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Abstract: The volatile profiles of palm sugar, a traditional sweetener used in Southeast Asia,
vary according to its geographic and botanical origin. This study investigated the volatile
organic components (VOCs) of Indonesian and Malaysian palm sugars derived from
Arenga pinnata, Nypa fruticans, and Cocos nucifera using solid-phase microextraction-GC-MS
and MS-e-nose analyses. A total of 42 compounds were detected, including 12 Maillard
reaction products, 10 esters, 8 alcohols, 5 ketones, 3 carboxylic acids, 3 phenols, and
1 aldehyde. The Indonesian palm (West Java) and nipa (Central Java) sugars contained
VOCs of 39.45 and 38.49 ug/100 g palm sugar, respectively, whereas the Balinese palm and
Malaysian coconut sugars contained significantly lower volatiles (18.56 and 11.41 ug/100 g,
respectively). Hierarchical clustering and principal component analysis (PCA) revealed
diverse composition profiles, with palm-derived sugars rich in pyrazines, nipa sugars
dominated by carboxylic acids, and coconut sugars characterized by alcohols such as
[R,R]-2,3-butanediol. PCA of the MS-e-nose analysis confirmed these variations, with PAR
scaling enhancing their differentiation and providing valuable loading plots, including ion
masses m/z 43 and 45 (hydrocarbons or carboxylic acids), m/z 60 (acetic acid), and m/z
108 (dimethyl-pyrazines). These findings highlight the influence of geography and plant
origin on palm sugar VOCs, which may affect their sensory attributes.

Keywords: palm sugar; volatile compound; MS-e-nose; principal component analysis; UV
scaling; PAR scaling

1. Introduction

Palm sugar is a natural sweetener derived from the sap of various palm species,
holding significant cultural, economic, and nutritional value in Southeast Asia [1]. Among
the major producers, Indonesia and Malaysia are particularly notable for their diverse
production practices and use of different palm species such as palm (Arenga pinnata),
nipa (Nypa fruticans), coconut (Cocos nucifera), and siwalan (Borassus flabellifer) [2,3]. The
distinctive plant origins, traditional processing methods, and climatic conditions in these
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countries contribute to the diverse chemical compositions and flavor characteristics of
their palm sugars, making them an intriguing subject for scientific exploration. Palm
sugar is produced by collecting sap from the inflorescence of palm trees and boiling it to
concentrate the sugars [4,5]. This process leads to the formation of various palm sugar
products, including liquid syrups, solid pastes, and powders, each with unique textural and
sensory attributes [6]. Unlike refined sugars, palm sugar is classified as an unrefined non-
centrifugal sugar, meaning that it undergoes minimal processing with no centrifugation to
separate molasses from the condensed sugars [7]. Consequently;, it retains high levels of
minerals, polyphenols, and other bioactive compounds, contributing to its nutritional and
functional properties [7,8].

Understanding the volatile organic compounds (VOCs) in non-centrifugal sugars,
including palm sugar, is of vital importance because these compounds largely define the
aroma and flavor qualities, which are the key attributes that influence consumer preferences
and marketability [9]. Nevertheless, while some studies have focused on the physicochemi-
cal properties of palm sugar, only limited research has been conducted on its VOC profile,
particularly regarding its botanical and geographical origin [10,11]. Additionally, with the
growing interest in advanced analytical techniques, the integration of technologies such as
gas chromatography-mass spectrometry (GC-MS) and mass spectrometry-based electronic
nose (MS-e-nose) offers a comprehensive approach to comparing the VOC profiles of vari-
ous foods [12,13]. Volatile profiles analyzed by GC-MS enable the precise identification and
quantification of aromatic compounds [12]. MS-e-nose, a rapid and non-destructive tech-
nique, mimics human olfactory responses and can effectively characterize the overall aroma
pattern in various food products [13]. This MS-e-nose approach allows for non-targeted
volatile profiling without chromatographic separation and generates digital fingerprints
from the mass spectra. Unlike the conventional GC-MS analysis, which generally uses
long capillary columns for peak separation, the MS-e-nose employs a shorter capillary
column and temperature program [14]. Therefore, MS-e-nose analysis offers faster analysis
times, providing pattern recognition of acquired MS intensity data instead of compound
identification. Combining these methodologies not only deepens our understanding of the
sensory attributes of palm sugar but also supports the development of quality standards
that are essential for protecting local products in the global market.

