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Abstract

Tea-flavor baijiu, in which the aroma combines the tea note and the typical profile of
baijiu, has brought a fresh flavor to the market. Yet its flavor evolution during the storage
period and the associated changes in volatile compounds remain poorly characterized. To
systematically address the flavor profile dynamics during storage, the study evaluated tea-
flavor baijiu of varying ages using integrated sensory and instrumental analyses. Through
napping with ultra-flash profiling (Napping-UFP) and check-all-that-apply (CATA), the
sensory attributes from aroma, flavor, and mouthfeel profiles of tea-flavor baijiu were
established, and quantitative descriptive analysis (QDA) was employed to distinguish
the distinct sensory profiles among samples with different aging durations. The overall
aroma patterns were examined using an electronic nose (E-nose), and the distinction of
sample A401 with the longest storage period was notable. Headspace gas chromatography—
ion mobility spectrometry (HS-GC-IMS) and headspace solid-phase microextraction—gas
chromatography-mass spectrometry (HS-SPME-GC-MS) were used to identify and quantify
the volatile compounds, while aging notably altered volatile composition with increased
ester levels and reduced alcohol content; hence, the short-aged (one to three years), mid-
aged (four to six years), and long-aged (seven and eight years) samples could be easily
differentiated. Through the analysis of the data, 12 key odor-active compounds, namely
(E)-2-methyl-2-butenal, ethyl caproate, 3-methylbutanal, 2-pentanone, ethyl acetate, ethyl
heptanoate, ethyl 2-methylbutanoate, ethyl pentanoate, ethyl butyrate, ethyl hexanoate,
ethyl octanoate, and 2,4-di-tert-butylphenol, were identified as major contributors to shifts.
Furthermore, Pearson correlation analysis revealed a strong negative association between
the accumulation of esters and the intensity of tea aroma in long-aged samples, clarifying
the chemical mechanism underlying the diminished tea note in aged tea-flavor baijiu.
This study provides new insights into the impact of aging on the flavor profile of tea-
flavor baijiu and offers a scientific foundation for improving its production, storage, and
quality management.
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1. Introduction

Baijiu, with a legacy of over 2000 years, is a key symbol of traditional Chinese culture
and has gained global acclaim for its unique aroma and complex flavor. Recognized as
one of the world’s six major distilled spirits—alongside whisky, brandy, vodka, gin, and
rum—it stands apart for its exceptionally intricate sensory profile [1]. Unlike other dis-
tilled liquors, baijiu’s complexity arises from diverse brewing practices that yield a broad
spectrum of aroma-active compounds, including volatile, semi-volatile, and non-volatile
substances [2,3]. This diversity is driven by variations in raw materials (e.g., sorghum,
wheat, corn, rice), regional and climatic conditions, and a multifaceted production process
involving cooking, saccharification, fermentation, distillation, aging, and blending. To-
gether, these elements have led to the classification of baijiu into 12 distinct flavor types [4,5].
Among them, strong-flavor baijiu is the most popular. It is known for its rich cellar aroma,
sweet yet crisp taste, harmonious bouquet, and lingering finish. For nearly 30 years, it has
held a leading position in the market [6,7]. These distinctive characteristics have sparked
considerable scientific interest, particularly in understanding how trace compounds evolve
during storage. Recent research has advanced our knowledge of the chemical transforma-
tions underlying baijiu’s signature aroma and flavor.

A variety of advanced analytical techniques have been employed to identify flavor
compounds in baijiu. Among them, electronic sensory technologies—particularly the
electronic nose (E-nose)—offer distinct advantages over traditional sensory evaluation,
including higher speed, objectivity, sensitivity, and efficiency. E-nose systems are now
widely used to profile aroma characteristics and have successfully distinguished sensory
differences between successive batches of baijiu [8]. Headspace solid-phase microextrac-
tion coupled with gas chromatography-mass spectrometry (HS-SPME-GC-MS) is another
widely applied method for analyzing volatile organic compounds (VOCs). It enables accu-
rate, reproducible quantification of aroma components and supports rapid characterization
of complex volatile profiles [4]. More recently, headspace gas chromatography—ion mobility
spectrometry (HS-GC-IMS) has gained attention as a complementary approach. Unlike
HS-SPME-GC-MS, it directly analyzes headspace gases without pre-concentration, provid-
ing a more representative aroma profile. HS-GC-IMS is faster, more sensitive, and more
cost-effective than GC-MS and has demonstrated strong utility in constructing volatile
fingerprints across diverse food matrices [9]. To date, over 2000 volatile compounds—such
as esters, alcohols, aldehydes, ketones, acids, acetals, and lactones—have been identified in
baijiu using these methods [2]. Current research increasingly focuses on key aroma-active
compounds and the dynamic changes in VOCs across different baijiu types during stor-
age to elucidate the primary contributors to its sensory characteristics, because the aging
procedure can enhance the organoleptic quality of baijiu.

The alcoholic beverage industry is rapidly evolving, driven by diverse consumer
preferences, a younger audience, and increasing demand for trend-oriented and health-
conscious products. In this context, tea—the world’s second most consumed non-alcoholic
beverage—has gained attention as a promising ingredient in alcoholic drink innovation,
owing to its distinctive flavor and well-established health benefits. Tea’s characteristic
aroma and taste arise from specialized metabolites generated through complex biosyn-
thetic pathways, contributing to its fresh, rich, and diverse flavor profile, which has been
widely studied [10]. In addition, tea contains numerous bioactive compounds—such as
polyphenols, flavonoids, amino acids, and alkaloids—that exhibit antioxidant [11], anti-
inflammation [12], anti-cancer [13], and lipid-lowering effects [14], reinforcing its role in
promoting health.

Tea-flavor baijiu, a novel blend of traditional baijiu and tea, offers a unique sensory
experience by enhancing aromatic complexity while aligning with contemporary market
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trends. Preliminary studies also suggest metabolic benefits, including elevated circulating
insulin levels in rats, without affecting hepatic lipid metabolism gene expression [15].
However, research on tea-flavor baijiu remains limited. Although recent research has
compared the differences between green-tea-flavor liquor and tea-free control liquor to
uncover the key odorants, mostly terpene compounds, contributing to the tea aroma in the
green-tea-flavor liquor [16], the identification of key aroma compounds is still in its infancy,
and little is known about how its flavor profile evolves during storage.

To fill existing research gaps, this study conducts a comprehensive analysis of the fla-
vor characteristics of tea-flavor baijiu using an integrated approach that combines sensory
evaluation, E-nose, HS-GC-IMS, and HS-SPME-GC-MS. The objectives are to (i) compare
aroma profiles of tea-flavor baijiu at different aging stages, (ii) identify key odor-active
compounds, and (iii) reveal changes in volatile composition over time. Sensory evaluation
and E-nose analysis were employed to further characterize aroma attributes. Addition-
ally, VOCs from samples stored for varying durations were analyzed using multivariate
statistical methods to track fluctuations and determine major contributors. Relative odor
activity values (rOAVs) were calculated to highlight compounds with the highest sensory
relevance. This study offers novel insights into the evolving flavor profile and metabolite
dynamics of tea-flavor baijiu during storage, contributing to a deeper understanding of
its aroma composition and providing a scientific basis for optimizing aging and quality
control practices.

2. Materials and Methods
2.1. Samples and Reagents

Tea-flavor baijiu samples that had an average alcoholic content of 40.8% with varying
aging durations from one to eight years (A401-A408) were provided by Luzhou Lao-
jiao Health Liquor Co., Ltd., (Luzhou, Sichuan, China). The samples were all stored
at the same warehouse in Sichuan Luzhou (Longitude: 105°08" E-106°28' E; Latitude:
27°39 N-29°20" N) and kept in a dark place during their aging processes; more detailed
information is presented in Table S1. Cy—Cyg n-alkane and C4—Cg ortho-ketone standards
of GC grade for GC-MS analysis were obtained from Sigma-Aldrich Chemical Co., Ltd.,
(St. Louis, MO, USA). GC-grade p-methoxybenzaldehyde (CAS: 123-11-5, >99%), 2-octanol
(CAS: 4128-31-8, >99%), and ethanol (CAS: 64-17-5, >99%) were supplied by Macklin
Biochemical Co., Ltd., (Shanghai, China). All remaining reagents of food grade, such as
ethyl caproate, acetic acid, hexanal, f-phenylethanol, ethyl acetate, quinine, and alcohol,
were purchased from Shanghai Aladdin Reagent Co., Ltd., (Shanghai, China) and used as
received without further purification.

