and do not permit the identification or quantification of individual bioactive compounds. Similarly, Apak et al., (2016) highlighted that spectrophotometric antioxidant assays are highly dependent on reaction conditions and may generate considerable inter-study variability. Collectively, these observations confirm that UV–Vis spectroscopy is most appropriately employed as a rapid and cost-effective preliminary screening tool, and should preferably be combined with chromatographic techniques such as HPLC or LC–MS for comprehensive characterization of food by-products.

UV-Vis spectroscopy may accordingly be regarded as an appropriate technique for the rapid preliminary evaluation of bioactive compounds, particularly in studies aimed at initial comparison or quality control. Its independent application, however, is insufficient for advanced chemical characterization, and its integration with more precise analytical techniques is required to ensure the reliability, specificity, and scientific validity of the characterization outcomes.

Table 5 illustrates a detailed critical comparison of the different spectroscopic methods employed to characterize bioactive compounds extracted from food waste.[bookmark: Tab5]Table 5. Critical Comparison of Spectroscopic Methods Employed to Characterize Bioactive Compounds from Food Waste

Method

Principal application

Strengths

Weaknesses

Industrial applicability

Critical interpretation

FTIR

Functional group identification

Rapid, non-destructive

Limited molecular specificity

High

Effective for screening but insufficient for precise compound identification

NIR

Rapid compositional prediction

Real-time analysis

Strong dependence on calibration models

High

Suitable for process monitoring but limited transferability

Raman

Molecular fingerprinting

High chemical specificity

Fluorescence interference

Moderate

Promising but still insufficiently validated industrially

UV–Vis

Total compound estimation

Low cost and simplicity

Low selectivity

High

Useful for preliminary assessment only





3.3 Chemical Methods for Bioactive Compound Analysis

Despite the significant advancements in rapid spectroscopic techniques, advanced chemical and chromatographic analytical methods retain their status as the primary reference methodologies for the characterization of bioactive compounds extracted from food by-products, attributable to their superior accuracy and sensitivity in the quantitative and qualitative determination of individual compounds. These methods include various chromatographic techniques, such as high-performance liquid chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS), and liquid chromatography-mass spectrometry (LC-MS), in addition to conventional chemical assays applied to estimate antioxidant activity and total phenolic content.

3.3.1 High-Performance Liquid Chromatography (HPLC)

High-performance liquid chromatography (HPLC) represents one of the most widely utilized techniques for the characterization of bioactive compounds in food by-products, attributable to its demonstrated capacity for the separation, identification, and quantification of individual constituents within complex multi-component mixtures. This technique relies on the differential interactions of analyte molecules with the stationary and mobile phases, enabling the selective separation and analysis of a wide range of bioactive compound classes (Abderrrezag et al., 2025; Njewa et al., 2025). 

HPLC has been extensively applied to the analysis of phenolic compounds, flavonoids, carotenoids, and organic acids extracted from fruit, olive, grain, and vegetable waste. The technique has demonstrated particular efficacy in the precise quantitative determination of bioactive compounds, establishing it as one of the most reliable and validated methods for studies aimed at verifying the functional and nutritional properties of plant-derived extracts (Krivošija et al., 2025; Terenzi et al., 2024).

The most significant analytical advantages of HPLC include its high accuracy, its and quantitative precision, its demonstrated capacity to resolve and separate structurally analogous compounds, and its compatibility with various detectors to enhance analytical sensitivity. These attributes collectively render HPLC the method of choice for high-resolution characterization studies requiring unambiguous compound identification and accurate quantification.

Despite its analytical strengths, HPLC is subject to several practical limitations, most notably the high cost of instrumentation and analytical reagents, the requirement for complex and time-consuming sample preparation procedures, and the relatively longer analysis time compared to rapid spectroscopic methods. Furthermore, the advanced operational expertise and maintenance requirements associated with HPLC instrumentation may limit its accessibility and throughput in routine industrial quality control applications (Krivošija et al., 2025; Njewa et al., 2025).

