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Abstract: The development of low-alcohol Baijiu is consistent with demand for the industry’s sustainable
development. However, the ester aroma of low-alcohol Baijiu is insipid and unstable—mainly due
to the hydrolysis of esters during shelf life—thus reducing the industry scale of low-alcohol Baijiu
to a significantly small range. An electrochemical method for improving low-alcohol Baijiu’s ester
concentration and stability was investigated from the aspects of thermodynamics and kinetics. The key
finding is that the new Baijiu’s ester content obtained through distillation is relatively high, exceeding its
content in the thermodynamic equilibrium state. Thus, the ester will be hydrolyzed during shelf life.
The idea of applying electrochemical catalytic esterification technology to the production of low-alcohol
Baijiu in this study is directly derived from the production practice of Baijiu factories; it provides a
direction for the further optimization of low-alcohol Baijiu to facilitate the production of an alternative
product that will contribute to public health.
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1. Introduction

Distilled liquors have been consumed by humans for over one thousand years and
are used for economic, social, and medicinal purposes; contributing to the development
of ritual traditions and sophisticated culture throughout history [1,2]. However, the pro-
cess of social development has prompted people to recognize the health damage caused
by excessive drinking [3]. Recent studies have shown that excessive alcohol intake is
closely related to a series of diseases, such as cardiovascular [4,5], cerebrovascular [6], and
liver diseases [7,8]. Global alcohol consumption has increased significantly compared to
30 years ago, largely due to the growing phenomenon of large-scale drinking in China
and India [9,10]. According to the current trend, global per capita alcohol consumption
increased by 10% between 1990 and 2017, and will increase by 17% in the next 10 years [11].
Conversely, in many European countries—especially Eastern European ones—alcohol con-
sumption has shown a significant downward trend [12]. The main reason for this is the
implementation of alcohol control policies and the development of low-alcohol liquor [13].
In China, the global sale of Baijiu reached 7.16 billion L in 2021, according to data from the
China National Bureau of Statistics [14]. The consumption market of Baijiu is dominated
by high-alcohol Baijiu (ethanol content ranging from 40% to 65% in volume), while the
market attraction of low-alcohol Baijiu (ethanol content controlled below 40% in volume) is
extremely limited [15]. Therefore, developing low-alcohol Baijiu is beneficial for reducing
alcohol consumption.

The unsatisfied market attraction of low-alcohol Baijiu is ascribed to its insipid ester
flavor. Low-alcohol Baijiu usually uses high-alcohol Baijiu as a raw material, and the alcohol
content is controlled below 40% by mixing Baijiu and water [1]. While alcohol was diluted
during the mixing process, Baijiu’s ester flavor (ester content) inevitably decreased [16].
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In our previous work, electrochemical esterification technology applied to improve low-
alcohol Baijiu’s ester content was considered, and an enhanced flavor was obtained [17].
However, another important issue related to product quality is shelf life [18]. On April
2022, the Chinese national standard (GB/T 10781.1-2021) put forward the following new
regulations on low-alcohol Baijiu: the content of ethyl hexanoate in low-alcohol Baijiu
with a production date of less than or equal to (≤) one year shall not be less than 0.7 g/L,
and the total acid content shall not be less than 0.3 g/L. However, for a production date
longer than (>) one year from the production date, the total amount of ethyl hexanoate
and hexanoic acid is not less than 0.8 g/L, and the content of ethyl hexanoate is no longer
limited, as ethyl hexanoate will be hydrolyzed to acid during its shelf life. These standards
have relaxed the restrictions on ester hydrolysis, reflecting the unstable characteristics of
esters (spontaneous hydrolysis of esters) in low-alcohol Baijiu, which is a crucial problem
that should be solved. Of course, high-alcohol Baijiu will also encounter the instability of
esters; but relatively speaking, low-alcohol Baijiu has a high water content, increasing the
speed of esters being hydrolyzed [19].