2.2. Sensory Evaluation

The sensory evaluation of tea-flavor baijiu was performed using napping with ultra-
flash profiling (Napping-UFP), check-all-that-apply (CATA), median, and quantitative
descriptive analysis (QDA) following previously established methodologies [17,18]. Ethical
approval was obtained from the SWU Institutional Review Board (IRB No. HF20240904),
as the protocol was deemed to involve no foreseeable risk. Written informed consent was
reviewed, approved, and signed by all participants prior to their involvement.

A total of 13 trained assessors (7 male, 6 female), aged 20 to 35 years, were recruited
from Southwest University based on their good olfactory acuity and descriptive capabilities.
Prior to formal evaluation, assessors received training on fundamental aroma detection and
scale operation. The training consisted of ten 1 h sessions, during which they were exposed
to commercial tea-flavor and strong-aroma baijiu samples that exhibited diverse sensory
characteristics. Sample presentation was randomized, with a minimum 3 min interval
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maintained between tastings. Palates were rinsed between samples. Each 10 mL sample
was served in a clear baijiu tasting glass with a lid and labeled using a random three-digit
code. During the napping phase, assessors positioned the samples on a two-dimensional
coordinate plane, grouping similar samples in proximity and separating dissimilar ones.
Positioning time was not restricted, and spatial coordinates were recorded for each sample.
In the subsequent UFP phase, sensory attributes—aroma, taste, and mouthfeel—were
described using freely chosen terms, including adjectives and quantifiers. Descriptors were
refined through group discussion; terms related to hedonic impressions, quantification,
or irrelevance were excluded. A 5-point scale (1 = weak, 5 = strong) was used to assess
descriptor intensity. The geometric mean value (M) was calculated using Equation (1) to
quantify descriptor relevance and eliminate low-salience terms:

M = VF x I 1)

where F denotes the relative frequency of a descriptor (i.e., the proportion of actual to
potential mentions) and I represents its relative intensity (i.e., the proportion of assigned to
maximum possible intensity).

Based on a Williams Latin Square design, a final set of descriptors and corresponding
M values (Table S2) was confirmed. Panelists were then trained for 45 h (15 sessions,
3 h for each session) using physical reference standards (Table S3) to anchor descriptors
to concrete sensory stimuli. QDA was subsequently employed to assess the intensity of
aroma attributes across samples. A 15-point scale was utilized for evaluation, with scores
of 1-5 indicating weak intensity, 6-10 moderate, and 11-15 strong, as calibrated by the
reference standards.

2.3. E-Nose Analysis

The aroma profile of tea-flavor baijiu was analyzed using an E-nose (Bosin Co., Ltd.,
Shanghai, China) in accordance with a previously established protocol [19]. A 15 mL aliquot
was placed in a 40 mL headspace vial, sealed, and equilibrated at room temperature for
20 min. The system was preheated, purged for 90 s, and calibrated after each measurement.
Detection was carried out over 45 s with an intake flow rate of 400 mL/min. Each sample
was analyzed in triplicate.

2.4. HS-GC-IMS Analysis

HS-GC-IMS was performed as outlined by Zhou et al. [20]. A GC-IMS system
(FlavourSpec®, G.A.S., Dortmund, Germany) equipped with an MXT-WAX column
(15m x 0.53 mm, 1.0 um; Restek, Bellefonte, PA, USA) was utilized for volatile com-
pound detection. Static headspace injections were carried out using an automated sampler
(CTC-PAL 3, CTC Analytics AG, Zwingen, Swaziland). A 1 mL aliquot of the sample,
previously diluted 100 times with ultrapure water, was transferred into a 20 mL headspace
vial. An internal standard (10 pL of 1000 mg/L 2-octanol in methanol) was added and
mixed thoroughly. The vial was equilibrated at 60 °C with agitation at 500 rpm for 15 min.
A 500 pL injection was performed in splitless mode, with the needle maintained at 105 °C.
Chromatographic separation was conducted at a column temperature of 60 °C, with the
injection port at 80 °C and the IMS chamber at 45 °C. Nitrogen (>99.999% purity) was used
as the carrier gas. The program lasted for 40 min, and the flow rate was programmed to
start at 2.0 mL/min for 2 min, increase to 10.0 mL/min by 8 min, then to 100.0 mL/min by
10 min, and hold for 20 min. Other experimental parameters were set as follows: the ioniza-
tion source was a tritium source (°H); the drift tube length was 53 mm; the electric field
strength was 500 V/cm; the drift tube temperature was maintained at 45 °C; high-purity
nitrogen (purity > 99.999%) was used as the drift gas, with a flow rate of 75.0 mL/min;
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the ion mode was set to positive ion mode; the gate open time was 100 ps; and the gate
close voltage was 90 dgt. C4—Cg ortho-ketone standards were analyzed under identical
conditions. Retention index (RI) values were calculated using a standard curve of Rl versus
retention time (RT). Compound identification was achieved by matching signals with
entries in the NIST database and the G.A.S. GC-IMS library.

2.5. HS-SPME-GC-MS Analysis

VOCs in tea-flavor baijiu were extracted and analyzed by HS-SPME-GC-MS based
on a previously described method with minor modifications [21]. The samples were
diluted 80 times with ultrapure water, and each 5 mL diluted sample was placed in a 20 mL
headspace vial containing an internal standard solution. Saturation was achieved by
adding 2.0 g of sodium chloride. After equilibrating at 50 °C for 5 min, a 50/30 um
DVB/CAR/PDMS fiber (Supelco, Bellefonte, PA, USA) was exposed to the headspace at
the same temperature for 30 min. The fiber was then inserted into the injector port at 250 °C
for analyte desorption over 5 min, followed by an additional 5 min heating step to prevent
cross-contamination. Extractions were performed using an automated headspace sampler
(AOC-20i, Shimadzu, Kyoto, Japan).

GC-MS analysis was carried out using a GCMS-QP2010 system (Shimadzu, Kyoto,
Japan) equipped with an Rtx-5MS capillary column (30 m x 0.25 mm, 0.25 um; Restek,
Bellefonte, PA, USA). Helium (>99.999% purity) was used as the carrier gas at a constant
flow rate of 1.0 mL/min with a 10:1 split ratio. The oven temperature was programmed as
follows: initial hold at 50 °C for 2 min, ramp to 200 °C at 4 °C/min, and then to 230 °C at
10 °C/min. Mass spectrometry was conducted in electron impact (EI) mode at 70 eV, with
the ion source and transfer line temperatures set to 230 °Cand 260 °C, respectively. Data
were collected in selected ion monitoring (SIM) mode, scanning from 30 to 550 amu. All
analyses were performed in triplicate.

Compound identification was achieved by matching mass spectra to entries in the
NIST17 database. RI values were calculated using a standard mixture of n-alkanes (C7—Cjg)
for external calibration.

2.6. Relative Odor Activity Value (rOAV) Calculation

The relative odor activity value (rOAV) and the ratio of each rOAV to the maximum
rOAV (ROAV) were applied to quantify the contribution of individual volatile compounds
to the overall aroma, based on their relative concentrations [22,23]. The rOAV was calcu-

lated using Equation (2):

C
rOAV = )

where C indicates the relative concentration of a volatile compound and OT refers to its
odor threshold in water. Threshold values were sourced from the published literature.
The ROAV of compound i was determined using Equation (3):

I‘OAVi

ROAV;, = —————
rOAV max

%100 3)
where rOAV 5« represents the highest rOAV among all volatile compounds identified in
tea-flavored baijiu.

