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Abstract Mentha-8-thiol-3-one, with a characteristic black currant flavor, has been

widely used in blending flavors and perfumes. To improve its shelf-life and stability,

and control its release, mentha-8-thiol-3-one-b-cyclodextrin inclusion complex was

produced. The inclusion complex was characterized by transmission electron

microscopy, Fourier transform infrared spectroscopy and X-ray diffraction. Kinetics

and release characteristics of mentha-8-thiol-3-one from the inclusion complex were

determined by thermogravimetric analysis. The results showed that mentha-8-thiol-

3-one was successfully encapsulated in b-cyclodextrin, and the loading capacity was
about 13.5 %. The inclusion complex aggregates had many geometric shapes and

the particle size was mostly in the range of 1–3 lm. The distributions of S, C and O

can be observed element maps of mentha-8-thiol-3-one-b-CD inclusion complex.

Mentha-8-thiol-3-one release from the inclusion complex mainly occurred in the

first stage of pyrolysis. At 236.3 �C, the release rate of mentha-8-thiol-3-one

attained the maximum value. The release reaction order was 1.5. The apparent

activation energy and pre-exponential factor were 290.8 kJ/mol and 3.19 9 1024,

respectively.
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Introduction

Mentha-8-thiol-3-one, with a synonym mercaptomenthone, was found in buchu oil.

As an ingredient of flavor, it has a black currant flavor. Furthermore, it has fruity,

minty, sulfurous and catty, metallic, buchu-like, with a cooling, green tropical

nuance, winey, slightly durnianlike, grape, blackcurrant, blackberry with a

somewhat creamy mouthfeel taste characteristics at 5 ppm [1]. Mentha-8-thiol-3-

one has been widely used in flavors such as green tea, oolong tea, grapefruit,

tropical fruit, guava, aloe, mango, peach, tutti frutti, mint, and in alcoholic and

nonalcoholic beverages, baked goods, frozen dairy, gelatins puddings and soft

candy [2–6]. Mentha-8-thiol-3-one contains a sulfur atom in the molecule (Fig. 1a).

These kinds of compounds containing sulfur atom usually have a powerful

unpleasant and aggressive smell in the pure state; however, under suitable conditions

of dilution, they may play important roles in flavor, and develop quite pleasant odors

(a)

(b)

Fig. 1 The structure of menthe-8-thiol-3-one (a) and b-CD (b)
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and tastes [7]. At low concentrations, mentha-8-thiol-3-one can confer a very

special character to perfume, and can produce a very fresh and diffusive top note.

Therefore, it is also a useful ingredient for the preparation of perfumes and

perfumed products [8]. However, mentha-8-thiol-3-one has high volatility and its

shelf-life is not long. Its sensory perception can be changed easily as a result of

heating, oxidation, chemical interactions or volatilization. Encapsulation technology

is an effective method to minimize the harm of these problems [9]. As a coating

material, b-cyclodextrin (b-CD) has been widely used in microencapsulation

[10–12]. b-CD has a hydrophobic inner cavity and a hydrophilic outer surface, and

can encapsulate hydrophobic compounds with suitable dimensions (Fig. 1b). The

inclusion complexes formed by b-CD can stabilize volatile compounds by reducing

or eliminating any losses through evaporation, improve the physical and/or

chemical stability of the entrapped ingredients, and avoid the destruction of certain

flavors by processing or, on storage [13].

In this paper, the production and characterization of mentha-8-thiol-3-one-b-CD
inclusion complex inclusion complex were investigated. The products were

characterized by transmission electron microscopy (TEM), Fourier transform

infrared (FTIR) spectroscopy, X-ray diffraction (XRD) and thermogravimetric (TG)

analysis. The mentha-8-thiol-3-one release characteristics from the mentha-8-thiol-

3-one-b-CD inclusion complex and release apparent activation energy were

determined.

Materials and methods

Materials

Mentha-8-thiol-3-one (C10H18OS) was provided by the Peking University Zoteq Co.

Ltd. Anhydrous ethanol and b-CD (C42H70O35, white crystalline powder, pharma-

ceutical grade) were provided by Shanghai Sinopharm Chemical Reagent Co. Ltd.

Throughout the experiments, deionized water was used. All reagents were used

without further purification.