To capture and interpret the variation in volatile profiles, multivariate analyses such
as principal component analysis (PCA) can be applied using two different scaling methods,
namely unit variance scaling (UV) and Pareto scaling (PAR) [15,16]. Because the MS-e-nose
generates complex mass spectral data with varying signal intensities, the use of these two
scaling methods allows for different approaches to data interpretation [17,18]. UV scaling
standardizes all variables, ensuring equal weights across compounds, which can help
detect subtle differences [18]. Meanwhile, PAR scaling retains some variance weighting,
allowing stronger signals to make greater contributions while reducing dominance and
providing a balanced approach for visualizing key VOCs in data presentation [15,18].

Previous studies have examined the physicochemical and nutritional properties of
palm sugar; however, investigations into its volatile profile remain limited [19,20]. In
particular, the comparative analyses of VOC composition and MS-e-nose profiles across
Indonesian and Malaysian palm sugars from different plant origins are lacking. To address
this gap, the present study analyzed six palm sugar samples derived from palm, nipa,
and coconut using both the SPME-GC-MS and MS-e-nose techniques. The resulting ion
mass data from the MS-e-nose were visualized using PCA plots with UV and PAR scaling
to evaluate differences in aroma patterns. This is the first study to comprehensively
characterize the volatile profiles of Indonesian and Malaysian palm sugars across both
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botanical and geographical origins, while also comparing the effectiveness of different data
scaling methods for volatile profiling.

2. Materials and Methods
2.1. Palm Sugar Samples

Six palm sugars representing various regional variances and plant origins were ob-
tained from Indonesia (West Java, Central Java, and Bali) and Malaysia (Negeri Sembilan,
Sarawak, and Terengganu). The samples included three palm-derived sugars from Bogor,
West Java (the assigned code is ID-WJ-Palm: Indonesia-West Java-Palm), Karangasem,
Bali (ID-BA-Palm), and Jempol, Negeri Sembilan (MY-NS-Palm); two nipa-derived sug-
ars from Cilacap, Central Java (ID-CJ-Nipa), and Pusa, Sarawak (MY-SR-Nipa); and one
coconut-derived sugar from Kuala Terengganu, Terengganu (MY-TR-Coconut). They were
selected based on their popularity and availability according to the information provided
by local retailers. Palm sugars were obtained from local producers in 20202021 (in general,
the palm sugars were solidified from different plant saps within 2 days of sap collection)
and transported to the laboratory within two weeks of production. The palm sugars were
stored at —30 °C in sealed containers to prevent moisture absorption and preserve the VOC
composition. The samples were analyzed within one year of receipt.

2.2. Volatile Composition Analysis

VOCs in palm sugars from Indonesia and Malaysia were analyzed using solid-phase
microextraction (SPME)-GC-MS [21]. Briefly, palm sugar (3 g) and 1,2-dichlorobenzene-
D4 (20 pL, 2.5 g/mL in methanol; Sigma-Aldrich, St. Louis, MO, USA) as the internal
standard were added to a 20 mL vial and heated at 60 °C for 5 min. To extract the VOCs, a
preconditioned SPME fiber coated with divinylbenzene/carboxene/polydimethylsiloxane
(Supelco, Bellefonte, PA, USA) was used for 15 min at the same temperature. The fiber was
selected because of its efficiency in capturing a wide range of VOCs, including both low-
molecular-weight and polar compounds. GC-MS analysis was conducted using a Shimadzu
GC2010-QP2010 PLUS system, equipped with a Shimadzu AOC-5000 Plus CTC PAL GC
Autosampler and a DB-WAX column (30 m x 0.25 mm x 0.25 pm; Agilent Technologies,
Santa Clara, CA, USA). Helium was used as the carrier gas at a flow rate of 35 cm/s, and the
injector temperature was set at 250 °C with a 1:2 split ratio. The oven temperature started at
55 °C, was increased to 220 °C at a rate of 6 °C/min, and then maintained isothermally for
2.5 min at 220 °C. Mass spectrometric detection utilized electron impact ionization at 0.7 kV,
with the ion source and interface temperatures set to 230 and 200 °C, respectively. The mass
spectra were obtained over a range of m/z 33—450 amu with a scan rate of 1.77 scans/s.
The chromatographic peaks were aligned using a GCalignR package. Compounds were
identified by comparing the obtained spectra with those in the FFNSC and NIST08 libraries,
along with linear retention indices (RIs) from a homologous series of n-alkanes (C7;—Cs).
The VOCs were quantified by normalizing the peak area of each compound to the MS
response of the internal standard, and the results were reported as micrograms per 100 g.
The relative concentration was calculated by dividing the peak area of each compound by
the internal standard and sample weight. All analyses were performed in triplicate.

