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DIFFERENTIATING HONEY AND SYRUP USING ATR-FTIR SPECTROSCOPY AND
CHEMOMETRIC ANALYSIS
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Abstract

Honey adulteration with inexpensive sugar syrups compromises product quality and consumer trust, creating a need for reliable analytical
screening methods. In this study, attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy was used to differentiate
authentic Grade A honey samples from a commercial syrup reference. ATR-FTIR spectra were collected for three honey products and one
syrup sample and analyzed using correlation coefficients, derivative spectroscopy, difference spectra, and multivariate statistical meth-
ods. The honey samples exhibited near-identical spectra (r 2 0.9996), while comparison with syrup showed reduced similarity (r = 0.9785).
First- and second-derivative analyses and difference spectra highlighted the fingerprint region (900-1200 cm-') as the primary source of
spectral differentiation. Principal component analysis (PCA) and hierarchical cluster analysis (HCA) further confirmed clear separation
between honey and syrup samples. These results demonstrate that ATR-FTIR spectroscopy combined with straightforward chemometric
approaches provides an effective, rapid, and non-destructive method for qualitative honey authenticity assessment suitable for undergrad-

uate research and instructional laboratory applications.
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Introduction

Honey has been consumed by humans for thousands of years,
with archaeological evidence suggesting its use as early as 8000
years ago. Beyond its role as a natural sweetener, honey has long
been valued across cultures for its medicinal properties. Chemi-
cally, honey is a complex natural matrix composed of more than
200 distinct compounds, consisting primarily of carbohydrates
predominantly fructose and glucose along with amino acids, vi-
tamins, minerals, organic acids, enzymes, and phenolic constit-
uents.'?> This chemically diverse composition underpins honey’s
documented anti-inflammatory, antimicrobial, antifungal, and an-
tioxidant activities, supporting its traditional and modern use in
applications such as wound treatment, gastrointestinal relief, and
general health supplementation.'?

Despite its nutritional and therapeutic value, not all commer-
cially available honey products are fully authentic. Honey adul-
teration, commonly achieved through the addition of inexpensive
sugar syrups such as corn syrup or high-fructose corn syrup, is a
widespread practice driven by economic incentives.* While such
adulterants may mimic the taste and appearance of genuine honey,
their inclusion dilutes naturally occurring bioactive compounds,
thereby diminishing honey’s nutritional and medicinal quality.*
Because adulterated honey is often difficult to distinguish from au-
thentic honey using sensory evaluation alone, the development and
application of reliable analytical methods for honey authenticity
assessment are essential for consumer protection and quality con-
trol. Honey adulteration and its detection have been long-standing
concerns in food chemistry, and a wide range of analytical ap-
proaches have been proposed over the past several decades.®

Infrared (IR) spectroscopy is a widely used analytical tech-
nique for characterizing chemical composition based on molecu-
lar vibrational behavior. In IR spectroscopy, infrared radiation is
passed through a sample across a range of wavenumbers, typical-

ly from 650 to 4000 cm™. Absorption occurs when the frequency
of the incident radiation matches the vibrational frequency of a
molecular bond that undergoes a change in dipole moment. As a
result, IR spectra provide characteristic absorption patterns associ-
ated with specific functional groups, generating a molecular “fin-
gerprint” that can be used for compound identification and sample
comparison.” The fundamental principles of infrared spectroscopy
and molecular vibrational analysis are well established within ana-
lytical chemistry and are commonly introduced at the undergradu-
ate level.® This capability makes IR spectroscopy particularly well
suited for the analysis of complex food matrices, including honey,
where multiple overlapping functional groups contribute to the
overall spectral profile.

In recent years, attenuated total reflectance Fourier-transform
infrared (ATR-FTIR) spectroscopy has emerged as a powerful and
practical variant of IR spectroscopy for food authentication stud-
ies. ATR-FTIR employs total internal reflection within a high-re-
fractive-index crystal to generate an evanescent wave that interacts
with molecules at the sample surface. This configuration minimiz-
es sample preparation, enables rapid and reproducible measure-
ments, and reduces interference from bulk sample effects, making
ATR-FTIR especially advantageous for viscous liquid samples
such as honey.” ATR-FTIR is a well-established analytical tech-
nique with a long history of application in chemical analysis, and
its methodological foundations have been extensively described in
the spectroscopy literature.'” Numerous studies have demonstrat-
ed that ATR-FTIR spectroscopy can capture subtle composition-
al differences related to honey authenticity, botanical origin and
processing when combined with appropriate data analysis strate-
gies. M