Therefore, this paper investigated the thermodynamics and kinetics [20] of the electro-
chemical esterification process in low-alcohol Baijiu. The esterification process of the main
esters in low-alcohol Baijiu was investigated via thermodynamics. The equilibrium constant
of the esterification process indicates the end point of the esterification reaction, providing
a quantitative reference for the change trend of ester content. The results confirmed that the
newly obtained Baijiu (obtained via distillation from fermented grains) contained relatively
high amounts of ester. Its content exceeds the content in the thermodynamic equilibrium
state. Therefore, esters will inevitably be hydrolyzed during Baijiu’s storage process, thus
approaching the thermodynamic equilibrium state. The kinetic process revealed the essence
of electrochemical esterification technology, provided a direction for further optimizing
the electrochemically enhanced flavor of low-alcohol Baijiu, and attempted to obtain an
alternative product, thus contributing to public health.

2. Results and Discussion
2.1. Improve the Ester Content of Low-Alcohol Liquor by Electrochemical Esterification

An electrochemical esterification technique was designed to increase the ester content
in liquor to improve the ester aroma of low-alcohol liquor. Figure 1a shows that the content
of ethyl butyrate increased from 13.08 to 14.28, 13.92, 16.84, 16.62, and 16.02 mg/100 mL
when the operating voltages of 0.2 V, 0.35 V, 0.5 V, 0.65 V, and 0.8 V, respectively, were
applied to low-alcohol liquor. The content of ethyl hexanoate increased from 116.83 to
120.39, 126.71, 126.83, 130.21, and 132.01 mg/100 mL when the operating voltages of 0.2 V,
0.35 V, 0.5 V, 0.65 V, and 0.8 V were applied to low-alcohol liquor. Baijiu contains many
esters, providing its main aroma and flavor substances [21–23]. These esters include ethyl
formate, ethyl acetate, isoamyl acetate, ethyl propionate, ethyl butyrate, ethyl valerate,
ethyl caproate, ethyl heptanoate, ethyl caproate, ethyl caproate, ethyl laurate, and ethyl
lactate. The content of ethyl acetate, ethyl hexanoate, ethyl lactate, and ethyl butyrate
accounts for more than 90% of the total ester content [24], the main esters in Baijiu known
as the “four major esters.” Esters in Baijiu are basically ethyl esters, produced through the
process of yeast fermentation using raw grain materials [25]. As seen, the contents of the
major esters (ethyl acetate, ethyl hexanoate, ethyl lactate, and ethyl butyrate) have increased
significantly after the electrochemical process. Typical strategies to enhance the ester aroma
of low-alcohol liquor mainly include the mixing of different base liquors and the addition
of foreign substances. However, the selection of base liquors is restricted by the limited
diversity of base liquors. Therefore, electrochemical esterification technology (Figure 1b)
applied to improve ester content provides a new strategy to improve the low-alcohol
liquor’s quality.
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Figure 1. (a) The content of ethyl butyrate, ethyl acetate, ethyl lactate, and ethyl hexanoate in the 
electrochemically treated low-alcohol Baijiu (operating voltages: 0.2 V, 0.35 V, 0.5 V, 0.65 V, and 0.8 
V), ethanol concentration in the Baijiu: 40% in volume ratio. (* p < 0.05 and ** p < 0.01, compared 
with the control) (b) Schematic representation of electrochemical esterification technology. 