HPLC therefore retains its established status as the reference analytical technique for the detailed characterization of bioactive compounds in food by-products. Nevertheless, combining HPLC with rapid spectroscopic screening methods may improve analytical efficiency while reducing analysis time and overall cost.

Published evidence firmly establishes the analytical precision and selectivity of HPLC for the characterization of complex bioactive extracts from food by-products. Plaza & Turner, (2015) highlighted the high analytical precision and selectivity of HPLC for the characterization of complex bioactive extracts. However, Gómez-García et al. (2021) identified substantial inter-study variability in extraction procedures, chromatographic columns, mobile phase composition, and detection conditions, rendering direct comparisons between published datasets difficult. These observations confirm that, despite its status as a reference analytical method, the absence of standardized and universally adopted HPLC methodologies for food by-product characterization remains a significant and persistent limitation in this field.

3.3.2 Gas Chromatography–Mass Spectrometry (GC-MS)

GC–MS constitutes one of the most powerful and analytically sensitive tools available for the identification and structural characterization of volatile and semi-volatile compounds in food by-products. The technique combines the high-resolution chromatographic separation capability of gas chromatography with the structural elucidation and molecular identification power of mass spectrometric detection, enabling the structural characterization of a wide range of volatile metabolites (Abderrrezag et al., 2025; Andrade et al., 2022).

 	GC-MS has been widely applied to analyze essential oils, fatty acids, and volatile aromatic compounds extracted from citrus, olive, and oilseed waste. The technique has additionally played a significant role in identifying compounds of recognized health and technological value within the food and pharmaceutical industries (Andrade et al., 2022; Setiawan et al., 2025). The principal analytical advantages of GC-MS include its high sensitivity, ability to identify compounds with high molecular resolution, and reliability in analyzing complex volatile compounds. These attributes render GC-MS the analytical method of reference in advanced chemical characterization studies focused on volatile bioactive constituents.

 	Despite these analytical advantages, GC–MS is subject to several practical limitations, including the necessity for derivatization and the relatively high operational cost, both of which may reduce analytical throughput in routine applications.

Several studies have demonstrated the effectiveness of GC–MS for the identification and quantification of volatile compounds, fatty acids, and aroma-related metabolites in food by-products. Plaza & Turner, (2015) highlighted the appropriateness of GC–MS for the comprehensive characterization of volatile bioactive compounds in complex food matrices. However, subsequent investigations have reported that a substantial proportion of phenolic compounds and other non-volatile metabolites require derivatization prior to GC–MS analysis — a requirement that increases sample preparation time and introducing additional sources of variability. These observations indicate that, although GC–MS remains a highly sensitive and selective reference technique, its applicability is largely restricted to volatile or semi-volatile compounds and is therefore generally insufficient as a standalone technique for the comprehensive characterization of the complete bioactive compound profile of food by-products.

GC–MS accordingly remains the analytical method of choice for the characterization of volatile and semi-volatile bioactive compounds. Nevertheless, comprehensive characterization of food by-products generally requires complementary analytical techniques, such as HPLC or LC–MS, to accurately identify and quantify non-volatile constituents. Consequently, integrated analytical strategies combining GC–MS with complementary chromatographic methods provide a more complete understanding of the chemical composition of food by-products.

3.3.3 Liquid Chromatography–Mass Spectrometry (LC-MS)  

LC-MS constitutes one of the most advanced analytical platforms for the characterization of bioactive compounds extracted from food waste, owing to its high capacity for precise separation and structural identification of complex compounds present at trace concentrations. This technique integrates the separation efficiency of liquid chromatography with mass spectrometric detection, thereby enabling the simultaneous identification of a substantial number of compounds within complex biological and food matrices (D’Urso et al., 2025; Kharbach et al., 2026). 