Recent work has shown that the discriminatory power of
ATR-FTIR spectroscopy is significantly enhanced when coupled
with chemometric techniques such as principal component analy-
sis (PCA) and hierarchical cluster analysis (HCA). For example,



Rodrigues et al. (2025) applied ATR-FTIR spectroscopy together
with PCA and HCA to differentiate commercially available honey
types, demonstrating that although honey samples share dominant
carbohydrate-related vibrational bands, subtle variations within
the fingerprint region enable reliable discrimination among honey
varieties.'? Similar findings have been reported in studies examin-
ing honey adulteration with sugar syrups, where multivariate anal-
ysis revealed systematic spectral differences that were not readily
apparent in raw FTIR spectra.*!!

Building on this foundation, the present study focuses on the
qualitative differentiation of authentic Grade A honey samples
from a syrup-based reference using ATR-FTIR spectroscopy com-
bined with correlation analysis, derivative spectroscopy, difference
spectra, and multivariate statistical methods. Rather than empha-
sizing botanical or geographical classification, this work examines
whether systematic spectral comparison and complementary che-
mometric approaches are sufficient to distinguish authentic honey
from common sugar-based adulterants despite their closely related
carbohydrate profiles. By integrating univariate and multivariate
analyses, this study aims to contribute to the growing body of
ATR-FTIR-based honey authentication research by demonstrat-
ing a robust yet practical framework for identifying syrup-related
adulteration in commercially available honey products.

Materials and Methods

Samples.

Three commercially available Grade A honey samples were ana-
lyzed as representative authentic honey products: Golden Blossom
Honey (GBH), Gunter’s Pure Honey (Clover) (GPHC), and Life
Everyday Honey (LEH). A commercially available pancake syrup
(Great Value Original Syrup) was used as a reference adulterant,
as such syrups commonly contain corn syrup or high-fructose corn
syrup, which are frequently used in honey adulteration.** The syr-
up sample was intentionally treated as a reference material rath-
er than as a statistically representative population of adulterants,
consistent with the qualitative and screening-focused scope of this
study.

All infrared spectra were collected using a PerkinElmer Fron-
tier Fourier-transform infrared (FTIR) spectrometer equipped
with an attenuated total reflectance (ATR) accessory. ATR-FTIR
spectroscopy was selected due to its minimal sample preparation
requirements, high reproducibility, and widespread use in food
authentication studies. No additional chemicals or reagents were
required for sample preparation.

Infrared spectra were acquired using ATR-FTIR spectrosco-
py over the mid-infrared region from approximately 650 to 4000
cm™. For each measurement, a small aliquot of the liquid sam-
ple was placed directly onto the ATR crystal, ensuring full contact
with the crystal surface. No dilution or chemical pretreatment of
the samples was performed, allowing direct analysis of the sam-
ples in their commercial form.

Background spectra were collected prior to each set of mea-
surements and automatically subtracted from the sample spectra by
the instrument software. After each measurement, the ATR crystal
was thoroughly cleaned to prevent cross-contamination between
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samples. All spectra were recorded under identical instrumental
conditions to ensure comparability among samples.

Spectral Processing and Data Analysis.

Individual ATR-FTIR spectra were collected for each of the three
honey samples and the syrup reference sample. All spectra were
overlaid to enable qualitative comparison of peak positions, inten-
sities, and overall spectral profiles. Major functional group absorp-
tions were assigned by comparison with published FTIR spectra of
honey reported in the literature.>*

To quantitatively assess spectral similarity, Pearson correla-
tion coefficients were calculated for all pairwise combinations of
the honey spectra. Because the honey samples exhibited extreme-
ly high spectral similarity, the spectra of the three honey samples
were averaged to generate a single representative honey spectrum
for subsequent analyses. Spectral averaging is commonly em-
ployed in FTIR-based food authentication studies to reduce re-
dundancy while preserving representative spectral features.''? A
correlation coefficient was then calculated between the averaged
honey spectrum and the syrup spectrum to assess overall spectral
similarity between authentic honey and the adulterant reference.

