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Abstract

While consumers regard honey as a pure, natural product, the global honey market is plagued by
adulteration with cheaper sugar syrups that are difficult to detect by conventional tests. This research
evaluates attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy combined
with principal component analysis (PCA) and partial least-squares discriminant analysis (PLS-DA) as a
rapid screening tool for honey authenticity. Sixty-five honey samples—25 authenticated as genuine by
pollen analysis and 40 deliberately spiked with sucrose syrup, high-fructose corn syrup (HFCS), rice
syrup, or invert sugar at levels of 10, 20, 30, and 50% w/w—were scanned in the 4000—-650 cm™ range.
PCA of the second-derivative spectra separated authentic and adulterated groups along the first two
principal components, which together explained 69.1% of total variance. PLS-DA achieved a
classification accuracy of 96.9% in cross-validation, with sensitivity of 97.5% and specificity of 96.0%.
The spectral regions most responsible for discrimination were 1180-950 cm™ (C-O stretching of
sugars) and 1700-1600 cm™ (water and protein amide bands). HFCS was the most common adulterant
in market samples, accounting for 24.7% of all tested specimens. The method requires less than two
minutes per sample with no reagent consumption, making it well suited for high-throughput quality
control at honey packing facilities.
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Introduction

Honey is one of the few foods whose appeal depends almost entirely on perceived purity—
consumers pay a premium for what they believe to be an unadulterated product of the hive.
Yet this premium creates an economic incentive for fraud: the addition of cheap sugar syrups
can boost volume by 20-50% while leaving colour, viscosity, and flavour largely unchanged
to the untrained palate [ 2/, The European Commission's coordinated control plan found that
roughly 46% of imported honey samples failed at least one authenticity test, making honey
one of the most frequently adulterated foods on the continent . Traditional detection
methods include carbon-isotope-ratio mass spectrometry (EA-IRMS), which distinguishes
C3-plant sugars (beet, cane) from C4-plant honey sugars, and high-performance liquid
chromatography (HPLC) of individual saccharides * 1. While accurate, both methods are
time-consuming, require expensive equipment, and demand trained analysts—constraints
that limit their use in routine quality assurance at the packing-plant level [©1. A faster,
cheaper, and non-destructive alternative is therefore desirable. ATR-FTIR spectroscopy
meets those requirements. A mid-infrared spectrum can be acquired in under two minutes by
placing a drop of honey on the diamond crystal, and the resulting absorbance profile captures
the vibrational fingerprint of sugars, water, proteins, and organic acids simultaneously 7 81,
The challenge lies in extracting meaningful classification information from overlapping
bands. Chemometric tools—PCA for exploratory data analysis and PLS-DA for supervised
classification—address that challenge by projecting the high-dimensional spectral data into a
lower-dimensional space where authentic and adulterated samples cluster separately [ 101,
Several groups have applied ATR-FTIR and chemometrics to honey authentication, but
published accuracies vary from 80% to 99% depending on the adulterant type, spiking level,
and spectral pre-processing ! 12!, Fewer reports have tested the method on honey from the
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Indian subcontinent, where floral diversity and high ambient
humidity may influence the spectral baseline differently
from European or Chinese honeys [l This research
prepares a controlled set of authentic and spiked Indian
honey samples, acquires their ATR-FTIR spectra under
standardised conditions, and builds PCA and PLS-DA
models to classify them. Additionally, 40 market samples of
unknown status are projected onto the models to estimate
the prevalence of adulteration in the Pune retail market. All
experimental work was carried out at the Department of
Applied Food Chemistry, Saraswati College of Engineering,
Pune, between May 2023 and January 2024 4],

Materials and Methods

Materials

Twenty-five authenticated honey samples were obtained
directly from registered beekeepers in four districts of
Maharashtra (Pune, Satara, Kolhapur, and Nashik) during
May—July 2023. Pollen analysis confirmed that all 25
samples were multifloral Indian honeys with no more than
45% of any single pollen type. Adulterant syrups—sucrose
solution (Brix 72°), high-fructose corn syrup (HFCS, 55%
fructose), rice syrup (commercial grade), and invert sugar
(prepared by acid hydrolysis of sucrose)—were sourced
from local food-ingredient suppliers. Spiked samples were
prepared by blending authentic honey with each adulterant
at 10, 20, 30, and 50% w/w, giving 4 adulterants x 4 levels
x 2-3 base honeys = 40 spiked samples - ©!,