Production process of mentha-8-thiol-3-one-b-CD inclusion complex

The method of preparation of mentha-8-thiol-3-one-b-CD inclusion complex was

adopted as described in the literatures [14–16]. 3 g of b-CD was dissolved in 100 g

of deionized water. The temperature was kept at 35 �C on a hot plate. Then, 2 g

mentha-8-thiol-3-one was slowly added to the warm b-CD solution. The mixture

was continuously stirred for another 3 h and the temperature maintained at 35 �C to

form mentha-8-thiol-3-one-b-CD inclusion complex. When its temperature

decreased spontaneously to room temperature, the solution was refrigerated

overnight at 5 �C. The cold precipitated material was recovered by vacuum

filtration. The precipitate was washed by anhydrous ethanol and dried in a FD-1C-

50 freeze drier for 48 h at a temperature lower than -50 �C and pressure of around

20 9 10-3 kPa. The dried mentha-8-thiol-3-one-b-CD inclusion complex sample
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was collected and stored in a desiccator at room temperature. This sample was used

for further TEM, FTIR, TG and XRD analysis.

Morphology and element map measurement

To investigate the morphology and the component of mentha-8-thiol-3-one-b-CD
inclusion complex, TEM and element map measurement was conducted using a FEI

Tecnai electron microscopy (TECNAI G2) at an acceleration voltage of 200 kv. The

mentha-8-thiol-3-one-b-CD inclusion complex aqueous solution was dripped onto a

300 mesh carbon-coated copper grid. Before viewing on the transmission electron

microscopy, the sample was dried under an infrared lamp.

Fourier transform infrared (FTIR) spectroscopy measurements

Mentha-8-thiol-3-one, b-CD and the mentha-8-thiol-3-one-b-CD inclusion complex

were characterized by IR spectrometry. The FTIRmeasurementswere performedwith a

Fourier-Transform-Spectrometer (IRAffinity-1, Shimadzu Company, Japan). The

spectra have a resolution of 2 cm-1 and the frequency ranges from 600 to 4000 cm-1.

X-ray diffraction (XRD)

XRD patterns of b-CD and the mentha-8-thiol-3-one-b-CD inclusion complex were

investigated by an X-ray diffractometer (D/Max 2000X, Rigaku Corporation,

Japan). The patterns were recorded in the region of 2h from 5� to 70� with Cu Ka
radiation at 40 kV and 100 mA.

Thermogravimetric analysis

The thermogravimetric experiments were investigated in a TGA-Q5000IR thermo-

gravimetric analyzer (TA Instruments, USA) to measure and record the weight loss

with temperature over the course of the pyrolysis reaction. The tested sample,

approximately 5 mg, was loaded and spread uniformly on the bottom of the ceramic

crucible of the thermal analyzer in the experiment. In a dynamic high purity nitrogen

flow of 20 ml/min, the pyrolysis experiment was carried out at a heating rate of

10 �C/min. Nitrogen gas was used as an inert purge gas to displace air in the pyrolysis

zone, thus avoiding unwanted oxidation of the sample. The heating temperature in the

thermogravimetric experiments ranged from room temperature to 500 �C.

Results and discussion

Morphology and element map of mentha-8-thiol-3-one-b-CD inclusion
complex

Mentha-8-thiol-3-one is hydrophobic and insoluble in water. b-Cyclodextrin has a

relatively hydrophobic cavity. Therefore, in aqueous solution, b-cyclodextrin can
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accommodate mentha-8-thiol-3-one to form inclusion complex. The inclusion

complex of mentha-8-thiol-3-one with b-CD was observed by transmission electron

microscopy and a selected micro-photograph is shown in Fig. 2. In general, large

aggregates can be formed in b-CD inclusion complex aqueous suspension [17]. From

Fig. 2, we can see that the aggregates can take on many geometric shapes. Most of the

dried mentha-8-thiol-3-one-b-CD inclusion complexes range from 1 to 3 lm.

Energy-filtered TEM of mentha-8-thiol-3-one-b-CD inclusion complex was

taken to further clarify the component and the distribution of mentha-8-thiol-3-one.

Figure 3 shows the element maps of mentha-8-thiol-3-one-b-CD inclusion complex.

It can be seen that the S, C and O elements are present in the sample. Figure 3a

shows the overlap of all elements (C, O and S) in the composite. The distributions of

S, C and O can be observed in Fig. 3b–d, respectively. The S element comes from

mentha-8-thiol-3-one. It reflects the distribution of mentha-8-thiol-3-one in the

inclusion complex. As shown in Fig. 3b, few particles are seen on the S map due to

low amount of S in the mentha-8-thiol-3-one-b-CD inclusion complex. However,

the signal of C is clear and can also be seen in the other regions of map as shown in

Fig. 3c. This is due to high amount of C and the carbon-coated copper grid used in

TEM measurement.