To enhance subtle differences between spectra that were not
readily observable in the raw FTIR data, first- and second-deriva-
tive spectra were generated for both the averaged honey spectrum
and the syrup spectrum. Derivative spectroscopy was used to ac-
centuate changes in slope and curvature across the spectral range,
particularly within the fingerprint region.

Finally, a difference spectrum was generated by subtracting
the averaged honey spectrum from the syrup spectrum at each wav-
enumber. This approach was used to identify regions of maximum
spectral divergence between authentic honey and syrup, thereby
highlighting wavenumbers that may be most useful for differenti-
ating between the two sample types. These univariate mathemati-
cal transformations are commonly used to improve discrimination
between chemically similar samples in infrared spectroscopy.'!

Multivariate Analysis.

Multivariate statistical analyses were applied to the ATR-FTIR
spectral data to evaluate similarities and differences among the
honey samples and the syrup reference. Principal component anal-
ysis (PCA) was performed as an unsupervised dimensionality-re-
duction technique to transform the original spectral variables into
a smaller set of orthogonal principal components that capture the
majority of variance in the dataset. PCA was used to visualize clus-
tering behavior among samples and to identify systematic spec-
tral differences that may not be readily apparent from univariate
analysis of the raw ATR-FTIR spectra.'"'? PCA is widely used in
analytical chemistry and chemometrics to visualize patterns and
clustering behavior in complex spectral datasets."

Hierarchical cluster analysis (HCA) was conducted to further
examine relationships among samples based on spectral similarity.
HCA groups samples using a distance metric derived from their
spectral data and presents the results as a dendrogram that illus-
trates relative similarity without requiring predefined class assign-
ments. The clustering outcomes were used to validate and comple-
ment the grouping trends observed in the PCA score plots. HCA is
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commonly paired with PCA in spectroscopic authentication stud-
ies to provide an independent assessment of sample grouping."?

All multivariate statistical analyses were performed using Or-
igin data analysis and graphing software (OriginLab Corporation).
Identical preprocessing and analytical conditions were applied to
all spectra prior to PCA and HCA to ensure consistency and com-
parability across samples. These chemometric techniques were
selected due to their widespread application in ATR-FTIR-based
food authentication studies and their demonstrated effectiveness in
differentiating chemically similar samples based on subtle spectral
variations.*'"!?

Results and Discussion

ATR-FTIR Spectral Comparison of Honey and Syrup Samples.
The ATR-FTIR spectra of the three Grade A honey samples and
the syrup reference are shown in Figure 1. All samples exhibit
broadly similar absorption features, reflecting the dominant carbo-
hydrate composition shared by honey and syrup-based sweeteners.
Prominent bands were observed near 3275 cm™, corresponding to
O-H stretching vibrations; around 2930 cm™, attributed to aliphat-
ic C—H stretching; and near 1643 cm™', commonly associated with
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Figure 1. ATR-FTIR spectra of the three Grade A honey samples and the syrup
reference, illustrating the extensive overlap in major carbohydrate-related absorp-
tion bands.
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Figure 2. ATR-FTIR difference spectrum obtained by subtracting the averaged
honey spectrum from the syrup spectrum, highlighting wavenumber regions of
maximum spectral divergence.tion bands.
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Table 1. Correlation coefficients between FTIR-ATR spectra of different honey
samples, and between average honey spectra and syrup.

Comparison Correlation Coefficient
LEPH vs. GBH 0.999936
LEPH vs. GPHC 0.999627
GBH vs. GPHC 0.999845
Avg. Honey vs. Syrup 0.978468

H-O-H bending related to moisture content. These assignments
are consistent with previously reported ATR-FTIR analyses of
honey samples from diverse botanical and geographical origins.>’

The substantial spectral overlap between honey and syrup is
expected given their shared monosaccharide composition, primar-
ily glucose and fructose. Corn syrup and high-fructose corn syr-
up contain many of the same functional groups present in natural
honey, resulting in highly similar infrared absorption profiles. This
overlap underscores the difficulty of relying on visual inspection

of raw FTIR spectra alone for honey authentication. To visualize
subtle differences masked by this overlap, a difference spectrum
was generated by subtracting the averaged honey spectrum from
that of the syrup, as shown in Figure 2.

As reported in multiple FTIR-based honey authentication
studies, visual inspection of raw spectra alone is often insuffi-
cient to reliably distinguish honey from sugar-based adulterants.**
Similarly, one study® demonstrated that even authentic honeys of
differing botanical origins display nearly identical dominant ATR-
FTIR absorption bands, emphasizing the need for quantitative and
chemometric analyses beyond simple spectral comparison.