2.7. Statistical Analysis

All experiments were performed in triplicate. Data are presented as means + standard
deviations (SDs). Statistical significance for multiple comparisons and Pearson corre-
lation analysis was evaluated by one-way ANOVA using SPSS software (version 27.0),
with p < 0.05 considered significant. Correlation heatmaps were generated via ChiPlot
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(https:/ /www.chiplot.online/, accessed on 1 September 2025). Principal component anal-
ysis (PCA) and partial least squares discriminant analysis (PLS-DA) were conducted using
the OmicShare platform (https://www.omicshare.com/, accessed on 20 August 2025).
Upset plots and linear discriminant analysis (LDA) were visualized using R software
(version 4.1.2).

3. Results and Discussion
3.1. Characteristics of Aroma, Flavor and Mouthfeel in Samples

As a critical bridge connecting objective physicochemical changes (e.g., flavor com-
pound transformation) to consumer sensory experience, sensory experiments have irre-
placeable advantages of comprehensiveness and consumer relevance in clarifying how
samples’ quality evolves during storage. Given the limited sensory research on tea-flavor
baijiu relative to traditional baijiu types, Napping-UFP and CATA methods were employed
to develop an initial set of sensory descriptors. Descriptor importance was assessed using
M-values (Table S2), and only those with high significance in aroma, flavor, and mouthfeel
were retained. Ultimately, 27 descriptors were selected for aroma types, 11 for aroma pro-
files, 10 for flavor, and 6 for mouthfeel. To further differentiate aroma characteristics, QDA
was performed by trained panelists, which enabled objective, precise, and comprehensive
profiling of sample differences. Results were visualized using radar plots and PCA biplots
(Figure 1) to enable multidimensional comparison among samples.

As illustrated in Figure 1A, the radar plots identified the main aroma attributes of
tea-flavor baijiu: liquor-like, sweet, fruity, floral, alcoholic, sour, and pungent—closely
mirroring the profiles of strong-aroma baijiu, the base liquor for these samples [24]. Overall,
aroma intensity varied only slightly across samples. However, tea-aroma intensity declined
noticeably with prolonged storage, suggesting progressive aroma loss over time. This
observation aligns with previous findings on tea storage, where extended aging may
reduce aromatic quality or produce undesirable notes [25], underscoring the importance
of determining an optimal storage period. The PCA biplot (Figure 1B) showed that the
first two principal components accounted for 61.31% of the total variance, indicating that
the 11 aroma descriptors effectively captured the main sensory differences. Notably, the
second component (F2) nearly differentiated samples by storage duration, with sample
A401 distinctly separated based on its unique aroma profile. Also, we could find that the
samples with a longer storage period (A401-A404) were separated far from the aroma
attributes compared with other samples in Figure 1B, which unveiled the fact that the
comprehensive aroma of tea-flavor baijiu was weakened with time.

The radar plot of flavor descriptors (Figure 1C) identified key sensory attributes of
tea-flavor baijiu, including alcoholic, aged, sweet aftertaste, woody, bitter, and sweet notes.
With increasing storage time, the intensities of bitter, woody, and aged flavors declined,
particularly bitterness—potentially enhancing overall palatability for consumers [21]. This
trend was further supported by the PCA biplot, which distinctly separated samples by stor-
age duration along the first principal component (F1). Shorter-aged samples (A406—-A408)
exhibited stronger bitter, woody, aged, sweet, and tea-like flavors compared to long-aged
ones (A401-A405), confirming the progressive loss of these flavor notes, including tea
aroma, over time—a result consistent with the aroma profile analysis. Notably, the storage
could decrease the intensity of the bitter flavor, indicating the aged process of the tea-flavor
baijiu may promote a pleasant flavor, which was consistent with the discovery of the radar
plot of samples in flavor attributes.

For mouthfeel, the radar plot (Figure 1E) highlighted dominant sensations such as
harmonious, lasting, mellow, and soft textures. These qualities were consistent with prior
reports on strong-aroma baijiu [17]. Notably, astringency was milder in tea-flavor baijiu,


https://www.chiplot.online/
https://www.omicshare.com/

Processes 2025, 13, 3359

7 0f 23

(A)

pungent-A

(©)

sweet aftertaste-F

alcoholic-F

(E)

harmonious-M

lasting-M

likely due to the addition of tea extract, indicating its contribution to a smoother and more
balanced mouthfeel. The PCA of mouthfeel descriptors (Figure 1F) showed that the first two
components accounted for 78.31% of the total variance, with F1 effectively distinguishing
samples by aging period. Younger samples (A406-A408) displayed higher intensities
across all mouthfeel attributes, while mid-aged samples (A403-A405) clustered closely,
suggesting comparable mouthfeel profiles. These results indicated a general weakening of
mouthfeel intensity with aging, which was similar to the results for the aroma of samples,
underscoring the need to define an optimal storage duration to maintain both flavor
complexity and tea-related sensory qualities in tea-flavor baijiu.
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Figure 1. Sensory characteristics of tea-flavor baijiu by QDA. (A) The radar chart of the aroma
descriptors. (B) The PCA score plot of the aroma descriptors. (C) The radar chart of the flavor
descriptors. (D) The PCA score plot of the flavor descriptors. (E) The radar chart of the mouthfeel
descriptors. (F) The PCA score plot of the mouthfeel descriptors.



Processes 2025, 13,

3359

8 of 23

(A)

sensor_9

sensor_8

sensor_10

sensor_7

3.2. E-Nose Profiling of Volatile Compounds

While sensory analysis can detect differences in aroma, flavor, and mouthfeel, it
lacks the sensitivity to distinguish subtle variations among tea-flavor baijiu samples with
different storage durations. This limitation may partly reflect inadequate panelist training,
but more broadly, conventional sensory evaluation often struggles to objectively quantify
nuanced taste attributes. To overcome this constraint, an E-nose was employed for its
advantages in speed, cost-efficiency, and portability. The E-nose assessed flavor differences
among samples of varying storage ages, with results presented in Figure 2. As shown
in the radar plot (Figure 2A), response patterns across sensors were generally consistent;
however, signal intensities varied with storage time, demonstrating the E-nose’s capacity to
detect age-related flavor changes. Sensors 1, 2, 4, 5, 6, and 7 showed the most pronounced
responses. All sensors, except for sensor 2, which displayed a decreasing trend, exhibited
increased signal intensities with prolonged aging. Notably, samples A401 and A402 showed
significantly different sensor 2 responses compared to other samples (p < 0.05). These trends
suggested increased levels of alkanes, sulfides, alcohol-aldehydes, and aromatic compounds
during aging—compounds to which the sensors are particularly sensitive—alongside a
decrease in certain alcohols typically associated with the sharp, irritating aroma of freshly
distilled baijiu. These shifts were likely driven by oxidation and esterification reactions
during storage, which reduced harshness and improved smoothness in aged baijiu [26].
However, a key limitation of the E-nose is its poor sensitivity to esters, which are essential
contributors to baijiu’s characteristic aroma and are critical indicators of overall quality [27].
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Figure 2. E-nose analysis. (A) The radar chart and LDA (B) of the E-nose response data.

LDA was employed to enhance intergroup separation while minimizing intragroup
variability, thereby improving the differentiation of aroma profiles among tea-flavor baijiu
samples and enabling clear visualization of their distinctions (Figure 2B) [28]. The model ac-
counted for 99.7% of the total variance (LD1 = 97.5%, LD2 = 2.2%), effectively summarizing
the aromatic variation across samples. Sample A401 was distinctly isolated from the others,
indicating a markedly different aroma profile likely due to prolonged storage, and can be
classified as the long-term storage category. This strong outlier effect reduced the resolution
among the remaining groups. To address this, a second LDA was performed excluding
A401 (Figure S1), yielding improved separation. The revised model explained 84.4% of the
variance (LD1), clearly differentiating the remaining seven samples (A402-A408). Among
these, A402 showed the most distinct profile, while A403 and A404 exhibited partial over-
lap; however, the distances among them were still quite close, relatively, and they can
be generally grouped as medium-aged samples. Samples A405-A408, as the short-term



Processes 2025, 13, 3359

9o0f23

storage samples, formed a relatively compact cluster. These results suggested that tea-flavor
baijiu can be broadly grouped into short-, medium-, and long-term storage categories based
on aroma characteristics, confirming that aging significantly influenced sensory profiles,
and can allow one to simply understand the influence of the duration of time on the change
in the flavor of the sample, which provides a theoretical basis for differentiating the flavors
of samples based on the aging time. However, while manual and electronic sensory tech-
niques can differentiate overall aroma patterns, they lack the ability to pinpoint the specific
compounds responsible. Advanced analytical methods were therefore essential to identify
the key aroma-active compounds underlying these differences.