The curves of FTIR spectra of mentha-8-thiol-3-one, b-CD and its inclusion
complex

Figure 4a shows the FTIR spectra of mentha-8-thiol-3-one, b-CD and the inclusion

complex. In the FTIR curve of mentha-8-thiol-3-one, the asymmetrical and the

Fig. 2 TEM photo of mentha-8-thiol-3-one-b-CD inclusion complex
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symmetrical C–H stretching vibrations of (CH3–) occur at 2955 and 2872 cm-1,

respectively [18]. The S–H stretching was reported in the region 2650–2550 cm-1

[19]. In the light of the above statement, the band at 2586 cm-1 is assigned to S–H

stretching vibration. The stretching (C=O) vibration appears at 1709 cm-1. The

bands at 1454 and 1367 cm-1 are due to bending (C–H) vibration of (CH3–) [20].

In the FTIR curve of b-CD, the stretching (O–H) vibration of hydroxyl group

appears at 3337 cm-1. A broad band can be observed at this region. A band at

1151 cm-1 and a strong band at 1030 cm-1 can be assigned to stretching (C–O)

vibration [15].

The FTIR curve of mentha-8-thiol-3-one-b-CD inclusion complex and that of

blank b-CD are similar. This indicates that the frame of b-CD in the complex is not

changed. Encapsulation of mentha-8-thiol-3-one does not cause significant changes

of spectra of b-CD. Compared with the curve of b-CD, the stretching (O–H)

vibration of hydroxyl group in the curve of inclusion complex shifted from 3337 to

Fig. 3 Element maps of mentha-8-thiol-3-one-b-CD inclusion complex [a the overlap of all elements,
b S element, c C elements, d O element]
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3316 cm-1. The strong peak at 1709 cm-1 in the curve of mentha-8-thiol-3-one has

a noticeable change and this peak disappears in the curve of the inclusion complex.

Furthermore, the bands of mentha-8-thiol-3-one at 2955, 2872, 1454 and 1367 cm-1

disappear or shift to other wave numbers in the curve of the inclusion complex.

From these changes, it can be deduced that mentha-8-thiol-3-one was encapsulated

into the cavity of b-CD.

Fig. 4 FTIR spectra (a) and XRD patterns (b) of b-CD and mentha-8-thiol-3-one-b-CD inclusion
complex
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XRD results of b-CD and inclusion complex

XRD is a useful method for the detection of CD inclusion complex. In order to see if

in fact mentha-8-thiol-3-one was encapsulated in b-CD and crystalline or

amorphous, XRD was also used to characterize b-CD and the inclusion complex.

The curve of XRD has sharp peaks for crystalline substance and, however, no peaks

for amorphous materials. Menthe-8-thiol-3-one is a liquid and XRD is not

suitable for determination of liquids. The results of XRD are shown in Fig. 4b. As

shown in Fig. 4b, the peaks at 12.7�, 10.8� and 6.4� in the XRD pattern of b-CD
shift to 12.4�, 10.6� and 6.2�, respectively, in the XRD pattern of the inclusion

complex. In contrast, the peaks of 18.1�, 18.6� and 19.0� for b-CD shifted to lower

2h angle of 17.0�, 17.6� and 17.8� for the inclusion complex. A similar result was

also reported for the peak shift [21]. Furthermore, the peaks at 9.4�, 13.4� and 16.6�
of b-CD disappear in the XRD pattern of inclusion complex. Some new peaks at

8.8�, 19.4�, 20.6� and 22.8� appear in the XRD pattern of mentha-8-thiol-3-one-b-
CD inclusion complex. From these changes and the results of FTIR, it can be

inferred that mentha-8-thiol-3-one was encapsulated in the cavity of b-CD.

Thermogravimetric characteristics

The TG and DTG curves obtained during the pyrolysis of blank b-CD and mentha-

8-thiol-3-one-b-CD inclusion complex under inert atmosphere at a heating rate of

10 �C/min are shown in Fig. 5a. During the heating process of b-CD and mentha-8-

thiol-3-one-b-CD-b-CD inclusion complex, three stages can be observed during

thermal degradation. In the TG curve of b-CD, the first stage refers to the

temperature range from room temperature to 282 �C and the weight loss in this

stage is 4.4 %. This could be due to the loss of water and light volatile compounds.