2.3. MS-e-nose Analysis

The MS-e-nose profiles of the palm sugars were analyzed using an Agilent 7890A-
GC-5975C MS (Agilent Technologies) equipped with a G1888 Headspace Autosampler
and GERSTEL ChemSensor (GERSTEL, Miilheim, Germany) [14]. Briefly, palm sugar (3 g)
was placed in a 20 mL vial, and headspace extraction was performed at 80 °C for 10 min.
The volatiles were then pressurized into the GC injection port at 11 psi for 0.3 min. The
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injection temperature was set to 250 °C with a 1:10 split ratio. The sample and transfer
line temperatures were set at 170 and 210 °C, respectively. For the GC, an HP5-MS column
(15m x 0.25 mm x 0.25 pm, Agilent Technologies) was used, with helium as the carrier
gas. The oven temperature was programmed to start at 40 °C for 0.5 min, and then ramp
to 200 °C at a rate of 60 °C/min, followed by holding at 200 °C for 1.5 min, for the total
analysis time of 4.67 min. The MS ion source and interface temperatures were set to 250 °C,
and electron ionization occurred at 70 eV. The volatiles were scanned within an m/z range
of 30-149, and the total spectral intensities were processed into chemometric datasets for
further analysis. All assays were performed in triplicate.

2.4. Statistical Analysis

The Tukey—Kramer significant difference test (JMP Version 18; SAS Institute, Cary,
NC, USA) was used to assess the differences between samples. A heatmap plot was gener-
ated using OriginPro 2025 Version 10.2 (OriginLab, Northampton, MA, USA). Principal
component analysis (PCA) was performed using SIMCA Version 17 (Sartorius, Gottin-
gen, Germany).

3. Results
3.1. Volatile Compositions of Indonesian and Malaysian Palm Sugars

There were notable variations in the total VOC content among the Indonesian and
Malaysian palm sugars (Figure 1a; Supplementary Figure S1). The sugar products from
West Java (ID-WJ-Palm) and Central Java (ID-CJ-Nipa), derived from palm and nipa saps,
respectively, exhibited the highest total volatile content (39.45 and 38.49 ug/100 g, re-
spectively) (p < 0.05). By contrast, the sugars from Bali (ID-BA-Palm) and Terengganu
(MY-TR-Coconut) contained significantly lower total VOCs (18.56 and 11.41 nug/100 g,
respectively). Beyond the total VOC content, distinct compositional differences were ob-
served, even among sugars of the same plant origin. The volatiles included 42 compounds,
comprising 12 Maillard reaction products (MRPs), 10 esters, 8 alcohols, 5 ketones, 3 car-
boxylic acids, 3 phenols, and 1 aldehyde (Supplementary Table S1). Despite being derived
from palm sap, ID-WJ-Palm exhibited a higher proportion of ketones and phenols, whereas
ID-BA-Palm contained a greater proportion of esters (Figure 1b). Similarly, among the
nipa-derived sugars, ID-CJ-Nipa contained a noticeably higher concentration of carboxylic
acids, whereas MY-SR-Nipa contained a relatively higher proportion of MRPs. Overall,
carboxylic acids were the predominant compound class across all samples, ranging from
24% to 52%, followed by MRPs (13—41%), alcohols (4-14%), and ketones (1-4%).