LC-MS has been increasingly employed for the analysis of phenolic compounds, flavonoids, bioactive peptides, and antioxidants extracted from fruit, vegetable, olive, and cereal by-products. Furthermore, it has demonstrated considerable efficacy in the identification of novel or rare compounds that are difficult to detect by conventional chemical methods (Collado-González et al., 2026; D’Urso et al., 2025; Njewa et al., 2025).

The key advantages of LC-MS reside in its exceptional sensitivity, its capacity to perform both qualitative and quantitative analyses simultaneously, and its aptitude to accurately determine the molecular structure of complex compounds. It additionally constitutes a fundamental tool in advanced metabolomics studies and the characterization of low-concentration bioactive compounds.

However, this technique is subject of several practical limitations, including the requirement for advanced technical expertise, the complexity of data processing, and demanding operational requirements that may restrict its routine industrial application (D’Urso et al., 2025; Kharbach et al., 2026; Njewa et al., 2025). 

Therefore, while LC-MS may be regarded as one of the most accurate and comprehensive analytical techniques for the characterization of bioactive compounds, its application is predominantly oriented towards advanced research studies or reference validation applications that demand high levels of sensitivity and accuracy.

Several studies have highlighted the remarkable analytical capabilities of LC–MS for identifying and quantifying bioactive compounds at extremely low concentrations in complex food matrices. Kharbach et al. (2026) emphasized that LC–MS/MS has become one of the most powerful techniques for comprehensive food characterization owing to its high sensitivity and molecular specificity. However, other investigations have reported that the high acquisition and maintenance costs of LC–MS instruments, together with the complexity of data processing and interpretation, limit their routine implementation in industrial environments. These observations suggest that, despite its superior analytical performance, the widespread adoption of LC–MS in food by-product valorization continues to face considerable economic and operational challenges.

3.3.4 Conventional Chemical Assays 

In addition to advanced chromatographic techniques, traditional chemical assays are widely employed to evaluate the functional properties of bioactive compounds extracted from food by-products, particularly with respect to antioxidant activity and total phenolic content. Among the most commonly applied assays are Folin–Ciocalteu, DPPH, ABTS, and FRAP methods. 

The Folin–Ciocalteu assay is primarily employed to estimate total phenolic content. The technique relies on the reaction of phenolic compounds with Folin reagent to form a colored complex that can be measured spectroscopically. While this assay is simple and straightforward to perform, its limited specificity may result in interference from other non-phenolic reducing compounds, potentially compromising the accuracy of the results (Torres et al., 2024).

The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay is widely utilized to evaluate antioxidant activity based on the capacity of bioactive compounds to inhibit free radicals. It is characterized by its rapidity and low cost; however, its sensitivity may vary depending on the solvent employed and the nature of the compounds under investigation (Jia et al., 2024). 

Similarly, the ABTS (2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)) assay is utilized to assess antioxidant capacity and is considered more versatile than DPPH, as it can be applied in both aqueous and organic media. It also permits the evaluation of a broader spectrum of antioxidant compounds (Jia et al., 2024). 

In contrast, the FRAP (Ferric Reducing Antioxidant Power) assay measures the reducing capacity of bioactive compounds by converting ferric to ferrous ions. Despite its simplicity and rapidity, it may not reflect all mechanisms of antioxidant activity, thereby limiting its ability to provide a comprehensive assessment when employed in isolation (Apak, 2016).

Several studies have demonstrated that conventional colorimetric assays remain indispensable for the rapid evaluation of antioxidant activity and total phenolic content in food by-products owing to their simplicity and low operational cost. However, Apak, (2016) emphasized that antioxidant assays such as DPPH, ABTS, and FRAP are based on divergent reaction mechanisms and therefore frequently yield non-comparable results. Likewise, Torres et al. (2024) reported that the Folin–Ciocalteu assay may overestimate total phenolic content owing to interference from other reducing substances. These findings indicate that conventional chemical assays should be interpreted with caution and preferably combined with chromatographic techniques to obtain a more reliable characterization of bioactive compounds.