In the TG curve of mentha-8-thiol-3-one-b-CD-b-CD inclusion complex from room

temperature to 282 �C, the weight loss is 17.9 %. The weight loss of mentha-8-

thiol-3-one-b-CD-b-CD inclusion complex is much larger than that of b-CD. This is
mainly due to mentha-8-thiol-3-one encapsulated in the cavity of b-CD. The

difference in the two values of weight loss is 13.5 %. From the difference, mentha-

8-thiol-3-one loading capacity can be estimated as about 13.5 %. In DTG curve of

mentha-8-thiol-3-one-b-CD inclusion complex, a small peak appears at 236.3 �C. It
can be attributed to the release of mentha-8-thiol-3-one-b-CD encapsulated in the

cavities of b-CD. At this temperature, the rate of weight loss attained the maximum

value. In the TG curve of b-CD, the second stage refers to the temperature range

from 282 to 372.7 �C. The second stage was characterized by a major weight loss,

which corresponded to the main pyrolysis process of b-CD. Most of b-CD was

decomposed in this stage. In the second stage, two strong peaks can be observed in

the DTG curves of b-CD and mentha-8-thiol-3-one inclusion complex, respectively.

The two strong peaks were due to the decomposition of b-CD. Compared with the

DTG curve of b-CD, the strong peak in the DTG curve of mentha-8-thiol-3-one

inclusion complex shifted to a lower temperature and its intensity decreased. These

changes may be due to mentha-8-thiol-3-one encapsulated in the cavity of b-CD. In
the TG curve of b-CD, the third stage refers to the temperature range from 372.7 �C
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to the final temperature (500 �C). In the third stage, the solid residuals continuously

decomposed at a very slow rate. Slight weight losses can be observed in TG curves

of both b-CD and mentha-8-thiol-3-one-b-CD inclusion complex.

Release kinetic parameters of mentha-8-thiol-3-one-b-CD from inclusion
complex

The thermogravimetric data can be used to evaluate kinetic parameters of solid-state

reactions. This method was reported in a number of literatures [14, 16].

Fig. 5 Weight loss and rate of weight loss curves of mentha-8-thiol-3-one-b-CD inclusion complex and
blank b-CD at a heating rate of 10 �C/min (a), and plot of ln[(1-(1-a)-0.5/(-0.5T2)] vs. 1/T (b)
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Equations (1) and (2) can be simply used to express the pyrolysis reaction of the

mentha-8-thiol-3-one-b-CD inclusion complex.

aM� b� CDðsÞ ! bMðgÞ þ cb� CDðsÞ ð1Þ

cb� CDðsÞ ! dDðgÞ þ eEðsÞ ð2Þ

where M-b-CD is the mentha-8-thiol-3-one-b-CD inclusion complex in the solid

state, M is the mentha-8-thiol-3-one in gas state, D is a volatile product, and E is the

other product in the condensed state.

During the pyrolysis process of mentha-8-thiol-3-one-b-CD inclusion complex,

firstly, mentha-8-thiol-3-one releases from the inclusion complex. Secondly, the

resulting b-CD decomposes to further products when the temperature is above

282 �C.
Equation (3) can be used to express the disappearance rate of Menthol-HP-b-CD

in the reaction as shown in Eq. (1).

da
dt

¼ kð1� aÞn ð3Þ

where n is the order of reaction, a is the fraction of mentha-8-thiol-3-one-b-CD
decomposed at time t, and k is the rate constant.

The integrated forms of Eq. (3) can be expressed as Eqs. (4) and (5) according to

Coats and Redfern method [22].

ln
1� ð1� aÞ1�n

T2ð1� nÞ

" #
¼ ln

AR

cE

� �
� E

RT
ðfor n 6¼ 1Þ ð4Þ

ln
� lnð1� aÞ

T2

� �
¼ ln

AR

cE

� �
� E

RT
ðfor n ¼ 1Þ ð5Þ

where E is the apparent activation energy, A is the pre-exponential factor, c is the

heating rate, R is the gas constant, and T is the absolute temperature.

For a correct value of n, a plot of either ln[-ln(1-a)/T2] against 1/T or, where

n = 1, ln[(1-(1-a)1-n)/T2/(1-n)] against 1/T should result in a straight line of

slope -E/R. From the intercept and slope of the line, the pre-exponential factor and

the apparent activation energy of the dynamic degradation at various conversions

can be estimated, respectively.

The small peak, which appears at 236.3 �C in the rate of weight loss curve of the

mentha-8-thiol-3-one-b-CD inclusion complex in the first stage as shown in Fig. 5a,

is due to the release of mentha-8-thiol-3-one encapsulated in b-CD. This peak was

used to investigate mentha-8-thiol-3-one-b-CD release kinetic parameters. Different

reaction orders were selected for mentha-8-thiol-3-one-b-CD inclusion complex to

fit straight line in the experiments. Table 1 shows all the squared values of linear

correlation coefficients (R2) calculated from Eqs. (4) to (5) by fitting the experiment

data.