A hierarchical clustering heatmap was constructed using group average and Pearson
correlation distance calculations to visualize the distribution of volatile profiles among
the palm sugars. The heatmap plot reveals distinct VOCs profiles among the Indonesian
and Malaysian palm sugars of different plant origins (Figure 2). The heatmap clustering
pattern indicates that the composition of these sugar products is strongly influenced by
their botanical sources, with clear separation between palm, nipa, and coconut sugars. In
particular, the palm sugars were clustered based on their replicates, except for ID-BA-Palm,
which was plotted in scattered positions between the two Malaysian sugars (MY-NS-
Palm and MY-SR-Nipa), which were clustered separately from the other three sugars,
namely MY-TR-coconut, ID-CJ-Nipa, and ID-W]J-Palm. The separation was primarily
caused by 2,5-dimethyl pyrazine, methylpyrazine, and methyl octanoate. Pyrazines, such
as methylpyrazine, were consistently detected in higher concentrations in palm-based
sugars (ID-BA-Palm, ID-WJ-Palm, MY-NS-Palm), with concentrations ranging from 1.24 to
2.20 ug/100 g. Carboxylic acids, such as acetic and octanoic acids, were more prevalent in
nipa-based sugars (ID-CJ-Nipa, MY-SR-Nipa), with concentrations ranging from 11.05 to
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27.10 ug/100 g and from 0.01 to 0.13 pug/100 g, respectively, while alcohols were the most
common compounds in coconut-based sugars, with [R,R]-2,3-butanediol detected at a
concentration of 1.95 pug/100 g.

=

)
50 -

a
a

40 - _]_ +

o

=)

=

@ 30 A b b

=

c

20

g

=1 d
S 10 4 ﬂ

0
ID-WJ- ID-BA- ID-CJ- MY-NS- MY-SR- MY-TR-
Palm Palm Nipa Palm Nipa Coconut
(b)
100 A

:\3 ]

g V1 =3 F— |

.2 — — — ——

k=1 — B Aldehyde
E 60 A

o L | @ Phenol

] —

g I O Ester

S 40~ — @ Ketone

E @ Alcohol

3o [

% 20 4 OMRPs

[~ O Carboxylic acid

0

ID-WJ-  ID-BA- ID-CJ- MY-NS- MY-SR- MY-TR-
Palm Palm Nipa  Palm Nipa  Coconut

Figure 1. (a) Total content and (b) relative concentration of volatile organic components of Indonesian
and Malaysian palm sugars. Each value is expressed as the mean + standard deviation. Means
followed by different letters are significantly different at p < 0.05;n = 3.

The volatile compositions of the Indonesian and Malaysian sugars were further vi-
sualized using PCA with the UV scaling method, revealing distinct regional groupings
based on geographical and botanical origins (Figure 3). The PCA was conducted using
the relative concentrations of all identified volatile compounds as input features. The
first two principal components (PC1 and PC2) accounted for 49.5% of the total variance,
thereby capturing the primary variations in the identified volatiles (Figure 3a). Interestingly,
two Indonesian sugars, ID-BA-Palm and ID-W]J-Palm, showed greater variability in the
different quadrants in the negative direction of PC1. The distinct separation of these two
palm sugars was enhanced by higher concentrations of phenols (e.g., 3-methylphenol,
4-methylphenol, and phenol), followed by pyrazine, methyl pyrazine, and 2,5-dimethyl
pyrazine (Figure 3b). By contrast, the Central Java sugar made from nipa (ID-CJ-Nipa)
was an outlier, with the most positive value of PC2 due to the presence of 2-pentanone
(0.06 nug/100 g), 2-methyl-butanal (0.30 1g/100 g), 2,3-dimethyl pyrazine (0.53 ng/100 g),
octanoic acid (0.13 pug/100 g), 3-methylbutyl decanoate (0.06 ug/100 g) (Supplementary
Table S1). In contrast to Indonesian sugars, Malaysian sugars formed closer clusters, in-
dicating a relatively lower variability in their volatile compositions. Interestingly, Negeri
Sembilan palm sugar (MY-NS-Palm) was positioned near the center of the PCA plot, sug-
gesting a balanced volatile profile without any extreme dominance of specific compound
classes. In addition, Terengganu coconut sugar (MY-TR-Coconut) and Sarawak nipa sugar
(MY-SR-Nipa) exhibited some similarities, clustering closely together due to their distinct
volatile composition, enriched in alcohols such as [R,R]-2,3-butanediol, which account for
1.63 and 1.95 ug/100 g, respectively (Figure 3b, Supplementary Table S1).
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Malaysian palm sugars.