Correlation Coefficient Analysis and Spectral Averaging.
Quantitative evaluation of spectral similarity was performed us-
ing Pearson correlation coefficients, with results summarized in
Table 1. All honey—honey comparisons yielded correlation coef-
ficients exceeding 0.9996, indicating near-identical spectral pro-
files among the commercially available Grade A honey samples
analyzed. This high degree of similarity supports prior findings
that authentic honeys of comparable quality cluster tightly when
evaluated using infrared spectroscopy.**

In contrast, comparison between the averaged honey spec-
trum and the syrup spectrum produced a lower correlation coef-
ficient (r = 0.9785), indicating increased dissimilarity relative to
honey-honey comparisons. Although this value remains relatively
high, it reflects the well-documented challenge that syrup adulter-
ants closely mimic honey in their infrared signatures due to shared
carbohydrate chemistry.* Similar reductions in correlation have
been reported when honey spectra are compared with syrup adul-
terants, even at elevated adulteration levels.’

Given the near-perfect similarity among honey samples, av-
eraging the individual honey spectra was justified for subsequent
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Figure 3. First-derivative ATR-FTIR spectra of averaged honey and syrup sam-

ples, emphasizing slope differences in the fingerprint region (900-1200 cm-).
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analyses. Spectral averaging is a common strategy in FTIR-based
food authentication studies to reduce redundancy while preserving
representative spectral features.'"!?

First Derivative Spectral Analysis.

The first-derivative spectra of the averaged honey and syrup sam-
ples are shown in Figure 3. Derivative spectroscopy enhances
subtle differences in slope and peak shape that may be obscured
in raw FTIR spectra. Clear distinctions between honey and syrup
emerge within the fingerprint region (900-1200 cm™), where the
honey spectrum exhibits sharper and higher-magnitude derivative
features than the syrup spectrum.

The fingerprint region is widely regarded as the most diag-
nostically informative portion of honey FTIR spectra, as it en-
compasses overlapping C—O, C—C, and O-H vibrations associated
with carbohydrate structures.>” Derivative processing accentuates
differences in band shape and intensity arising from variations in
molecular environment and hydrogen bonding, rather than the
presence of entirely new functional groups. Ciursa et al. (2021)*
similarly reported that derivative processing significantly en-
hanced the discrimination of honey adulterated with various syr-
ups, even when raw spectra appeared nearly indistinguishable.

Second Derivative
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Figure 4. Second-derivative ATR-FTIR spectra of averaged honey and syrup
samples, revealing enhanced curvature differences associated with carbohydrate
vibrations.
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Figure 5. Principal component analysis (PCA) score plot of ATR-FTIR spectra
showing tight clustering of honey samples and clear separation of the syrup ref-
erence.
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In addition, the syrup sample exhibited a distinct derivative
pattern between 2000 and 2500 cm™ that was less pronounced in
the honey spectrum. These differences may reflect variations in
molecular organization, hydrogen bonding, and processing-related
structural features between natural honey and syrup-based prod-
ucts, rather than the presence of entirely new functional groups.

Second Derivative Spectral Analysis.

Second derivative spectra, shown in Figure 4, further amplified
the differences observed between honey and syrup. Compared to
the honey spectrum, the syrup spectrum displayed higher-ampli-
tude oscillations across much of the spectral range, particularly
within the fingerprint region. This behavior indicates greater cur-
vature changes in syrup-related absorption bands, consistent with
differences in sugar composition and processing.

Previous studies have demonstrated that second-derivative
spectroscopy improves resolution of overlapping carbohydrate
bands and increases sensitivity to compositional variation in com-
plex food matrices.® Although full multivariate calibration mod-
els were not applied at this stage, the derivative patterns observed
here parallel findings from PCA- and HCA-based ATR-FTIR stud-
ies, including those reported by Rodrigues et al. (2025)'? where
subtle differences became discernible only after advanced data
processing.

Principal Component Analysis (PCA).