3.3. HS-GC-IMS Results
3.3.1. Variation in Volatile Compounds Across Storage Periods Identified by HS-GC-IMS

HS-GC-IMS, as a powerful, rapid, and sensitive analytical technique for identify-
ing and quantifying VOCs, was employed to analyze the volatile compound profiles of
tea-flavor baijiu. This technique, based on two-dimensional (2D) separation, enables ac-
curate identification of analytes and provides a comprehensive representation of aroma
characteristics. Results are presented in Figure 3. In the 2D chromatogram (Figure 3A),
the red vertical line represents the reaction ion peak (RIP), while each surrounding point
corresponds to a volatile compound. Compound identification was based on retention
time (RT), retention index (RI), drift time, and ion mobility (Ko). Color intensity indicates
concentration: white denotes low levels, red indicates high levels, and deeper shades reflect
higher concentrations [9]. Most volatiles were detected within an RT range of 200-800 s,
with a few high-polarity compounds appearing between 800 and 1000 s.

To highlight inter-sample variation, a differential spectrum was generated using A401
as the reference (Figure 3B). By subtracting the reference signal, changes in compound
concentrations were visualized: white indicates no change, blue indicates a decrease, and
red indicates an increase. Samples A406—-A408 displayed significant differences from A401
and other groups, while A403-A405 exhibited similar spectral patterns. A402, with a
lighter background, showed closer similarity to A401. These results suggest that volatile
compound composition and concentration in tea-flavor baijiu evolve with aging, likely
contributing to observed changes in aroma and overall sensory quality.

Figure 3C presents the gallery plot fingerprint of VOCs in tea-flavor baijiu across
different storage periods. “M” and “D” denote monomer and dimer forms of the same
compound, respectively, aiding in the visualization of compositional shifts. A total of
65 peaks representing 50 VOCs were identified, including 6 aldehydes, 7 ketones, 9 alco-
hols, 2 acids, 14 esters, 1 terpenoid, and 11 unidentified compounds. Semi-quantitative
analysis (Table S4 and Figure 3D) showed that total VOC levels increased with storage time,
consistent with previous findings that aging enhances flavor development in baijiu [28].
Esters were the predominant class, comprising 74.29-79.04% of total VOCs, followed by
alcohols (10.08-15.27%) (Figure 2A), which were aligned with the chemical compositions
of strong-aroma baijiu [17]. Esters are mainly formed through esterification and oxidation
during distillation and aging, while alcohols arise from the reduction of aldehydes derived
from raw materials [29,30]. Both play essential roles in shaping baijiu’s aroma profile, in
agreement with Huang et al. [4]. Longer-aged samples exhibited significantly lower con-
centrations of alcohols—particularly 1-propanol, butanol-D, and 1-pentanol-M—alongside
higher levels of esters and acids (p < 0.05), while these variations were consistent with
the dynamic changes of aged baijiu in a previous report [27]. This compositional shift
may diminish sweet aroma notes, consistent with sensory evaluation results. The trend
aligns with reported oxidative conversion of alcohols to acids during storage. However,
some studies have also noted a subsequent decline in acidity due to ongoing esterifica-
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tion in later aging stages—an effect not observed in our study [26], suggesting a need for
further investigation.
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Figure 3. Analysis of volatile components in tea-flavor baijiu by HS-GC-IMS. (A) Two-dimensional
chromatogram results of volatile fractional compositions in samples. (B) Comparison of differences

in topographic maps. (C) The volatile substances fingerprint of different years of samples. (D) The

distribution of different kinds of volatile substances in the samples. (E) Principal component analysis

(PCA) biplot of volatile substances’ relative content. (F) Partial least squares discriminant analysis
(PLS-DA) of HS-GC-IMS data. (G) The heatmap of volatile substances in different baijiu samples

with VIP > 1.
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3.3.2. Multivariate Analyses (PCA, PLS-DA) Based on HS-GC-IMS Data

PCA was performed to assess variations in volatile compounds among tea-flavor baijiu
samples with different aging durations. As shown in Figure 3E, the first two principal
components (PC1 and PC2) accounted for 48.82% and 18.83% of the total variance, respec-
tively, with a combined contribution of 67.65%, effectively summarizing the volatile profiles.
The PCA score plot showed a clear progression from right to left with increasing storage
time. Samples A406-A408, clustered on the right, exhibited similar profiles characteristic
of freshly aged baijiu. In contrast, samples A401-A405, positioned on the left, displayed
notable differences. A401-A402 were clearly separated from A403-A405, highlighting
compositional distinctions between medium- and long-aged samples, consistent with the
differential spectrum analysis above. To further explore compound-level differences, an
Upset plot (Figure S2B) was used to identify shared and unique VOCs. The number of
detected compounds declined with aging: A408 (fresh sample) contained the most, while
A401 (seven-year-aged) had the fewest. Across all samples, 56 VOCs were shared. Notably,
A406-A408 contained three unique compounds—(E)-2-hexenal-M, 1-pentanol-D, and one
unidentified compound (Unknown 11)—which may contribute to their distinct aroma
profiles. (E)-2-hexenal-M imparts a green and leafy note, while 1-pentanol is associated
with fruity and floral aromas in tea flavor [31], suggesting these tea-derived volatiles were
released during early aging stages. Additionally, 2-furaldehyde and 3-octanone were
present in all samples except A401, implying potential oxidation into acids during extended
storage. A408 also contained two exclusive volatiles—linalool and another unidentified
compound (Unknown 4). Linalool, a key contributor to tea aroma [32], reinforced the
strong tea character of the fresh sample and highlighted the inevitable loss of tea volatiles
with prolonged aging.

PLS-DA was conducted using quantitative data on volatile compounds (Figure 3F).
The model exhibited strong explanatory and predictive capacity (R*X = 0.995, R?Y = 0.985,
Q? = 0.956), effectively separating all eight tea-flavor baijiu samples. The groupings
closely aligned with those from PCA, further validating the model’s reliability in distin-
guishing samples by storage duration. The samples were broadly classified into three
groups, reflecting progressive changes in VOC composition with aging. The uniqueness
of A401 was particularly evident. To identify the volatiles contributing most to sample
discrimination, compounds with variable importance in projection (VIP) scores >1 were
analyzed, as these are considered significant for class separation [4]. A heatmap of these
compounds is shown in Figure 3G. In total, 23 volatiles with VIP > 1 were identified,
including 2-methylpropanal, (E)-2-methyl-2-butenal, 2-furaldehyde, acetone, butanol-D,
3-methylbutan-1-ol (monomer and dimer), linalool, acetic acid-M, ethyl formate, acetic acid
ethyl ester, ethyl 2-methylpropionate, and a range of esters such as ethyl 3-methylbutanoate,
ethyl pentanoate, ethyl caproate, and ethyl heptanoate in both monomeric and dimeric
forms. Among these, (E)-2-methyl-2-butenal, acetic acid ethyl ester, and ethyl caproate-D
showed VIP values exceeding 2, indicating their dominant role in defining aroma differ-
ences. Specifically, 2-methylpropanal and linalool were associated with tea-like aromas,
while esters such as acetic acid ethyl ester, ethyl butanoate, ethyl pentanoate, ethyl caproate,
and ethyl heptanoate contributed to the characteristic alcoholic, sweet, fruity, and floral
notes of baijiu. These results underscore the critical role of aging in modulating key aroma-
active compounds, marked by an accumulation of esters and acids and a reduction in
alcohols among compounds with high VIP values.