3.2. MS-e-nose Profiles of Indonesian and Malaysian Palm Sugars

There were variations in the intensity of ion masses from the overall volatiles of In-
donesian and Malaysian palm sugars, as generated by MS-e-nose analysis (Supplementary
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Table S2; Supplementary Figure S2). The PCA was performed using the ion mass intensity
data obtained from the MS-e-nose as input features. The data were scaled using two
different scaling methods—the unit variance (UV) and Pareto (PAR) scaling methods—for

exploring group separations based on plant origin and geography (Figures 4 and 5, respec-
tively). The UV-scaled PCA plot showed that PC1 and PC2 explained 55.7% and 13.3% of
the total variance, respectively, thus capturing a reasonable proportion of the variability
in the dataset (Figure 4). The PCA score plot (Figure 4a) revealed a diverse distribution
of Indonesian and Malaysian sugars. Indonesian palm sugars from West Java and Bali
(ID-WJ-Palm and ID-BA-Palm) were positioned in the positive direction of both PC1 and
PC2, whereas most Malaysian sugars were located in the negative direction of PC2. The

observed distribution was influenced by the captured ion masses of the volatiles released

from the palm sugars, as depicted in the corresponding loading plot (Figure 4b). The UV

scaling method, also known as autoscaling, provided a balanced representation of variables,
making all the contributions equal. Notably, ion masses such as m/z 43, 45, 128, and 134,
which represented predominant hydrocarbons, were positioned farther from the other ion
masses, indicating their higher abundance in the Central Java sugars derived from Nipa

(ID-CJ-Nipa).
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palm sugars obtained by UV scaling calculation.
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However, the PAR-scaled PCA provided a more distinct separation while preserving

the key differences in the dataset (Figure 5). The first two principal components explained
98.87% of the total variance, with PC1 accounting for 89.4% (Figure 5a). The PCA score
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plot (Figure 5a) demonstrated a clear separation between the different palm sugars. Along
the positive side of PC2, four sugar products (MY-SR-Nipa, ID-CJ-Nipa, MY-NS-Palm, and
ID-W]J-Palm) clustered together, whereas on the negative side, two sugar products (MY-TR-
Coconut and ID-BA-Palm) were distinctly separated. Although PC2 explained only 4% of
the variance, it effectively distinguished between the three sugar samples derived from the
palm and the two samples derived from the nipa. Interestingly, the coconut-derived sugar
(MY-TR-Coconut) was centered, indicating a more balanced volatile profile compared to
other samples. The loading plot of the PAR-scaled PCA (Figure 5b) further highlights the
key ion masses that influence the observed clustering. Ion masses at m/z 39, 41, 42, 43, 45,
57,58, 60, 95, 96, and 108 were positioned farther from the center, indicating their strong
roles in differentiating palm sugars.

4. Discussion

The volatile composition and MS-e-nose profiles of Indonesian and Malaysian palm
sugars revealed distinct differences between the different samples depending on plant ori-
gin. Indonesian sugars tended to have a higher total sugar content than Malaysian sugars,
which may be due to differences in their environmental and soil conditions. Although
both countries are in Southeast Asia and have similar tropical climates, previous studies
have inferred that microclimates and specific soil conditions can influence the metabolic
processes of sugar palms, potentially affecting the synthesis of VOCs [22,23]. The lower
volatile content in coconut sugar may be caused by lower levels of amino acids, phenolic
compounds, and sucrose in the coconut sap [24-26]. These compounds serve as essential
precursors for VOC formation in palm sugars via the Maillard reaction and carameliza-
tion [24,25]. Consequently, the limited precursor availability in coconut sap resulted in the
reduced diversity and abundance of volatiles, leading to a simpler aroma profile charac-
terized by fewer roasted, nutty, and caramel-like notes [1] (the aroma descriptions were
retrieved from http://www.thegoodscentscompany.com/, accessed on 20 February 2025).
This finding is consistent with the measured MRPs, which were the lowest in coconut sugar,
but significantly higher in palm and nipa sugar.