The influence of alcohol and ester content on the taste and aroma of Baijiu was ex-
plored via sensory evaluation. Model liquors with different alcohol and ester contents 
were prepared with the blending method. Experienced tasters in the sensory evaluation 
team conducted a blind evaluation of the model liquors (Figure 2). The pungency intensity 
(taste score) increased as the alcohol content increased, and the change of aroma intensity 
(smell score) was not obvious for samples in which the alcohol content increased in turn 
and total ester content remained unchanged. In samples in which the total ester content 
increased in turn and alcohol content remained unchanged, the aroma intensity increased 
as the total ester content increased, and the change of pungency intensity was not obvious. 
Although Baijiu’s flavor characteristics depend on the coordination state of many sub-
stances mixed together, each substance has its own characteristics [26]. The amount of acid 
[27], for example, correlates positively with how long the taste lasts in the mouth. Overall, 
the results show that the alcohol content is positively correlated with the pungency inten-
sity, while the ester content is positively correlated with the aroma intensity. It can be 
inferred that low-alcohol Baijiu’s insufficient aroma is due to the relatively low content of 
esters, and the elevation of the ester content can be the key strategy for the development 
of low-alcohol Baijiu. 
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The influence of alcohol and ester content on the taste and aroma of Baijiu was
explored via sensory evaluation. Model liquors with different alcohol and ester contents
were prepared with the blending method. Experienced tasters in the sensory evaluation
team conducted a blind evaluation of the model liquors (Figure 2). The pungency intensity
(taste score) increased as the alcohol content increased, and the change of aroma intensity
(smell score) was not obvious for samples in which the alcohol content increased in turn
and total ester content remained unchanged. In samples in which the total ester content
increased in turn and alcohol content remained unchanged, the aroma intensity increased
as the total ester content increased, and the change of pungency intensity was not obvious.
Although Baijiu’s flavor characteristics depend on the coordination state of many substances
mixed together, each substance has its own characteristics [26]. The amount of acid [27],
for example, correlates positively with how long the taste lasts in the mouth. Overall, the
results show that the alcohol content is positively correlated with the pungency intensity,
while the ester content is positively correlated with the aroma intensity. It can be inferred
that low-alcohol Baijiu’s insufficient aroma is due to the relatively low content of esters,
and the elevation of the ester content can be the key strategy for the development of
low-alcohol Baijiu.

2.2. Thermodynamic Study on Electrochemical Esterification

The ester content was increased by electrochemical esterification. However, after
being treated by the electrochemical technology and stored for a period of time (less than
one year), low-alcohol Baijiu’s ester content decreased significantly (more than 20%, data
not shown) as the esters were hydrolyzed [28]. Esterification and hydrolysis are reversible
reactions, and the reaction progress and speed are determined by thermodynamic and
kinetic processes, respectively. Therefore, low-alcohol Baijiu’s esterification and hydrolysis
processes were investigated from the thermodynamic and kinetic perspectives.
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Figure 2. Sensory evaluation of model liquors with different alcohol (a) and ester (b) contents.

Under certain conditions, the heat released or absorbed in the process of chemical
reactions is called the enthalpy change of chemical reaction (∆H) [29]. The enthalpy change
determines whether the reaction is exothermic or endothermic. The esterification process’s
enthalpy change can be calculated according to the standard molar enthalpy of formation
(∆fH). As shown in Table 1, ∆H in the esterification process of ethyl butyrate and ethyl
lactate is greater than 0 in the temperature range of 0 ◦C–100 ◦C, which is an exothermic
reaction. According to the second law of thermodynamics [30], any chemical reaction in an
isolated system always goes in the direction of increasing entropy (S). As shown in Table 1,
compared with other esters, the S value of ethyl lactate increases the most. According to the
change of H and S, the spontaneity of the reaction can be judged. Gibbs (G) energy is used
to judge the spontaneity of the chemical reaction (Equation (1)) [31] to judge the reaction
direction of the previously discussed esterification reactions under specific conditions.

∆G = ∆H − T∆S (1)

Table 1. Thermodynamic data of esterification reactions (ethyl acetate, ethyl hexanoate, ethyl lactate,
and ethyl butyrate) in Baijiu, calculated by HSC Chemistry (version of 9.30) using the Reaction
Equations module.