3.3.3. Calculation Results of rOAVs and ROAVs Based on HS-GC-IMS Data

To further assess the contribution of volatile compounds to the overall aroma of
the eight tea-flavor baijiu samples, both rOAVs and ROAVs were calculated (Table 1).
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These metrics reflect the ratio between a compound’s concentration and its odor thresh-
old in a given medium, with higher values indicating greater sensory relevance. Com-
pounds with ROAVs between 1 and 100 are typically considered primary aroma contrib-
utors, while those ranging from 0.1 to 1 are recognized as secondary contributors [33].
Among all detected compounds, 3-methylbutanal, characterized by its high concentra-
tion and low odor threshold, emerged as a major aroma-active component and was
used as the reference (ROAV = 100) in sample A403. In total, 40 VOCs had rOAVs > 1;
however, only 23 compounds met the criteria of rOAV > 1 and ROAV > 0.1 and were
therefore identified as key contributors to the aroma profile of tea-flavor baijiu. Esters
were the most dominant class, accounting for 11 of the 23 key compounds. Known for
their sweet, fruity, and floral notes, these esters were critical to the sensory quality of
tea-flavor baijiu. Notably, five esters—ethyl 2-methylbutanoate-D (ROAV: 20.27-47.63),
ethyl 2-methylbutanoate-M (31.82-59.56), ethyl caproate-D (4.21-6.89), ethyl pentanoate-D
(2.22-3.05), and ethyl 3-methylbutanoate-M (1.28-1.56)—showed ROAVs > 1 in all samples,
underscoring their consistent and substantial impact. Among them, ethyl caproate-D
also exhibited a VIP score > 1, further affirming its central role in the aroma profile. Sev-
eral non-ester compounds also contributed significantly to the overall aroma, including
3-methylbutanal (ROAV: 33.49-100), 2-pentanone (ROAV: 24.57-58.50), 1-penten-3-one
(ROAV: 1.03-1.25), 2-butanol (ROAV: 5.21-6.02), 2-pentanol-M (ROAV: 3.15-4.08), and
1-pentanol-M (ROAV: 2.98-11.95). In contrast, compounds typically associated with
green, leafy, or tea-like aromas exhibited relatively low ROAVs (<0.1), suggesting min-
imal influence on the overall sensory perception. Exceptions included 2-pentanol-D
(0.75-1.30), 2-pentanol-M (3.15-4.08), linalool (0.25), ethyl pentanoate-M (0.42-0.51), and
ethyl pentanoate-D (2.22-3.05). The generally low ROAVs of tea-characteristic volatiles
may account for the subdued tea aroma observed during sensory evaluation, likely due
to masking effects from more dominant compounds. However, the recent research about
the tea aroma in green-tea-flavor liquor reported that floral odorants, herbal /mint-like
odorants, and roasty odorants are the primary contributors to the tea aroma, indicating
the tea-derived compounds may also have a positive influence on the floral aroma in
the samples but can hardly be distinguished from the baijiu-derived components [16].
Therefore, though the intensity of tea aroma in the samples was quite low according to
the sensory evaluation mentioned above, the main reason may be the limitation of pan-
elists in telling the aroma differences between tea- and baijiu-derived compounds. This
also emphasizes the significance of advanced analytical technologies, such as HS-GC-IMS
and HS-SPME-GC-MS, which can identify and quantify the VOCs and help to focus on
the compounds with the tea-like aroma, as the typical compounds with relatively high
ROAUVs (> 0.1) mentioned above were the best evidence. In summary, combining PLS-DA
with rOAVs and ROAVSs, analyses identified (E)-2-methyl-2-butenal, ethyl acetate, ethyl
caproate-D, ethyl 2-methylbutanoate-D, ethyl 2-methylbutanoate-M, 3-methylbutanal, and
2-pentanone as the key volatiles shaping the distinctive aroma profile of tea-flavor baijiu,
as determined by GC-IMS.
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Table 1. The rOAVs and ROAVs of aroma compounds in different tea-flavor Baijiu samples detected by GC-IMS.
OTb rOAV ROAV
No. Compound Odor?
(ug/l) A401 A402 A403 A404 A405 A406 A407 A408 A401 A402 A403 A404 A405 A406 A407 A408
Aldehydes
Ald1 2-Methyl propanal banana, melon, slightly nutty 1c 2757.0 1095.5 5619.2 3143.4 2645.5 3174.7 1020.6 4646.5 056 022 115 064 054 065 021 0.95
Ald2 3-Methyl butanal chocolate, fat 0.005°¢ / 2644778  489,700.0 3779247 318975.7  408,865.3  163,990.7  363,408.5 / 54.01 100.0077.17 65.14 83.49 3349 74.21
Ald3 (E)-2-Methyl-2-butenal null N / / / / / / / / / / / / / / / /
Ald4 (E)-2-Hexenal-M green, banana, fat 824 / / / / / 117.7 64.3 60.4 / / / / / <01 <01 <0.1
Ald5 2-Furaldehyde sweet, woody, almond, bready 44029 ¢ / <1 <1 <1 <1 / <1 <1 / <01 <01 <01 <01 / <0.1 <0.1
Ald6 Benzaldehyde bitter almond, cherry, nutty 2000°¢ 4.8 5.2 5.6 4.8 5.3 3.1 29 3.2 <01 <01 <01 <01 <01 <01 <01 <01
Ketones
K1 Acetone fresh, apple, pear 832 f 121.5 108.1 100.5 115.9 105.2 92.5 929 85.4 <01 <01 <01 <01 <01 <01 <01 <0.1
K2 2-Pentanone acetone, fresh, sweet fruity, wine 0.098 8 286,461.8  268,470.6  180,665.0  166,637.1  162,625.8 151,879.3 121,177.1 130,672.4 5850 54.82 36.89 34.03 33.21 31.01 24.75 26.68
K3 3-Methyl-2-pentanone mint, honey N / / / / / / / / / / / / / / / /
K4 1-Penten-3-one strong pungent odors 0.94h 5220.7 5029.6 5893.1 6125.8 5382.6 5169.2 5091.0 5329.4 107 103 120 125 110 106 104 1.09
K5 2,3-Pentanedione sweet, cream, caramel, nuts, cheese 201 349.7 3739 413.6 4227 408.3 289.2 234.0 265.1 <01 <01 <01 <01 <01 <01 <01 <0.1
K6 2-Heptanone pear, banana, fruity, slight 1i 1629.3 1586.8 1813.9 1627.7 1585.8 1519.6 1344.9 13923 033 032 037 033 032 031 027 028
medicinal fragrance
K7 3-Octanone moldy, green, vegetable, 21k / 152.0 180.1 165.1 1715 225.6 224.1 237.9 / <01 <01 <01 <01 <01 <01 <01
mushroom, cheese, fruity
Alcohols
Alcl 2-Butanol fruity 0.66 8 29,069.9 28,715.9 27,655.3 28,106.3 25,502.2 26,927.2 27,425.8 29,464.4 594 586 565 574 521 550 560 @ 6.02
Alc2 1-Propanol alcohol, pungent 54,000 ¢ <1 <1 <1 <1 <1 <1 <1 <1 <01 <01 <01 <01 <01 <01 <01 <01
Alc3 2-Methyl-1-propanol-M fresh, alcoholic, leather 40¢ 1271.2 1275.7 1393.7 1310.8 1299.1 1371.5 1354.2 1409.2 026 026 028 027 027 028 028 029
Alc4 2-Methyl-1-propanol-D fresh, alcoholic, leather 40¢ 367.4 402.0 512.6 498.7 494.7 475.5 464.7 489.0 0.08 008 010 010 010 0.10 0.09 0.10
Alc5 2-Pentanol-D fusel oil, green 18 6357.2 6348.1 5369.2 5031.5 4959.7 4557.0 3916.1 3658.1 1.30 130 110 1.03 1.01 093 080 075
Alc6 2-Pentanol-M fusel oil, green 18 19,990.2 18,881.8 18,821.1 18,056.3 16,442.2 16,002.2 15,750.2 15440.2 408 386 3.84 369 336 327 322 315
Alc7 Butanol-D wine 2733.35¢ 28.9 30.0 39.6 412 415 46.2 46.3 47.7 <01 <01 <01 <01 <01 <01 <01 <0.1
Alc8 Butanol-M wine 2733.35¢ 11.4 11.2 11.0 10.7 10.2 12.6 12.2 12.2 <01 <01 <01 <01 <01 <01 <01 <0.1
Alc9 3-Methylbutan-1-ol-D whiskey, banana, fruity 179,000 ¢ <1 1.0 1.1 1.1 1.1 1.1 1.1 1.1 <01 <01 <01 <01 <01 <01 <01 <0.1
Alcl10 3-Methylbutan-1-ol-M whiskey, banana, fruity 179,000 ¢ <1 <1 <1 <1 <1 <1 <1 <1 <0.1 <01 <01 <01 <01 <01 <0.1 <0.1
Alcl1 1-Pentanol-M balsamic 0268 14,981.4 14,604.6 18,563.7 18,185.4 18,511.5 58,509.3 56,677.3 53,587.5 306 298 379 371 378 1195 11.57 10.94
Alcl12 1-Pentanol-D balsamic 0.268 / / / / / 18,099.8 17,308.4 16525.6 / / / / / 370 353 337
Alc13 1-Hexanol-D fresh, fruity, wine, sweet, green 5370¢ 3.2 34 5.0 49 49 49 4.4 4.6 <0.1 <0.1 <01 <01 <01 <01 <0.1 <0.1
Alcl4 1-Hexanol-M fresh, fruity, wine, sweet, green 5370¢ 8.3 8.6 10.3 10.5 10.2 10.3 9.6 9.8 <0.1 <0.1 <01 <01 <01 <01 <0.1 <0.1
Alcl5 Linalool citrus, rose, woody, blueberry 4.4m™ / / / / / / / 1226.1 / / / / / / / 0.25
Acids
Acil Acetic acid-D spicy 160,000 " <1 <1 <1 <1 <1 <1 <1 <1 <01 <01 <01 <01 <01 <01 <01 <0.1
Aci2 Acetic acid-M spicy 160,000 1.2 1.2 1.2 1.1 1.1 1.0 1.0 1.0 <01 <01 <01 <01 <01 <01 <01 <0.1
Aci3 Propanoic acid yogurt, vinegar 18,100 ¢ <1 <1 <1 <1 <1 <1 <1 <1 <01 <01 <01 <01 <01 <01 <01 <01
Esters