The PCA plots of the VOCs demonstrated a separation in potent flavor qualities
among the sugars, indicating a significant impact of botanical origin (palm, nipa, and
coconut trees) and regional practices. In sugar products derived from palm sap, the PCA
score plots were scattered in the bottom quadrants of PC1 and PC2, indicating that they
may have similarities that can be influenced by the presence of abundant MRPs (e.g.,
pyrazine, methyl pyrazine, 2,5-dimethyl pyrazine, 2-furanmenthanol), alcohols such as
1-butanol, phenylethyl alcohol, and phenols (e.g., 3-methylphenol, 4-methylphenol, and
phenol), as illustrated by their loading factors. This is consistent with the previous findings
indicating that thermally processed palm sugar is rich in MRPs and phenolic volatiles,
contributing to its characteristic caramelized aroma [27]. Sugar products derived from nipa
sap were scattered in the upper quadrants of PC1 and PC2 and were affected by prominent
VOCs, such as aldehydes, carboxylic acids, esters, alcohols, and MRPs. The prevalence of
aldehydes and esters may be linked to lipid oxidation and fermentation processes, which
have been reported in nipa sugars owing to their distinct sap composition and fermentation-
prone nature [28]. Conversely, sugar products derived from coconut sap exhibited a unique
volatile profile, distinct from those of palm and nipa sugars. This differentiation was likely
due to the high concentration of specific alcohols, which have been associated with fruity,
slightly fermented, and sweet notes and may influence the overall sensory perception
of coconut sugar [29]. Elevated alcohol content suggests a greater influence of microbial
activity during sap collection or processing, a factor previously noted in studies on naturally
fermented coconut sap products [30].
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Additionally, heatmap clustering revealed significant compounds in Indonesian and
Malaysian palm sugars, including pyrazines (methylpyrazine and 2,5-dimethyl pyrazine),
methyl octanoate, and carboxylic acids (acetic and octanoic acids), which contributed
to the observed distinct volatile profiles. The differences in volatile profiles among the
sugars derived from palm, nipa, and coconut can be attributed to variations in the raw
sap composition, heat-induced reactions, fermentation, and plant physiology [31,32]. The
typical processing of palm sugar using traditional sugar processing is similar among palm,
nipa, and coconut, producing solidified brown sugar due to browning and the Maillard
reaction [31]. Saps from palm and nipa contain high levels of amino acids, phenolic
compounds, and complex sugars that serve as precursors for MRPs, caramelization, and
microbial fermentation [31,32]. These reactions generate complex volatiles that contribute
to the rich volatile profiles observed in these palm sugars. Hierarchical clustering analysis
further supported these findings by categorizing the palm sugars based on their volatile
compositions. Indonesian palm sugars from West Java and Central Java exhibited the
highest volatile contents, whereas Balinese palm sugar and Terengganu coconut sugar had
the lowest. Pyrazines, which have roasted and nutty aromas, are predominant in palm-
based sugars [27]. By contrast, nipa-based sugars are rich in carboxylic acids (e.g., acetic
and octanoic acids), giving them a distinct acidic note [27]. Coconut-derived sugars contain
an abundance of alcohols, notably [R,R]-2,3-butanediol, which contributes to their mild and
slightly creamy aroma [29]. Taken together, this study provides a detailed description of the
volatile compositions of palm sugars derived from different plant origins, demonstrating
clear distinctions in their aroma profiles. However, there are still several peaks that could
not be identified, therefore comparing overall volatiles from the samples, such as through
MS-e-nose analysis, is required to capture their comprehensive profiles.

The MS-e-nose profiles showed the captured ion masses of VOCs in Indonesian and
Malaysian palm sugars of different plant origins. The e-nose generated a “fingerprint” of
the VOCs, essentially providing an initial qualitative analysis of the volatile profiles. UV
scaling reduced the influence of extreme values, making it useful for observing overall
trends rather than small compositional differences [17]. Notably, ion masses such as m/z 43,
45,128, and 134, which represent predominant hydrocarbons, were positioned farther from
other ion masses, indicating their higher abundance in the Central Java sugars derived
from Nipa. In contrast with UV scaling, PAR scaling balanced the variable contributions by
normalizing each feature based on its mean, leading to a different sample distribution in the
PCA plot [17]. The separation between different palm sugar groups was more pronounced
and centered in the PAR-scaled PCA and emphasized the dominant ion masses such as
m/z 39, 41, 42, 43, 45, 57, 58, 60, 95, 96, and 108, indicating that this method enhanced
differentiation among the sugars.