The PCA score plot derived from the ATR-FTIR spectral dataset
is shown in Figure 5. PCA was applied to reduce data dimension-
ality and to visualize clustering behavior based on overall spectral
variance. As commonly observed in FTIR-based food authentica-
tion studies, the first two principal components accounted for the
majority of the variance, indicating that most relevant chemical
information was captured in two dimensions.>"

The averaged honey samples cluster tightly in the PCA score
plot, reflecting their high spectral similarity as previously demon-
strated by correlation analysis (Table 1). This clustering behavior
supports the conclusion that the Grade A honey samples analyzed
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Figure 6. Hierarchical cluster analysis (HCA) dendrogram based on ATR-FTIR
spectra, illustrating distinct clustering of honey samples relative to the syrup ref-
erence.
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share nearly identical chemical compositions. Similar clustering of
authentic honey samples has been widely reported and is attribut-
ed to the dominant influence of carbohydrate-related vibrational
bands on spectral variance.*'

In contrast, the syrup reference sample is clearly separated
from the honey cluster along the first principal component (PC1),
indicating systematic spectral differences between honey and syr-
up-based sweeteners. This separation suggests that, despite shared
functional groups, differences in relative band intensities and mo-
lecular environments particularly within the fingerprint region,
contribute sufficiently to overall variance to enable discrimination
by PCA.**

Hierarchical Cluster Analysis (HCA).

Hierarchical cluster analysis results are presented as a dendrogram
in Figure 6. HCA groups samples based on spectral distance, pro-
viding an independent assessment of similarity relationships with-
out requiring predefined class labels. This technique is commonly
paired with PCA to validate clustering behavior in ATR-FTIR food
authentication studies.”!?

The HCA dendrogram shows that the averaged honey samples
cluster together at a low distance threshold, confirming their strong
spectral similarity and reinforcing the conclusions drawn from
correlation and PCA analyses. In contrast, the syrup reference
sample forms a distinct branch separated from the honey cluster,
indicating greater spectral dissimilarity relative to honey—honey
comparisons. Similar HCA-based separations between honey and
syrup adulterants have been reported in previous FTIR studies.**

The strong agreement between PCA and HCA results demon-
strates that the observed spectral differences between honey and
syrup are systematic rather than random, strengthening the reli-
ability of the multivariate findings.

Collectively, these univariate and multivariate analyses
demonstrate that while raw ATR-FTIR spectra of honey and syr-
up are highly similar, mathematical enhancement and chemomet-
ric modeling reveal reproducible differences driven primarily by
variations in carbohydrate-related vibrational features. While raw
ATR-FTIR spectra exhibited extensive overlap between honey and
syrup, mathematical enhancement and chemometric modeling re-
vealed reproducible differences driven primarily by variations in
carbohydrate-related vibrational features.

This integrated analytical strategy aligns with established ap-
proaches in the literature, where PCA and HCA are used to corrob-
orate trends identified through derivative or difference-based FTIR
analyses.*'""'? The agreement observed across correlation analysis,
derivative spectroscopy, PCA, and HCA supports the internal con-
sistency of the analytical approach.

Conclusion

This study demonstrates that attenuated total reflectance Fou-
rier-transform infrared (ATR-FTIR) spectroscopy, when combined
with complementary univariate and multivariate data analysis
approaches, provides an effective qualitative method for distin-
guishing authentic Grade A honey from syrup-based sweeteners.

Although raw ATR-FTIR spectra of honey and syrup exhibited
substantial overlap due to their shared carbohydrate composition,
quantitative correlation analysis revealed near-identical spectra
among honey samples and measurably reduced similarity between
honey and the syrup reference.

Derivative spectroscopy and difference spectra enhanced sub-
tle spectral variations, particularly within the fingerprint region
(900-1200 cm™), highlighting carbohydrate-related vibrational
features and hydrogen-bonding environments as primary con-
tributors to spectral differentiation. Principal component analysis
(PCA) and hierarchical cluster analysis (HCA) further confirmed
these distinctions, with honey samples clustering tightly and the
syrup reference forming a separate group, supporting the internal
consistency of the analytical approach.

While the present investigation employed a single com-
mercial syrup as a reference adulterant rather than controlled
honey—syrup mixtures, this design reflects the qualitative and
screening-focused scope of the study. The results are consistent
with previously reported ATR-FTIR—based honey authentication
studies and demonstrate that even relatively straightforward che-
mometric tools can reliably distinguish authentic honey from syr-
up-based sweeteners. Future work may extend this approach by
incorporating multiple adulterant types, controlled adulteration
series, and quantitative calibration models to establish detection
thresholds and predictive capability.
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