El Ethyl formate spicy, stlmulan?ug I:las’te, pineapple, N / / / / / / / / / / / / / / / /
E2 Acetic acid ethyl ester fresh, fruity, sweet, grassy 32,551.6¢ 16.7 20.9 21.6 19.7 19.1 17.6 17.9 19.9 <01 <01 <01 <01 <01 <01 <01 <0.1
E3 Ethyl propanoate grape, pineapple, fruity, rum 19,019.33 ¢ 3.1 3.2 2.8 2.8 2.6 2.7 2.4 2.7 <01 <01 <01 <01 <01 <01 <01 <01
E4 Ethyl 2-methylpropionate sweet, fruity, alcoholic, rummy 57.47 ¢ 1272.7 1312.1 1236.0 1105.5 1017.2 952.1 626.2 829.9 026 027 025 023 021 019 013 0.17
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Table 1. Cont.
OTb rOAV ROAV
No. Compound Odor ?
(ug/L) A401 A402 A403 A404 A405 A406 A407 A408 A401 A402 A403 A404 A405 A406 A407 A408
E5 Butanoic acid ethyl ester-M pineapple, fruity, ester, whiskey 81.5¢ 209.5 198.2 200.4 220.5 217.4 237.3 252.5 240.7 <01 <01 <01 <01 <01 <01 <01 <01
E6 Butanoic acid ethyl ester-D pineapple, fruity, ester, whiskey 81.5¢ 5746.8 5722.3 5976.6 6019.5 5794.1 5189.1 4861.4 5217.9 117 117 122 123 118 1.06 099 1.07
E7 Ethyl 2-methylbutanoate-D apple 0.1° 196,725.0  233,229.2  181,965.1  126,622.1 1195449  180,230.5  99,246.1 1439554  40.17 47.63 37.16 25.86 24.41 36.80 20.27 29.40
E8 Ethyl 2-methylbutanoate-M apple 0.1° 179,083.6  176,825.6  163,212.1  155,824.4  158,842.7  291,663.8  252,109.6  274,496.2  36.57 36.11 33.33 31.82 32.44 59.56 51.48 56.05
E9 Ethyl 3-methylbutanoate-D apple, banana, sour, sweet 6.89¢ 8092.0 8955.5 7396.0 5306.4 5103.4 5444.0 3142.3 4559.1 165 183 151 1.08 104 111 064 093
E10 Ethyl 3-methylbutanoate-M apple, banana, sour, sweet 6.89¢ 7645.8 7556.0 7471.8 7091.5 6776.8 7440.0 6264.3 7108.7 156 154 153 145 138 152 128 145
Ell 1'Butz’22t1£e'fgethyl" sweet, banana, fruity 93.93¢ 7.0 7.8 121 126 13.0 152 140 214 <01 <01 <01 <01 <01 <01 <01 <01
E12 1'3“22;1;5’;“1\;&5’1" sweet, banana, fruity 245! 1019 104.2 105.7 107.2 1045 92.6 89.6 958 <01 <01 <01 <01 <01 <01 <01 <01
E13 Ethyl pentanoate-M apple, pineapple, green 26.7% 2516.3 2519.4 2484.2 2426.1 2340.0 2057.1 2308.5 2187.2 051 051 051 050 048 042 047 045
E14 Ethyl pentanoate-D apple, pineapple, green 26.7k 14,120.5 14,208.4 14,945.5 14,860.6 14,235.7 12,525.0 10,884.8 12,301.5 288 290 3.05 303 291 256 222 251
E15 Hexanoic acid, methyl ester pineapple, apricot, fruity 10°p 679.7 769.9 633.0 616.8 646.8 765.6 616.1 699.7 014 016 013 013 013 016 013 0.14
El6 Ethyl caproate-M pineapple, fruity, wine 55.3¢ 4637.3 4583.1 4659.6 4783.9 4573.3 3762.4 3531.3 3868.0 095 094 095 098 093 077 072 079
E17 Ethyl caproate-D pineapple, fruity, wine 55.3¢ 31,960.1 32,161.3 33,260.4 33,730.1 32,303.8 20,591.9 19,435.8 21,437.3 6.53 657 679 689 6.60 421 397 438
E18 Butyl pentanoate fruity N / / / / / / / / / / / / / / / /
E19 Ethyl heptanoate-M pineapple, fruity 13,200 ¢ 3.1 3.1 33 33 33 33 25 3.1 <01 <01 <01 <01 <01 <01 <01 <0.1
E20 Ethyl heptanoate-D pineapple, fruity 13,200¢ 14 14 1.6 17 17 1.6 <1 15 <01 <01 <01 <01 <01 <01 <01 <01
E21  Ethyl 2-hydroxypropanoate-D fruity 128,000 ¢ <1 <1 <1 <1 <1 <1 <1 <1 <01 <01 <01 <01 <01 <01 <01 <0.1
E22 Ethyl fruity 128,000 ¢ <1 <1 <1 <1 <1 <1 <1 <1 <01 <01 <01 <01 <01 <01 <01 <01
2-hydroxypropanoate-M
Terpenoids
T1 alpha-Terpinolene fresh. woody, sweet, pine, citrus 414 103.9 99.6 108.0 106.6 95.7 93.4 88.6 101.9 <01 <01 <01 <01 <01 <01 <01 <01