Reaction
T ∆H ∆S ∆G

K Log K◦C kcal cal/K kcal

C2H5OH + CH3COOH =
C4H8O2 + H2O

0.000 −1.503 −8.013 0.686 0.28 −0.549
100.000 4.267 9.688 0.652 0.41 −0.382

C2H5OH + C3H7COOH =
C6H12O2 + H2O

0.000 14.604 39.577 3.794 0.00092 −3.036
100.000 4.696 8.784 1.419 0.147 −0.831

C2H5OH + C3H6O3 =
C5H10O3 + H2O

0.000 14.611 48.164 1.454 0.068 −1.164
100.000 7.250 25.051 −2.098 16.94 1.229

C2H5OH + C5H11COOH =
C8H16O2 + H2O

0.000 3.840 14.292 −0.064 1.12 0.051
100.000 −8.197 −22.997 0.385 0.59 −0.225

As shown in Table 1, the change of Gibbs energy (∆G) in the esterification pro-
cess of ethyl acetate and ethyl butyrate is greater than 0 in the temperature range of
0 ◦C–100 ◦C, which indicates these esterification processes occurs naturally under the con-
ditions described above. Furthermore, when ∆G equals 0 (the reaction reaches equilibrium),
the equilibrium constant (K) of the reaction can be calculated according to Equation (2) [32].

∆G0 = −RT lnK (2)
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The relationship between the K of the esterification process of esters and temper-
ature is shown in Figure 3. It can be seen that the K of the esterification process of
the four esters fluctuates in the range of 0–17. The value of the K of the esterifica-
tion process of ethyl butyrate is the smallest, increasing from 0.00092 to 0.147 in the
temperature range of 0 ◦C–100 ◦C. The value of the K of the esterification process of
ethyl lactate is the largest, increasing from 0.068 to 16.94 in the temperature range of
0 ◦C–100 ◦C. Under the common storage temperature of Baijiu (20 ◦C), the K of the esterifi-
cation process of the four esters was 0.009, 0.13, 1.1, and 3.8. The esterification progress was
2.9%, 27.0%, 51.4%, and 66.1% under the condition of equal reactant (the ratio of alcohol to
acid was 1:1). It can be seen from the thermodynamic data that only a small part of acid is
converted to ester in the equilibrium state of the esterification reaction in Baijiu.
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Figure 3. Correlation between the K of the esterification process of Baijiu esters and temperature in
the range of 0 ◦C–100 ◦C.

Baijiu was obtained following the distillation process. During distillation [33], the
amount of alcohol, acid, ester, and water transferred into Baijiu is primarily determined
by the boiling point and intermolecular interactions between the neighboring molecules.
The boiling point of esters is relatively low; for example, ethyl acetate (its counterpart
acid, acetic acid) has a boiling point of 77 ◦C and acetic acid has a boiling point of 118 ◦C.
Thus, the ester content in new Baijiu obtained through distillation is relatively high. If the
ester content exceeds its content in the thermodynamic equilibrium state, the ester will
be hydrolyzed during Baijiu’s storage, thus approaching the thermodynamic equilibrium
state. In a previous paper, a fluctuation phenomenon in ester content in aged Baijiu was
observed and the correlation among chemical reactions, such as oxidation and esterification
was interpreted [19]: If the content of a certain ester compound is high, the ester compound
will undergo hydrolysis and its amount will be reduced so that the esterification can reach
a balance. If the content of a certain ester compound is low, the oxidation makes the content
of ester compound increase, so that the esterification can reach a balance. As seen, the
previous paper suggested that ester content is related to esterification equilibrium. Thus,
the thermodynamic equilibrium law in esterification is further revealed in this study.

Additionally, the high-alcohol Baijiu was diluted with water to obtain low-alcohol
Baijiu. Adding water promoted the hydrolysis reaction, so the ester content in low-alcohol
Baijiu would further reduce. Therefore, electrochemical esterification technology only
solved the problem of insufficient ester aroma in low-alcohol Baijiu in one respect (ester
content). The electrochemical esterification technology can only maintain the enhanced
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ester aroma of low-alcohol Baijiu for a short period of time, which is unfavorable for shelf
life. To solve the problem of insufficient ester aroma and short shelf life for low-alcohol
Baijiu, it is necessary to combine electrochemical esterification technology and aroma
blending technology. According to the calculated equilibrium constant using the aroma
blending method, the esterification reaction in low-alcohol Baijiu can reach the equilibrium
state and contribute to low-alcohol Baijiu with a sufficient ester aroma and long shelf life,
providing the framework for further research.