Overall, these conventional chemical assays remain valuable tools for the preliminary evaluation of bioactive compounds and antioxidant activity in food by-products. However, their limited specificity and dependence on experimental conditions frequently necessitate their integration with more accurate analytical techniques, such as HPLC or LC-MS, to ensure more reliable interpretation of the results.

3.4 Comparative Critical Analysis of Spectroscopic and Chemical Methods

The studies included in this review demonstrate that the selection of an appropriate analytical technique for characterizing bioactive compounds extracted from food waste depends largely upon the nature of the target compounds, the required level of accuracy, and the ultimate objective of the analysis. Generally, analytical methods can be categorized into two principal groups: rapid spectroscopic methods and chemical reference methods. Each group possesses distinct advantages and limitations that directly influence characterization efficiency and industrial applicability. 

Spectroscopic methods, including FTIR, NIR, Raman, and UV–Vis, are particularly appropriate for rapid screening and routine quality control as they enable fast analyses with relatively simple sample preparation, rendering them suitable tools for initial screening, routine quality control, and real-time analysis within food production lines. Furthermore, the limited consumption of chemical reagents renders these methods more closely aligned with the principles of green chemistry and environmental sustainability. In addition, the integration of these methods with chemometric instruments and AI techniques has enhanced their predictive capabilities, particularly in classification and rapid quality detection applications (Li et al., 2025; Tziolas et al., 2021). 

However, the capacity of spectroscopic techniques to accurately and quantitatively identify individual compounds remains relatively limited, especially in complex, multi-component samples. Furthermore, the reliability of their results depends heavily upon the quality of calibration models and reference databases, which may limit the generalizability of results across various types of food waste or varying processing conditions (Njewa et al., 2025; Tziolas et al., 2021). 

In contrast, chemical techniques, such as HPLC, GC-MS, and LC-MS, offer exceptionally high levels of sensitivity and accuracy, rendering them more appropriate for advanced structural characterization and precise quantitative analysis of bioactive compounds. These techniques have proven pivotal in validating results obtained from spectroscopic methods and confirming the molecular identity of target compounds, particularly phenolic compounds, organic acids, and volatile compounds (Njewa et al., 2025; Paniagua-García et al., 2019). 

Nevertheless, chemical techniques face practical challenges, including elevated equipment and maintenance costs, the requirement for more complex sample preparation, and the extended time required for analysis. Furthermore, their routine application in large-scale industrial settings may be constrained by the requirement for specialized technical expertise and high operational requirements (Njewa et al., 2025; Tziolas et al., 2021). 

Although most studies consistently recognize spectroscopy as a rapid and cost-effective analytical approach, considerable disagreement remains regarding its capability to replace conventional chromatographic methods. Gómez-García et al. (2021) suggested that spectroscopic techniques may provide sufficiently accurate estimations for routine quality control when supported by robust chemometric models. In contrast, Tziolas et al. (2021) reported that prediction accuracy decreases substantially when calibration models are transferred to heterogeneous food matrices. Similarly, Plaza & Turner. (2015) emphasized that chromatographic methods remain indispensable whenever reliable identification and quantification of individual bioactive compounds are required. These contrasting findings indicate that the choice of analytical method should depend upon the intended application rather than upon analytical performance alone.

Based on the available evidence, neither spectroscopic nor chemical methods can be regarded as universally superior. Instead, their analytical performance should be evaluated according to the objectives of the analysis, the complexity of the food matrix, and the intended industrial application. Consequently, integrated analytical workflows that combine rapid spectroscopic screening with confirmatory chromatographic analyses appear to be the most robust strategy for the comprehensive characterization of bioactive compounds in food by-products. Table 6 illustrates a critical comparison between spectroscopic and chemical methods.

3.5 Industrial Applications of Bioactive Compounds Derived from Food By-Products

Recent investigations demonstrate that bioactive compounds extracted from food waste are of significance not only for their nutritional value, but also for their diverse industrial applications, which possess considerable economic and environmental potential. Advances in extraction and characterization technologies have expanded opportunities for utilizing these compounds in the food, pharmaceutical, and smart packaging industries, supporting the principles of the circular economy and reducing food waste (Cinzia Ingallina et al., 2025; Shawky et al., 2025).