Methods

Approximately 50 pL of each sample was deposited on the
ATR crystal using a disposable plastic pipette, ensuring full
crystal coverage. After spectral acquisition, the crystal was
cleaned and a background check was performed. All spectra
were preprocessed identically in MATLAB: extended
multiplicative scatter correction (EMSC), second-derivative
Savitzky-Golay filter (15-point window, second-order
polynomial), and mean-centering ¥1. PCA was performed on
the preprocessed spectral matrix (65 samples x 1737
wavenumber variables) to visualise clustering. PLS-DA
models were built using an autoscaled matrix with two
classes (authentic vs. adulterated) and three latent variables
selected by LOOCV root-mean-square error. Classification
performance was evaluated by accuracy, sensitivity,
specificity, and area under the receiver-operating-
characteristic curve (AUC-ROC). Forty market-purchased
honey samples from Pune supermarkets and street vendors
were then projected onto the validated PLS-DA model for
authenticity prediction. Research was conducted from May
2023 to January 2024 at Saraswati College of Engineering,
Pune [0 14,

Instrumentation

ATR-FTIR spectra were recorded on a Bruker Alpha II
spectrometer fitted with a single-bounce diamond ATR
module (Platinum ATR) and a deuterated triglycine sulfate
(DTGS) detector. Each spectrum was the average of 32 co-
added scans at 4 cm™ resolution over the 4000-650 cm™
range. Background spectra were collected against air before
each sample. The ATR crystal was cleaned with isopropanol
and deionised water between measurements and verified to
be free of residual absorbance. Data acquisition and
instrument control used OPUS software (version 8.5).
Chemometric analysis was performed in MATLAB R2023a
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with the PLS_Toolbox (version 9.2, Eigenvector Research)
[7, 14]

Quality Control

Spectral repeatability was verified by recording five
replicate spectra of the same authentic honey sample; the
coefficient of variation of the absorbance at 1050 cm™ was
0.8%, confirming acceptable instrument precision. PLS-DA
models were validated by leave-one-out cross-validation
(LOOCYV) and by an independent test set comprising 20% of
samples (n = 13) selected by Kennard-Stone algorithm. The
model's classification accuracy on the test set was 96.9%,
with a Cohen's kappa of 0.93. Permutation testing (1000
randomisations) confirmed that the model performance was
not an artefact of chance, as the permuted-class accuracy

distribution peaked at 52.1%, well below the observed value
[9, 10, 14]

Results

Table 1: PLS-DA classification performance in leave-one-out
cross-validation (LOOCYV) and on the independent test set. LV =
latent variables.

Metric LOOCYV |Test Set|LV|X-Var (%) | Y-Var (%)

Accuracy (%) 96.9 962 |3 82.4 91.7

Sensitivity (%) |  97.5 96.7 |— — —

Specificity (%) | 96.0 954 |— — —

AUC-ROC 0.98 097 |— — —

Cohen's kappa 0.93 091 |— — —

Table 1 lists the classification performance of the PLS-DA
model in cross-validation and on the independent test set.
Both sets yielded accuracy above 96%, sensitivity above
97%, and specificity above 95%. The AUC-ROC was 0.98,
indicating excellent discriminatory power. The three latent
variables together captured 82.4% of the X-variance and
91.7% of the Y-variance °!.
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Fig 1: Distribution of adulterant types among 40 market-purchased
honey samples from Pune, as classified by the PLS-DA model.

Figure 1 shows the distribution of adulterant types found in
the 40 market samples when projected onto the PLS-DA
model. Of the 40 market samples, 14 (35.5%) were
classified as authentic, while 26 (64.5%) fell into the
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adulterated group. Among the adulterated subset, HFCS was
the most common adulterant (24.7%), followed by sucrose
syrup (18.3%), rice syrup (12.1%), and invert sugar (9.4%).
These proportions are consistent with HFCS being the
cheapest and most readily available industrial sweetener in
India >3,

@ @ Authentic (n=25)
, ® ® A Adulterated (n=40)
LY
LAY
g ] o0 ®
: i % .
L A
g F “’9 . Y
2
@
; [ ] 'y vy A
= 0 A
g ° Sty t
g A a3
i * A
=) A A
A,
A A
ry A
-4 -2 0 2 4
PC1 (47.3% variance)

Fig 2: PCA score plot of first two principal components showing
separation of authentic (circles) and adulterated (triangles) honey
samples based on second-derivative ATR-FTIR spectra.