2.3. Kinetic Study on Electrochemical Esterification

Next, the energy of the transition states in the esterification process was calculated
using the transition state theory [34]. For different esters, the esterification mechanism
is similar, thus ethyl acetate serves as an example for the esterification process. Ethanol
and acetic acid undergo an electrocatalytic process on the surface of a gold electrode
with applied voltage to produce ethyl acetate. There are two possible mechanisms of
electrocatalytic esterification [35]. The first possible mechanism is that a positively charged
carbon ion is formed during the transition state, which is the rate-controlled process of
esterification. Under the catalysis of the voltage pulsed electrode, the carboxylic acid gives
electrons to the electrode surface, forming a positively charged carbon ion in the presence of
hydrogen ions. The carbonium ion forms a covalent bond with the lone pair of electrons of
the oxygen atom in the alcohol. Finally, a water molecule and a hydrogen ion are removed
to form an ester. The calculation result of the transition state energy of the reaction is shown
in the Figure 4a, and the energy of the intermediate transition state is 54.6 kcal/mol. The
higher the transition state energy is, the lower the probability of completing the effective
collision [36], indicating that the esterification mechanism of carbocation is not suitable for
explaining the described electrocatalytic esterification process.
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Figure 4. Calculation result of the transition state energy of the carbonium ion formed process (a) and
free radical formed process (b). The asterisk (*) represents the active sites on the electrode’s surface.

The second possible mechanism is that free radicals are formed as the transition state,
which is the rate-controlled process of esterification. The lone pair electrons of oxygen in
alcohol combine with hydrogen atoms to form a free radical and a hydrogen ion on the gold
surface, as shown in Figure 5. Free radicals attack the carbon of acid molecules to form free
radical transition states. The transition state loses one molecule of water and one hydrogen
ion to obtain ester. The calculation result of the transition state energy of this process is
shown in the Figure 4b, and the energy of the intermediate transition state is 17.7 kcal/mol.
It can be seen that the energy of this transition state is relatively low, which is ~1/3 of
the transition state energy in the first mechanism. At the same time, it should be noted
that the anode not only occurs in the ester formation, but also occurs as a side reaction of
oxygen formation. This is also in line with the relationship between ester yield and voltage
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value, as shown in Figure 1a. The ethyl butyrate content decreased from 16.84 mg/100 mL
to 16.02 mg/100 mL when the operating voltage of 0.5 V increased to 0.8 V. Therefore,
it is not the case that the higher the voltage, the higher the extent of esterification. The
activity of oxygen generation reaction on a gold surface is high and presents an onset
potential of ~1.3 V [37]. Thus, the higher the voltage, the faster the oxygen generation
rate may be, reducing the esterification rate. The results of this study are consistent with
the assumption that the electrocatalytic esterification undergoes a free radical formed
process to complete the esterification reaction, which is also supported by the esterification
reaction that undergoes a free radical process in the water medium [38].The conventional
strategy for enhancing the ester aroma of low-alcohol Baijiu mainly includes mixing and
blending different base Baijiu and adding foreign substances. However, it is not possible
to solve the problem of reduced ester aroma of low-alcohol Baijiu only by the mixing of
different base Baijiu, as the amount of Baijiu compounds in the base Baijiu depends on
microbial fermentation and distillation processes, which is difficult to regulate through
artificial factors.
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To sum up, from the perspective of methodology, this study explored the thermody-
namic and kinetic laws of esterification in Baijiu and proposes that a new method be applied
to regulate its aroma intensity without adding foreign substances. From the perspective
of engineering, the idea of applying electrochemical catalytic esterification technology to
the production of low-alcohol Baijiu in this study is directly derived from the produc-
tion practice of Baijiu factories, and the scientific problems raised directly focus on the
bottleneck, due to insufficient and unstable ester aroma. This provided a direction for
further optimization of low-alcohol Baijiu in order to obtain an alternative product and
thus contribute to public health.