Notes: N indicates that the odor threshold of the compound was not found. The 3-methyl butanal (rOAV = 489,700.0) was taken as the ROAV = 100, and other compounds’ ROAVs
were calculated based on Formulas (1)-(3).  The descriptor of aroma compounds referring to www.thegoodscentscompany.com, accessed on 15 August 2025. ® OT represents odor
threshold. The sources of the odor threshold were as follows: © Identification and evaluation of volatile odor-active pollutants from different odor emission sources in the food
industry [34]. ¢ Characterization of the key aroma compounds in peach by gas chromatography-olfactometry, quantitative measurements and sensory analysis [35]. ¢ Uncover
the flavor code of strong-aroma baijiu: Research progress on the revelation of aroma compounds in strong-aroma baijiu by means of modern separation technology and molecular
sensory evaluation [36]. f Aroma perception of individual volatile compounds in fresh tomatoes (Lycopersicon esculentum, Mill.) as affected by the medium of evaluation [37]. &
Odorous gaseous emissions as influence by process condition for the forced aeration composting of pig slaughterhouse sludge [38]. I Changes in the key odorants and aroma
profiles of Hamlin and Valencia orange juices not from concentrate (NFC) during chilled storage [39]. ! A comparative study to determine the key aroma components of yogurt
aroma types based on Sensomics and Flavoromics [40]. | Characterization of the key aroma compounds in the floral honey-like cup aroma of Fenghuang Dancong oolong tea by
application of the sensomics approach [41]. k Unveiling aroma evolution in Chinese Te-flavor baijiu with ageing times using GC-IMS, GC-O-QTOF and electronic sensory techniques [20].
! Characterisation of odour-active compounds in aged rum [42]. ™ Characterization of aroma release and perception during ginger-infused stewed beef oral processing [43]. ™ Flavoromic
exploration of regional variations, consumer preferences, and the role of volatile and nonvolatile compounds in strong-aroma baijiu [17]. © Identification of aroma-active compounds
in Jiashi muskmelon juice by GC-O-MS and OAV calculation [44]. P Characterization of odor-active volatiles in hawthorn puree using thermal desorption system coupled to gas
chromatography-mass spectrometry-olfactometry and GC-flame photometric detector [45]. 9 Effects of pile-fermentation on the aroma quality of dark tea from a single large-leaf tea
variety by GC x GC-QTOFMS and electronic nose [46].
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3.4. HS-SPME-GC-MS Results
3.4.1. Temporal Changes in Volatile Profiles Detected by HS-SPME-GC-MS

To comprehensively characterize the aroma profiles of tea-flavor baijiu over different
storage periods, HS-SPME-GC-MS was employed. Compared to HS-GC-IMS, HS-SPME-
GC-MS offers a broader detection range, enabling more comprehensive identification of
volatile compounds beyond trace levels [28]. As presented in Table S5 and illustrated
in Figures 4A and S3, 40 volatile compounds were quantified. The results revealed a
progressive increase in total VOC concentrations during storage, consistent with the GC-
IMS results. Esters were the predominant volatiles across all samples, accounting for
86.62-89.59% of total VOCs, followed by alcohols (5.06-6.73%) and phenols (4.84-6.56%).
Aging was associated with a significant rise in ester content and a concurrent reduction in
alcohol levels—changes that likely contribute to the smoother, more harmonious mouthfeel
of aged baijiu. However, unlike the GC-IMS results, GC-MS did not reveal a decline in
acids, likely due to their volatility and low detectability by this method [9]. Several esters,
including ethyl isobutyrate, ethyl 2-methylbutanoate, ethyl isovalerate, ethyl pentanoate,
ethyl hexanoate, and ethyl octanoate, showed notable increases during aging, in some
cases doubling or tripling compared to the fresh sample (A408). These compounds, known
for their sweet and fruity aromas, were likely key contributors to the complexity of aged
baijiu. Moreover, sensory analysis revealed a diminished perception of tea aroma with
longer storage. This decline may result from aroma masking and antagonistic interactions
with the tea aroma of the increased compounds, or structural modifications of tea-related
volatiles during aging.
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Figure 4. Analysis of volatile components in tea-flavor baijiu by HS-SPME-GC-MS. (A) The distribu-
tion of different kinds of volatile substances in the samples. (B) PCA biplot of volatile substances
relative contents. (C) Upset plot of the distribution of volatile compounds. (D) PLS-DA of HS-SPME-
GC-MS data.
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3.4.2. Integrated PCA, PLS-DA, and ROAV Analysis Based on Combined
HS-SPME-GC-MS and HS-GC-IMS Data

To assess the impact of aging on the volatile compound profiles of tea-flavor baijiu,
PCA was performed on HS-SPME-GC-MS data. As shown in Figure 4B, the first two
principal components (PC1 and PC2) accounted for 47.31% of the total variance, with
PC1 alone explaining 30.24%. Most of the sample differentiation was captured along PC1.
A clear temporal trend emerged: as aging duration increased, sample positions shifted
from the right to the left of the biplot. This distribution mirrored the HS-GC-IMS results,
confirming that the aging procedure induced detectable changes in the volatile composition
of tea-flavor baijiu. Samples with shorter to intermediate storage periods (A404-A408)
clustered tightly on the right, indicating similar chemical profiles. In contrast, those with
longer aging (A401-A403) appeared on the left, reflecting greater divergence. Notably,
sample A401 was uniquely positioned in the second quadrant, isolated from all others,
suggesting a distinct chemical makeup. Samples A402 and A403, located in the third
quadrant with overlapping regions, showed higher similarity to each other. Interestingly,
mid-aged samples A404 and A405 were positioned closer to A402 and A403 than to the
other short-aged samples, implying a transitional phase in chemical composition between
intermediate and extended aging. These findings underscore the dynamic evolution of
volatile compounds during storage. Inter-sample variation was further examined using an
Upset plot of the 40 volatile compounds identified (Figure 4C). Fifteen compounds were
shared across all samples (A401-A408), representing the core aroma profile of tea-flavor
baijiu. Ethyl butyrate (odor: fruity), absent in A401-A403 but present in A404-A408, may
partly explain the closer proximity among the latter in PCA space. Sample A401 exhibited
two unique compounds—1,1-diethoxyethane and formic acid, 4-methoxyphenyl ester.
Of these, 1,1-diethoxyethane (odor: green, vegetal) was a known key aroma compound
and an aging marker in baijiu [47]. Its presence in both A401 and the tea extract used to
produce the tea-flavor baijiu (unpublished data) further supported the distinctiveness of
A401 compared to the other samples.

Comparison with the earlier HS-GC-IMS results revealed some discrepancies in sam-
ple groupings, likely due to differences in detector sensitivity and compound selectivity.
Despite this, both techniques effectively distinguished samples according to storage dura-
tion. Samples A406—A408 consistently clustered in both HS-GC-IMS and HS-SPME-GC-MS
analyses, indicating that volatile composition remained relatively stable during the first
three years of storage. This suggested that substantial changes in aroma-related com-
pounds occurred only after prolonged storage. Greater inconsistencies were observed
among samples with intermediate and extended aging. PCA based on HS-SPME-GC-MS
provided clearer separation, effectively distinguishing A401 from A402 and A403 from
A404-A405. In contrast, HS-SPME-GC-IMS showed limited resolution in these cases. These
variations were attributable to the inherent characteristics of each method: HS-SPME-GC-
MS captured a wider range of volatiles, particularly long-chain compounds (C8-C20),
while HS-GC-IMS was more sensitive to short-chain volatiles (C2-C10) [4]. Collectively,
the results supported a general classification of tea-flavor baijiu into three groups based
on aging duration. Nonetheless, further investigation is needed to elucidate the chemical
transformations occurring beyond eight years of storage.

A PLS-DA model was developed to classify tea-flavor baijiu samples by storage
duration and identify key aging-related markers. The model showed strong perfor-
mance (RZX =0.985, RZY = 0.900, QY = 0.709). As shown in Figure 4D, sample group-
ings largely mirrored the PCA results, with even clearer separation—particularly between
short-aged (A406-A408) and long-aged (A401) samples. In contrast, differentiation among
intermediate-aged samples (A402—-A405) was less distinct in the PLS-DA model. This likely



Processes 2025, 13, 3359

17 of 23

reflects the high similarity of classification-relevant features within this group, indicating
relatively subtle chemical differences in the mid-aging phase. To identify the compounds
driving group separation, we focused on those with VIP scores > 1. As shown in Figure S3B,
twelve such compounds were identified: one aldehyde, one alcohol, eight esters, one ether,
and one phenol. Ethyl acetate and ethyl heptanoate, identified in both HS-GC-IMS and
HS-SPME-GC-MS datasets, were consistently significant contributors to aroma differen-
tiation. Ethyl hexanoate and 2,4-di-tert-butylphenol, with VIP values above 2, played
particularly prominent roles in sample discrimination. Notably, ethyl hexanoate, ethyl
octanoate, hexyl hexanoate, and 2,4-di-tert-butylphenol have been previously reported
as key tea odorants [48-50]. The esters primarily impart fruity and floral notes in the tea
aroma profile, while 2,4-di-tert-butylphenol—also found in the tea extract used in this
study—is associated with antioxidant activity and potential health benefits [51]. Together,
these compounds likely contributed to the characteristic tea-like aroma of tea-flavor baijiu.