PAR scaling ensures that moderately abundant volatiles are not overshadowed by the
dominant ones thus improving the ability to detect subtle differences [33,34]. This method
effectively highlighted the key VOCs that were most influential in differentiating between
the sugars, revealing unique volatile signatures for each sugar type. The key difference
between UV and PAR scaling is the manner in which each approach handles variable
contributions. The PAR-scaled PCA plot highlighted stronger differentiation among the
sugars, with palm sugars clustered separately from nipa and coconut sugars. Ion masses
such as m/z 43, 45, and 60 indicated the presence of acetic acid and other small carboxylic
acids, which contribute to the sour and vinegar-like notes in palm sugar [14]. Meanwhile,
m/z 57, 58, and 108 were associated with dimethylpyrazines, which impart nutty, roasted,
and caramel-like aromas. Additionally, m/z 95 and 96 suggested the presence of phenolic
or furan compounds, contributing to smoky and caramelized characteristics [14]. The
hydrocarbon and aldehyde fragments observed at m/z 39, 41, and 42 likely arose from
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lipid oxidation or sugar degradation, which influenced the overall volatile profile of the
products [35]. In summary, although the UV scaling method provided a balanced represen-
tation of the dataset, all volatiles contributed equally, leading to a more even distribution
of the samples. However, this method does not adequately emphasize the dominant VOCs.
Meanwhile, the PAR scaling method provided a more centered distribution, highlighting
the most significant VOCs and offering a better understanding of the distinct volatile
profiles for each palm sugar. This approach enabled the clearer identification of compounds
with strong discriminatory power, without amplifying background variation.

While this study provides valuable insights into the volatile profiles of palm sugars
from different plant and geographical origins, the limitations should be acknowledged,
including the absence of other plant origins such as the siwalan palm, as well as sensory
evaluations that could limit the direct correlation between the chemical profiles and the
perceived flavor characteristics. Taken together, this study describes in detail the volatile
compositions of palm sugars derived from different plant origins, demonstrating clear
distinctions in their aroma profiles. These findings reinforce the distinct aromatic profiles
of palm sugars of different plant origins and provide insights into their unique sensory at-
tributes. However, specific production techniques can vary between regions and producers,
leading to differences in the final products. Local production practices play a crucial role
in stabilizing product quality, ensuring consistent volatile composition, and maintaining
desirable sensory characteristics. Standardizing key processing steps such as sap collection,
heating conditions, and fermentation control is essential for improving product uniformity
and enhancing the overall quality of palm sugar. Further investigations are required to op-
timize production methods and minimize variations, ultimately leading to better and more
stable products in the future. Future studies should explore the relationship between these
volatiles and consumer sensory perceptions to validate the observed chemical differences
in a practical context.

5. Conclusions

Volatile component composition as determined by GC-MS analysis and MS-e-nose
profiling demonstrated clear distinctions in the VOCs of Indonesian and Malaysian palm
sugars, influenced by plant origin and geographical factors. Key VOCs such as pyrazines,
carboxylic acids, and alcohols were predominant and contributed to the characteristic
aroma of palm sugars. In addition, differences in the volatile compound composition were
further influenced by plant source, where palm-derived sugars contained more pyrazines
and acids, nipa-derived sugars exhibited higher contents of esters and ketones, and coconut-
derived sugars had the lowest VOCs content, which may have been caused by limited
Maillard reactions and caramelization. Multivariate analysis supported these findings, with
PCA and heatmap clustering clearly separating Indonesian and Malaysian palm sugars
based on their volatile composition. Additionally, the MS-e-nose analysis, enhanced by
PAR scaling, effectively classified palm sugar types, improving the separation of palm sugar
types by balancing the contributions from both dominant and minor VOCs. This study
underscores the significant impact of plant origin on palm sugar aroma, which influences
the sensory attributes and consumer perception. Understanding these variations can aid
in the optimization of processing techniques to enhance desirable flavor characteristics.
Future research integrating sensory evaluation and foodomics will further elucidate the
link between the volatile composition and consumer preferences.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors13050155/s1, Table S1: Volatile organic components
in Indonesian and Malaysian palm sugars of different plant origins; Table S2: MS abundance of ion
masses in Indonesian and Malaysian palm sugars of different plant origins, obtained by MS-e-nose
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analysis; Figure S1: Typical chromatograms of Indonesian and Malaysian palm sugars of different
plant origins obtained by GC-MS analysis; Figure S2: Typical chromatograms of Indonesian and
Malaysian palm sugars of different plant origins obtained by MS-e-nose analysis.
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