3.5.1  Functional Foods 

Bioactive compounds derived from food waste are increasingly employed in the development of functional foods owing to their capacity to enhance the health and nutritional properties of food products. These compounds include phenols, dietary fiber, flavonoids, and antioxidants, which can be incorporated into foods to improve their health value and reduce the risk of chronic diseases (Ahmed et al., 2025; Krishnan & Devarajan, 2025).[bookmark: Tab6]Table 6. Critical Comparison Between Spectroscopic and Chemical Methods

Criterion

Spectroscopic methods

Chemical methods

Critical interpretation

Preferred application

Speed

High

Moderate to low

Spectroscopy preferred for rapid screening

Real-time process monitoring and on-line quality control

Accuracy

Moderate

High

Chemical methods remain reference standards

Definitive identification and quantitative analysis

Cost

Low to moderate

High

Industrial implementation favors spectroscopy

Routine industrial quality control

Sample preparation

Minimal

Complex

Major limitation for chemical methods

High-throughput screening and large sample sets

Scalability

High

Moderate

Hybrid approaches

appear more realistic

Large-scale industrial monitoring



Sensitivity

Moderate

Very high

Chemical methods detect trace compounds

Trace-level compound detection and metabolite profiling

Operator expertise

Low

High

Chemical methods require specialized training

Routine laboratories (spectroscopy) vs. specialized analytical laboratories (chemical methods)





3.5.2 Active and Intelligent Packaging

 	Studies have demonstrated promising potential for the utilization of natural extracts rich in antioxidant and antimicrobial compounds in the development of smart, active food packaging materials. Compounds extracted from fruit peels and plant residues can be incorporated into biofilms to improve food stability and extend shelf life, while reducing reliance on artificial preservatives (Cazón et al., 2025; Dutta et al., 2025; Maddaloni et al., 2025).

3.5.3 Nutraceuticals and Health Products

Food byproducts represent a promising source for the development of nutraceuticals and health supplements, particularly those rich in antioxidants, fatty acids, and anti-inflammatory compounds. Advanced characterization techniques have contributed to a better understanding of the biological activity of these compounds and enhanced their commercial potential (Radha et al., 2024).

3.5.4 Animal Feed Applications

In addition to human food applications, certain food waste has been utilized as functional ingredients in animal feed, owing to their fiber content and biologically active compounds that may contribute to improving animal health and productivity while reducing feed costs (Tedeschini, 2025; Vlasova et al., 2025).

Figure 3 illustrates the principal industrial applications of bioactive compounds derived from food by-products.

Despite the promising industrial applications reported in the literature, the majority of valorization strategies remain at the laboratory or pilot scale. A limited body of research has evaluated long-term economic feasibility, regulatory constraints, or large-scale industrial implementation. Consequently, a significant gap persists between proof-of-concept demonstrations and commercial deployment of bioactive compounds derived from food by-products (Krishnan & Devarajan, 2025).

3.6 Current Challenges and Future Research Directions

Despite significant progress in the field of food waste valorization and bioactive compound extraction, several challenges impede the transition from laboratory findings to large-scale industrial applications. Among the most prominent of these challenges are the absence of standardized protocols for bioactive compound extraction and characterization, and the considerable variability in the physical and chemical properties of food waste, which affects the comparability of results across different studies.

Furthermore, the inconsistency in the selection of analytical techniques and the absence of standardized validation protocols present additional challenges to standardizing results and enhancing their reproducibility. Moreover, certain advanced techniques, such as LC-MS and GC-MS, continue to face limitations related to high cost and operational complexity, restricting their adoption in routine industrial applications. 