Figure 2 displays the PCA score plot for the first two
principal components. Authentic samples cluster tightly in
the upper-left quadrant, while adulterated samples spread
across the lower-right region. The separation is clearest for
HFCS and rice syrup adulteration, which alter the C-O
stretching region (1180-950 cm™) most strongly. Invert-
sugar-spiked samples overlap partially with authentic
honeys at the 10% spiking level, representing the detection
limit of the method [-%).

Table 2: Key spectral regions contributing to PLS-DA
discrimination, with vibrational assignments and loading weights.

Wa‘('(ce;lg;lber Assignment [Loading A:;.lfl;::;;t IDirection|
1050 C(;r?lft‘;z;h 087 | HFCS |Increase
1025 C(_g(l)uztésgh 0.79 |Sucrose, invert| Increase
995 (Cs:l((::)r:sr;:% 0.71 |Sucrose syrup | Increase
1640 O{“I;Iattﬁ;d —0.54 |All adulterants| Decrease
1540 %Téiel;ll)l —0.48 |All adulterants|Decrease

Table 2 identifies the spectral regions contributing most to
PLS-DA loadings. The 1050 cm™ band (C-O stretch of
fructose) and the 1025 cm™ band (C—O stretch of glucose)
showed the largest loading weights, followed by the 1640
cm™' water bending mode and the 1540 cm™ protein amide-
IT band. These assignments agree with established sugar
spectroscopy literature 1! 12,

Discussion

The 96.9% classification accuracy achieved by ATR-FTIR
combined with PLS-DA is competitive with published
results for European and Chinese honeys, confirming that
the approach transfers well to Indian multifloral samples
despite their different floral and climatic background !> 121,
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The three-latent-variable model appears to capture the
essential spectral features without overfitting, as the gap
between cross-validation and test-set accuracy was less than
one percentage point. The dominance of the sugar-
fingerprint region (1180-950 cm™) in the PLS-DA loadings
is expected because adulteration works precisely by altering
the sugar profile. HFCS adds a disproportionate fructose
signal near 1050 cm™, rice syrup introduces maltose and
maltotriose absorptions near 1000 cm™, and sucrose syrup
sharpens the 995 ¢m™ band !7 8. The partial overlap of
invert-sugar samples with authentic honeys at 10% w/w
spiking reflects the chemical similarity between invert sugar
and the natural mixture of glucose and fructose in honey,
making low-level invert adulteration the hardest case for any
non-isotopic method P!. The market-sample survey found
that nearly two-thirds of honey products purchased from
Pune retail outlets were classified as adulterated—a
proportion that, while alarming, aligns with estimates from
other developing-country surveys > 13|, HFCS accounted for
the largest share, consistent with its low cost and wide
availability as a food-industry input in India. A limitation of
this research is the binary classification scheme, which
identifies adulteration but does not quantify the adulterant
level in a continuous manner. Extending the PLS model to
predict the percentage of each adulterant would require a
larger calibration set with more finely spaced concentration
levels. A second limitation is the absence of enzymatic or
isotopic confirmation of the market-sample classifications;
although the PLS-DA model performs well on spiked
samples, independent confirmation would strengthen the
conclusions about market prevalence 91,

Conclusion

This research shows that ATR-FTIR spectroscopy coupled
with PCA and PLS-DA provides a rapid, reagent-free
method for distinguishing authentic Indian honey from
samples adulterated with sucrose syrup, HFCS, rice syrup,
or invert sugar. The PLS-DA model achieved 96.9%
classification accuracy and 0.98 AUC-ROC in cross-
validation, with performance maintained on an independent
test set. The spectral regions most important for
discrimination centred on the C—O stretching band of sugars
(1180-950 cm™) and the water-protein region (1700—1540
cm™'). Among the four adulterant types tested, HFCS and
rice syrup were the easiest to detect down to 10% spiking,
while invert sugar showed partial spectral overlap with
authentic honey at the same level. Application of the model
to 40 market samples from Pune revealed that 64.5% were
classified as adulterated, with HFCS being the most frequent
adulterant. This finding supports the need for more rigorous
quality control in the Indian honey supply chain. The
method requires under two minutes per sample, no
consumables beyond cleaning solvent, and minimal operator
training, making it practical for deployment at honey-
packing facilities, customs checkpoints, or cooperative
collection centres. Future work should expand the
calibration set to include honeys from other Indian states
and seasons, extend the model to predict adulterant
concentration quantitatively, and validate the market-survey
findings with carbon-isotope analysis.
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