3. Materials and Methods
3.1. Materials

Baijiu samples were collected from a local Baijiu manufacturer (Xiangjiao Group Ltd.,
Shaoyang, China). Mention of the Baijiu brand does not indicate research contact with
the manufacturer, nor is for advertising purposes. The ethanol content of the raw Baijiu
sample was ~63%, and the low alcohol Baijiu (ethanol content: 32%, 37%, 42%, 47%, and
52%) was obtained through mixing the raw sample with a certain amount of ultra-pure
water (with a resistivity of 18.2 MΩ·cm−1), in accordance with the dilution technology
that commonly used in Baijiu manufacturers [1]. The same batch of baijiu was used for
dilutions. The model Baijiu used for sensory evaluation was obtained through a blending
process, according to the concentration of the main ester component (ethyl hexanoate, ethyl
acetate, and ethyl lactate) recorded in Table 2. The ester standards (ethyl butyrate, ethyl
acetate, ethyl lactate, and ethyl hexanoate) used for gas chromatography were purchased
from Merck (Darmstadt, Germany). HPLC-grade solvents were purchased from Aladdin
(Shanghai, China) and used as received.
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Table 2. Sensory evaluation of model Baijiu with different alcohol and ester contents.

No. Alcohol
/Volume Ratio

Total Ester
g L −1

Ethyl Hexanoate
g L −1

Ethyl Acetate
g L −1

Ethyl Lactate
g L −1

Smell
Score

Taste
Score

1 32% 3.90 2.46 0.63 0.38 8.4 7.0
2 37% 3.92 2.30 0.72 0.44 8.6 7.8
3 42% 3.89 2.20 0.81 0.49 8.5 8.3
4 47% 3.93 1.92 0.90 0.58 8.6 8.6
5 52% 3.92 1.82 1.02 0.63 8.7 9.2
6 42% 2.53 1.35 0.60 0.32 5.3 7.8
7 42% 2.71 1.42 0.63 0.34 6.1 7.7
8 42% 2.95 1.56 0.67 0.35 6.5 8.0
9 42% 3.10 1.68 0.71 0.39 6.9 7.9

10 42% 3.34 1.78 0.79 0.42 7.3 8.1

3.2. Electrochemistry

A typical three-electrode electrochemical system was used in this work, performed
with the CHI660E electrochemical workstation (CH Instruments, Inc., Shanghai, China).
Chronoamperometry with different potentials (0.20 V, 0.35 V, 0.50 V, 0.65 V, and 0.80 V)
was used for the electrochemical esterification of Baijiu. A polycrystalline gold electrode
(1.0 mm in radius, CHI101) was employed as the working electrode, an Ag/AgCl electrode
with saturated KCl solution (CHI111) as the reference electrode, and a platinum wire
(CHI115) as the counter electrode. Before the recording of the chronoamperometry curve,
the working electrode was polished with alumina powder in different sizes (1, 0.3 and
0.05 mm) to achieve a smooth surface, followed by ultrasonic cleaning in ethanol and water.
To avoid the oxygen-induced oxidation, oxygen dissolved in the electrolyte was removed
from the sample by passing of nitrogen gas no less than 15 min before the recording of
chronoamperometry. The treatment time for electrochemical esterification process was
20 min. More details about electrochemical configuration can be found in the previous
work [17].

3.3. Gas Chromatography (Arbitrating Method)

According to the arbitrating method recorded in Chinese national standard (GB/T
10345-2007), gas chromatography with authentic internal standards was selected to de-
termine the contents of Baijiu compounds. Gas chromatography was performed with an
Agilent 7890B gas chromatography (Agilent Technologies Co., Ltd., Shanghai, China). The
quantitative analysis was performed using internal standards, 2-ethylbutyric acid and
n-pentyl acetate (which was chemically similar to the analytes of interest). An Agilent
CP-Wax 57 CB capillary column with the size 0.25 mm × 50 m × 0.2 µm was used for
gas chromatography separation, with a flow rate of 1.0 mL min−1. Gas chromatography
temperature parameters were well-optimized as follows: initially maintained at 40 ◦C and
held for 5 min, 50 ◦C held for 6.5 min, 90 ◦C held for 5 min, 130 ◦C held for 2 min, 190 ◦C
held for 1.4 min, and finally 195 ◦C held for 20 min.