Conversely, promising opportunities emerge in the future through the integration of spectroscopic techniques with AI tools and chemometric analysis, with the aim of developing more accurate and efficient predictive models for the rapid characterization of bioactive compounds. Developments in smart packaging, functional foods, and the circular economy are also expected to contribute to enhancing the economic value of food waste and transforming it into sustainable industrial resources.[bookmark: Fig4][image: C:\Users\CRTAA\Downloads\Sans titre.png]

Figure 4. Proposed Integrated Framework for the Valorization of Food By-Products via Combined Spectroscopic and Chemical Characterization Approaches 
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Figure 3. Major Industrial Applications of Bioactive Compounds Derived from Food By-Products





Future research should move beyond analytical characterization alone and focus on developing standardized analytical protocols, inter-laboratory validation studies, techno-economic assessments, and real-scale industrial demonstrations. In addition, integrating AI with spectroscopy may substantially improve prediction accuracy and facilitate the industrial adoption of rapid analytical methods (Li et al., 2025; Râpă et al., 2024).

Previous reviews on food by-product valorization have predominantly focused on extraction technologies, the recovery of bioactive compounds, and their nutritional or functional applications (Sagar et al., 2018; Sharma et al., 2017). In contrast, the present review comparatively evaluates both spectroscopic and chemical characterization methods while emphasizing their analytical performance, industrial applicability, and future integration with AI tools. By combining analytical characterization with practical valorization strategies, this review contributes to narrowing the gap between laboratory research and industrial implementation.

Based on the challenges and future opportunities identified in this review, a conceptual framework is proposed to facilitate the integration of rapid spectroscopic techniques, advanced chemical analyses, and AI tools for the sustainable valorization of food by-products. Figure 4 proposes an integrated framework that combines the rapid screening capabilities of spectroscopic techniques with the high analytical accuracy of chemical methods, thereby bridging the gap between laboratory research and industrial implementation. The proposed framework consists of five interconnected stages: sample preparation, spectroscopic screening, chemical characterization, data analysis and decision-making, and industrial application, supported by a continuous feedback loop to promote method optimization and sustainable valorization strategies.

3.7 Limitations of the Current Review

Despite the rigorous methodology employed in this review, certain limitations must be acknowledged. First, the literature search was limited to major scientific databases and English-language publications, which may have resulted in the exclusion of relevant studies published elsewhere. Second, considerable variation was observed among the included studies regarding extraction protocols, analytical procedures, and reporting practices, making direct comparisons challenging. 

Furthermore, several of the reviewed studies were conducted under laboratory conditions, while evidence regarding industrial-scale application remains limited. Consequently, certain conclusions concerning industrial applications should be interpreted with caution. Future reviews would benefit from incorporating more standardized datasets and a greater emphasis on technical and economic evaluations.

4 DISCUSSION

The present review provides a critical evaluation of spectroscopic and chemical methods for the characterization of bioactive compounds derived from food processing waste, with particular emphasis on analytical performance, methodological limitations, and industrial applicability. The collective findings demonstrate that spectroscopic methods, including FTIR, NIR, Raman, and UV-Vis offer significant analytical advantages with respect to rapidity, non-destructiveness, and minimal sample preparation, rendering them well-suited to rapid screening and quality control applications in industrial settings (Li et al., 2025; Tziolas et al., 2019). However, their limited sensitivity and selectivity for the identification and quantification of individual bioactive compound, combined with their  strong dependence upon calibration models remain major challenges (Njewa et al., 2025).

In contrast, chemical and chromatographic analytical methods — principally HPLC, GC-MS, and LC-MS —provide superior accuracy, sensitivity, and molecular resolution, enabling precise quantitative and qualitative determination of individual bioactive compounds (Abderrrezag et al., 2025; D’Urso et al., 2025). Nevertheless, their substantially higher instrumentation and reagent costs, considerable operational complexity, and time-consuming sample requirements represent significant practical barriers to their widespread adoption in routine industrial analytical workflows (Krivošija et al., 2025). 