rOAVs and ROAVs of volatile compounds identified by HS-SPME-GC-MS were calcu-
lated, using ethyl hexanoate in sample A401—the compound with the highest rOAV—as the
reference (Table S6). Sixteen VOCs exhibited rOAV > 1, with eight also showing ROAV > 0.1,
indicating a strong impact on the overall aroma profile. These key compounds included the
following: ethyl butyrate (rOAV: 1951.49-3117.34; ROAV: 1.40-2.23), ethyl 2-methylbutanoate
(9311.74-32,727.00; 6.66-23.42), ethyl isovalerate (413.86-1766.99; 0.30-1.26), ethyl pen-
tanoate (1248.91-2149.37; 0.89-1.54), ethyl hexanoate (109,668.17-139,738.99; 73.25-100.00),
ethyl octanoate (5394.45-16,522.16; 3.86-11.82), butylated hydroxytoluene (4156.07-13,808.50;
0.94-2.97), and 2 4-di-tert-butylphenol (780.08-1046.25; 0.55-0.75). Esters were the dom-
inant contributors to aroma, aligning with findings from HS-GC-IMS. Among them,
ethyl 2-methylbutanoate and ethyl pentanoate were consistently identified as key odorants
in both H5-GC-IMS and HS-SPME-GC-MS analyses, highlighting their importance in the
aging-related evolution of aroma. Additionally, ethyl butyrate, ethyl hexanoate, ethyl
octanoate, and 2,4-di-tert-butylphenol had VIP scores > 1, further supporting their role in
aroma differentiation. These results align with the identification of ethyl caproate-D as a
major component by HS-GC-IMS. Integrating data from HS-GC-IMS and HS-SPME-GC-MS,
twelve compounds were identified as key contributors to the aroma profile of tea-flavor bai-
jiu during aging: (E)-2-methyl-2-butenal, ethyl caproate-D, 3-methylbutanal, 2-pentanone,
ethyl acetate, ethyl heptanoate, ethyl 2-methylbutanoate, ethyl pentanoate, ethyl butyrate,
ethyl hexanoate, ethyl octanoate, and 2,4-di-tert-butylphenol. Further studies using ab-
solute quantification, aroma recombination, and omission tests are warranted to clarify
the individual and interactive effects of these compounds on the sensory characteristics of
aged tea-flavor baijiu.

3.5. Correlation Between Sensory Attributes and Volatile Compounds

Pearson correlation analysis was performed to examine associations between VOCs
and aroma sensory attributes based on sensory evaluation data. A correlation coeffi-
cient (r) > 0.6 was considered indicative of a strong relationship [52]. As shown in
Figure 5, several VOCs exhibited strong positive correlations with the sweet aroma at-
tribute, including linalool, 2-butanol, ethyl 2-methylbutanoate, 3-methyl-2-pentanone, and
3,4-(methylenedioxy)toluene. Among them, linalool has been widely reported as a key con-
tributor to sweet, fruity, and floral aromas in tea [53], consistent with its strong correlations
across all three descriptors in our analysis. Both 2-butanol and ethyl 2-methylbutanoate are
known to impart or enhance sweet aromas, supporting their roles in shaping the perceived
sweetness of tea-flavor baijiu. The other compounds may exert synergistic effects that
further intensify sweetness perception. Esters also showed strong associations with sweet,
fruity, and floral notes, particularly ethyl 2-hydroxypropanoate and butyl pentanoate. In ad-
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dition, several alcohols and ketones—such as 1-hexanol, 1-pentanol, 2-methyl-1-propanol,

butanol, and 3-octanone—were positively correlated with fruity and floral characteris-

tics. However, not all compounds within the same chemical class contributed equally

to specific aroma attributes. This inconsistency may reflect complex interactions among

VOCs within tea-flavor baijiu’s aromatic matrix, where synergistic or antagonistic effects

modulate individual compound contributions [17].
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Figure 5. Pearson correlation coefficients between flavor compounds and aroma descriptors based on

sensory evaluation. The sizes of circles represented the magnitude of the correlation coefficient, and

***p <0.001,**p<0.01, *p <0.05.

The tea-like aroma in the samples was a focal point of this study. Several VOCs—

linalool, 1-hexanol, 1-pentanol, butanol, 3-octanone, and propyl hexanoate—exhibited
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strong positive correlations with tea aroma and have all been previously identified
in tea or its extracts. In contrast, 1,1-diethoxyethane, 2,4-di-tert-butylphenol, and
(E)-2-methyl-2-butenal, although commonly found in tea and its extraction, showed neg-
ative correlations with tea aroma. This unexpected result may be attributed to masking
or antagonistic effects within baijiu’s complex volatile matrix. Additionally, compounds
such as ethyl acetate, ethyl isobutyrate, ethyl isovalerate, acetone, 2-pentanone, 2-pentanol,
and ethyl propanoate were also negatively correlated with tea aroma, likely due to their
strong odors overpowering the more delicate tea-like notes. Notably, as aging progressed,
concentrations of esters and ketones increased, coinciding with a decline in perceived tea
aroma, which was also described by Zhu et al. [16], who showed that fermentation-derived
esters in baijiu were negatively associated with tea-aroma perception. These findings
underscore the importance of monitoring these VOCs during sensory evaluation and flavor
wheel development, offering a clearer explanation for the loss of tea-like characteristics in
long-aged samples.

4. Conclusions

This study applied an integrated sensory—instrumental analytical framework to sys-
tematically characterize the flavor evolution of tea-flavor baijiu across varying aging periods
(one to eight years), with emphasis on the dynamic effects of aging on chemical composi-
tion and sensory perception. Conventional sensory evaluation revealed clear differences
among samples aged for different durations, while the E-nose effectively distinguished
them, particularly highlighting the unique profile of sample A401 with the longest storage.
In total, 74 volatile compounds were identified using HS-GC-IMS and HS-SPME-GC-MS,
the concentrations of which varied significantly over time. Aging was associated with
increased ester levels and reduced alcohol content, suggesting these shifts as key drivers
of aroma changes. Multivariate statistical analysis differentiated samples by aging stage
and identified twelve major aroma-active compounds that can be focused on during the
aging process. Notably, correlation analysis showed a positive association between ester
accumulation and the fading of the tea-like note; this finding fills a critical knowledge gap
by clarifying the chemical mechanism underlying the diminished tea note in long-aged
tea-flavor baijiu, a core challenge for producers seeking to maintain product identity during
storage. Overall, the study offers new insights into the chemical and sensory transforma-
tions of tea-flavor baijiu during aging. Future studies should validate these key aroma
compounds through recombination and omission tests and further investigate the long-
term effects of extended aging, temperature, illumination, and storage vessels to provide
more targeted storage strategy recommendations.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr13103359/s1, Table S1: Detailed information on the tested
samples; Table S2: The list of attributes characterizing the flavor profile of samples and their “M”
values; Table S3: Definition and reference of the sensory attributes; Table S4: The information on
volatile compounds in tea-flavor baijiu identified by HS-GC-IMS; Table S5: The information on volatile
compounds in tea-flavor baijiu identified by HS-SPME-GC-MS; Table S6: The rOAVs and ROAVs of
aroma compounds detected by HS-SPME-GC-MS in different tea-flavor baijiu samples; Figure S1:
The LDA of the E-nose response data without A401; Figure S2: Analysis of volatile components in
tea-flavor baijiu by HS-GC-IMS. (A) The percentage content of different kinds of volatile substances
in the samples. (B) Upset plot of the distribution of volatile compounds; Figure S3: (A) The content of
different kinds of volatile substances in the samples detected by HS-SPME-GC-MS; (B) the heatmap
of volatile compounds in different baijiu samples with VIP > 1. References [36,44,54-58] are cited in
the Supplementary Materials.
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