3.4. Sensory Evaluation

Sensory evaluation of model Baijiu with different alcohol and ester contents was
performed by trained sensory tasters, according to the procedures stipulated in Chinese
national standard GB/T 33404-2016. Sensory tasters were trained in descriptive sensory
analysis before the formal evaluation. The evaluation team included ten trained tasters
(five males and five females) aged from 20 to 50 years old, in a specific air-conditioned
room at 20 ◦C, equipped with separated booths and standardized glasses; and the smell
score and taste score of model Baijiu were independently voted on. At each evaluation
session, Baijiu samples were presented to tasters at random. The sensory evaluation was
repeated three times and the reported data was the mean value.
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3.5. Equilibrium Thermodynamic Analysis

The equilibrium thermodynamic in the esterification process of Baijiu esters (ethyl
acetate, ethyl hexanoate, ethyl lactate, and ethyl butyrate) in the temperature range of
0 to 100 ◦C was investigated using the HSC Chemistry® 9.30 thermodynamic program [39].
In this regard, the simulations were carried out using the Reaction Equation module which
is based on a Gibbs Energy Minimization method. HSC Chemistry software was used only
for the equilibrium simulation and is not used to predict reaction rates because it does not
take into account the reaction kinetics and the non-ideality of solutions.

3.6. Kinetic Analysis

Kinetic analysis was carried out using the density functional theory (DFT) simula-
tions, performed with a Dmol3 module of Material Studio 2020 [40]. The interactions
between core and electrons were described with the generalized gradient approximation
(GGA) method using the Perdew-Burke-Ernzerhof (PBE) function. The force and energy
convergence criterion were set to 0.002 Ha Å−1 and 10−5 Ha, respectively. The frequency
calculations were performed when the optimization was completed. The well-known
linear synchronous transit (LST) and quadratic synchronous transit (QST) methods were
utilized to locate the transition states. The frequency calculations were performed after the
LST/QST calculations and a true transition state from LST/QST calculations was confirmed
by a single negative frequency. Further, the free energy corrections were accomplished with
Dmol3 at a temperature of 298.15 K, hence the free energy of reaction path was obtained.

3.7. Statistical Analysis and Data Treatment

Samples were analyzed in triplicate and the data were presented as the mean value
of the measurements (n = 3, error bars indicate standard deviations). One simple t test
was carried out with Origin 2022b (OriginLab Co., Northampton, MA, USA) to evaluate
significant differences of the assay (* p < 0.05 and ** p < 0.01, compared with the control).

4. Conclusions

Thermodynamic study confirmed that only a small part of acid is converted to ester in
the equilibrium state of esterification reaction in Baijiu. However, the content of esters in
the new Baijiu obtained through distillation is relatively high as the boiling point of esters
is relatively low. That is to say, the ester content exceeds its content in the thermodynamic
equilibrium state. As a result, the ester will be hydrolyzed during the storage of Baijiu,
thus approaching the thermodynamic equilibrium state. Low-alcohol Baijiu was obtained
through mixing high alcohol Baijiu and water, which promoted the hydrolysis reaction,
so the content of esters in low-alcohol Baijiu would be further reduced. Kinetic study
confirmed that the electrocatalytic esterification undergoes a free radical formed process to
complete the esterification reaction. Electrochemical esterification technology can be used
to improve the ester content of low-alcohol Baijiu; however, the issue of the unsatisfactory
shelf life of aroma-enhanced Baijiu should be addressed by an additional aroma blending
process, which is a suggestion for future research.
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