The considerable divergence in analytical approaches adopted across studies reflects a broader absence of established methodological consensus in this field, as previously highlighted by Gómez-García et al. (2021) and Sagar et al. (2018). This observation underscores the critical and urgent necessity for the development and adoption of standardized analytical protocols to enhance the comparability, reproducibility, and scientific validity of results across studies. The variability in reported findings for FTIR analysis, as shown by the contrasting results obtained by Gómez-García et al. (2021) and Tziolas et al. (2021), further illustrates the influence of sample matrix heterogeneity and calibration model quality on the analytical performance.

The systematic reviews consulted as methodological reference benchmarks confirm the rapidly expanding body of literature on food waste valorization, with the number of studies included ranging from 16 to 373 depending on the scope of the research question and stringency of the applied eligibility criteria (Pérez-Beltrán et al., 2024). This considerable variability in review scope and inclusion criteria underscores the importance of rigorous methodological transparency and strict adherence to PRISMA reporting guidelines in systematic review research.

In contradistinction to previous reviews that primarily focused on extraction technologies or specific categories of bioactive compounds in isolation, the present review provides a critical comparative assessment of both spectroscopic and chemical characterization methodologies while emphasizing their industrial applicability and their prospective integration with AI tools and advanced chemometric modelling tools.

The integrated analytical framework proposed in the present review offers a scientifically grounded and practically viable pathway for the systematic combination of spectroscopic screening and chemical methods within food by-product valorization. The implementation of such integrated multi-method approaches, however, requires further validation under real-world industrial conditions prior their broad adoption can be responsibly advocated, as emphasized by Njewa et al. (2025) and Tüğen & Taştan Ülkü, (2025).

5 CONCLUSIONS

The present review confirms that food processing waste constitutes a valuable and largely underexploited reservoir of bioactive compounds with significant nutritional, technological, and economic potential. Spectroscopic methods — including FTIR, NIR, Raman, and UV-Vis — provide rapid, non-destructive, and cost-effective analytical tools well-suited to preliminary screening and industrial quality control applications. Chemical and chromatographic methods — including HPLC, GC-MS, and LC-MS — remain the established reference standard for the accurate quantification and structural characterization of individual bioactive constituents, by virtue of their superior sensitivity, selectivity, and molecular resolution.

The principal findings of this review may be summarized as follows:

· No single analytical method is universally optimal across all food by-product characterization contexts; an integrated approach combining spectroscopic and chemical methods offers the most comprehensive characterization.

· The analytical performance and reliability of spectroscopic methods are critically dependent upon the quality, robustness, and transferability of calibration models, as well as upon the compositional characteristics and homogeneity of the sample matrix under investigation

· Chemical and chromatographic methods, despite their accuracy, are subject to significant practical challenges related to instrumentation cost, operational complexity, sample preparation requirements, and scalability for routine industrial applications.

· The absence of standardized and universally adopted analytical protocols across the published literature constitutes a major and persistent barrier to the cross-study comparability of results and to the industrial implementation of food by-product characterization strategies.

Future research endeavors should prioritize the development and international validation of standardized analytical protocols for food by-product bioactive compound characterization; the improvement and systematic validation of calibration models for spectroscopic methods across diverse and heterogeneous food matrices; the conduct of rigorous techno-economic feasibility studies evaluating the industrial-scale implementation of integrated analytical frameworks; and the strengthening of collaborative research partnerships between academic institutions and the food processing industry. The integration of AI algorithms and chemometric modeling with spectroscopic instrumentation represents a promising direction for the enhancement of predictive capabilities and real-time quality monitoring.

In conclusion, the sustainable valorization of food processing waste through the application of appropriate analytical characterization strategies constitutes a scientifically sound and practically actionable approach to advancing the principles of the circular bioeconomy. Such valorization contributes to the reduction the environmental burden associated with food waste generation and to the creation of measurable economic value through the recovery and application of high-value bioactive compounds across food, nutraceutical, and pharmaceutical sectors.
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