The closer are the squared values of linear correlation coefficients to 1, the better

the linear relationship between ln[-ln(1-a)/T2] and 1/T or between
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ln[(1-(1-a)1-n)/T2/(1-n)] and 1/T should be. The squared value of linear

correlation coefficient is relatively closer to 1 when reaction order, n, is 1.5.

Therefore, 1.5 was used as the pyrolysis reaction order for peak at 236.3 �C.
Figure 5b shows the plots of ln[(1-(1-a)-0.5)/(-0.5T2)] against 1/T. There is a

good linear relationship between ln[(1-(1-a)-0.5/(-0.5T2)] and 1/T when the value

of reaction order is 1.5 for peak at 236.3 �C as shown in Fig. 5b. The value of R2 is

greater than 0.999. The plot has a high linear correlation coefficient.

From the intercept of the line, the pre-exponential factor can be calculated. The

apparent activation energy can be estimated from the slope of the line. The value of

pre-exponential factor and apparent activation energy obtained from the intercept

and the slope of the line by fitting the experiment data according to Eq. (4) are given

in Table 2. The pre-exponential factor value (3.19 9 1024) is higher compared with

the values of sweet orange flavor-b-CD inclusion complex (4.32 9 1012) [14] and

lavender-HP-b-CD inclusion complex (1.0 9 108) [16].

In chemistry, activation energy is a term to describe the minimum energy

which must be available to a chemical system with potential reactants to result in

a chemical reaction. Low activation energy means a fast reaction and high

activation energy means a slow reaction according to the Arrhenius equation.

Activation energy may also be defined as the minimum energy required starting a

chemical reaction and can be thought as the energy barrier separating mentha-8-

thiol-3-one from mentha-8-thiol-3-one-b-CD inclusion complex. It can reflect the

combination of mentha-8-thiol-3-one and b-CD. Small activation energy indicates

that mentha-8-thiol-3-one easily releases from the inclusion complex and the

mentha-8-thiol-3-one-b-CD inclusion complex is instable, while high activation

energy implies that mentha-8-thiol-3-one is bound to b-CD firmly and the mentha-

8-thiol-3-one-b-CD inclusion complex is relatively stable. The apparent activation

energy is positive. It means that energy is required to disassemble a whole

mentha-8-thiol-3-one-b-CD into separate parts. The value of apparent activation

energy (290.8 kJ/mol) is higher compared with the values of sweet orange flavor-

b-CD inclusion complex (104.5 kJ/mol) [14] and lavender-HP-b-CD inclusion

complex (86.4 kJ/mol) [16]. From the apparent activation energy value obtained

as shown in Table 2, we can infer that the mentha-8-thiol-3-one-b-CD inclusion

complex is relatively stable.

Table 1 The squared values of linear correlation coefficients (R2) calculated by fitting the experiment

data

Peak temperature n = 0 n = 0.5 n = 1 n = 1.5 n = 2 n = 2.5 n = 3

236.3 �C 0.9731 0.9870 0.9959 0.9995 0.9981 0.9926 0.9844

Table 2 The values of apparent activation energy and reaction order obtained from the intercept and the

slope of the fitting line

n T (�C) a (%) E (kJ/mol) a

1.5 214.7–241.3 5–80 290.8 ± 2.4 3.19 9 1024
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Conclusions

Mentha-8-thiol-3-one-b-CD inclusion complex was successfully produced and

characterized. The morphology of mentha-8-thiol-3-one inclusion complex takes on

many geometric shapes. The distribution of mentha-8-thiol-3-one was reflected by

element map. The results of FTIR, XRD and TG confirmed that mentha-8-thiol-3-

one entered the cavity of b-CD. The mentha-8-thiol-3-one loading capacity was

determined by TG analysis, and the value is about 13.5 %. During the thermal

degradation of mentha-8-thiol-3-one-b-CD inclusion complex, Mentha-8-thiol-3-

one release from the inclusion complex mainly occurred in the temperature range

from room temperature to 282 �C, especially at 236.3 �C. At this temperature, the

rate of mentha-8-thiol-3-one release attained the maximum value. The release

reaction order, apparent activation energy and pre-exponential factor were

determined and the values were 1.5, 290.8 kJ/mol and 3.19 9 1024, respectively.
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