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Abstract

Statistical analysis was conducted to interpret the recently observed effects of various accelerating techniques on maize wine mat-

uration (Chang, A. C. (2004). The effects of different accelerating techniques on maize wine maturation. Food Chemistry, 86, 61).

Instead of the previously reported simple linear relationship between the concentrations of the key components of maize wine in

the final product and the number of treatments or the dosage, various types of non-linear behaviours were observed. A general poly-

nomial regression model is used to describe these behaviours, and the adjustable parameters were estimated from the experimental

data. The performance of the proposed regression model, which plays a key role in the design of an efficient accelerating process, was

satisfactory. Some specific variations of the key components of maize wine, as a function of the number of treatments or the dosage,

were observed.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Wine aging is one of the key steps for improving the

overall quality of wines. Reported methods for wine
aging include those of a chemical nature (e.g. Huang,

1980; Sato, 1984; Simpson & Miller, 1983) and of phys-

ical nature (e.g. Cocito, Gaetano, & Delfini, 1995; Hua,

Chen, Yu, & Huang, 1989; Lindley & Mason, 1987;

Matsuura, Hirotsune, Nunokawa, Satoh, & Honda,

1994; Saterlay & Compton, 2000; Suslick, 1989). While

the latter attracted less attention than the former, it is

of practical importance since the aging period can be
shortened considerably. Like chemical aging methods,

physical aging methods can have a profound influence

on the properties of wine. This is because treatments

such as ultrasonic waves and irradiation may trigger
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complicated biochemical reactions, thereby leading to

compositions that are significantly different from those

without treatments, which implies that a comprehensive

study of the influence of a treatment on the nature of
wine is complex. This difficulty can be circumvented,

as a first step, by examining the energy input on the con-

centrations of the key components of the final product.

Chang and Chen (2002), for example, reported the ef-

fects of numbers of treatments of 20 kHz ultrasonic

waves on the properties of rice and maize wines. Their

analysis was extended by Chang (2004) in a recent study,

where the effects of various accelerating techniques on
maize wine maturation were investigated. Twenty kilo-

hertz and 1.6 MHz ultrasonic and c-irradiation treat-

ments were applied, and the titratable acidity and the

concentrations of the key components of maize wine

in the final product (including alcohol, acetaldehyde,

ethyl-acetate, 2-phenyl-ethanol, 1-propanol, 2-methyl-

1-propanal, 2-methyl-butanol, and 3-methyl-butanol)
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were measured and compared with those of a one year

conventionally matured wine. Most of the above-men-

tioned key components were found to correlate with

the number of treatments/dosage and, based on a regres-

sion analysis, it was concluded that they are linearly

dependent, that is, a simple linear model is applicable.
Although it is empirical, this conclusion is of practical

significance since it provides relationships that are neces-

sary for the design of an accelerating process. However,
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Fig. 1. Variation of the concentrations of the key components of

maize wine, in the final product, as a function of the number of

treatments for the case of 20 kHz ultrasonic wave-treated maize wine.

Discrete symbols, experimental data (Chang, 2004); curves, results

based on the models shown in Table 1.
a close examination of the data reported (Chang, 2004),

plotted in Figs. 1–3 for illustration, reveals that the rela-

tionship between the dependent and the independent

variables can be non-linear. Fig. 1, for example, shows

that the concentration of 2-phenyl-ethanol seems to de-

cay roughly exponentially with the number of treat-
ments of 20 kHz ultrasonic waves. The curve for ethyl

acetate in Fig. 2 shows a concave downward trend.

Fig. 3 suggests that a quadratic relationship seems to ex-
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Fig. 2. Variation of the concentrations of the key components of

maize wine, in the final product, as a function of the number of

treatments for the case of 1.6 MHz ultrasonic wave-treated maize wine.

Discrete symbols, experimental data (Chang, 2004); curves, results

based on the models shown in Table 2.
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Fig. 3. Variation of the concentrations of the key components of

maize wine, in the final product, as a function of dosage for the case of

c-irradiation treated maize wine. Discrete symbols, experimental data

(Chang, 2004); curves, results based on the models shown in Table 3.
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ist between the concentration of acetaldehyde and the

dosage of c-irradiation treatments. These observations

imply that, to serve as potential accelerating techniques,

a more detailed quantitative analysis of their perfor-

mance is highly desirable. In this note, the experimental
data of Chang (2004) are statistically reanalyzed, and

empirical relationships that correlate the key compo-

nents of maize wine with the number of treatments/dos-

age of an accelerating technique are built.
2. Data fitting procedure

Since an explicit relationship between the dependent

variable Y, which represents the key components of

maize wine (in the final product), and the independent

variable X, which represents the number of treatments
or the dosage, is unknown at the present stage, we con-

sider a general polynomial model

Y ¼ b0 þ b1X þ b2X
2 þ � � � þ bkX

k þ e; ð1Þ
where bi, i = 0,1,2, . . . ,k, are adjustable parameters and e
is a normal random variable with mean 0 and constant

standard deviation r. Eq. (1) can be viewed as an

approximate relationship between Y and X, as long as

Y can be expanded as a Taylor series in terms of X. Note

that if bi = 0 for i = 2, . . . ,k, then Eq. (1) reduces to that

assumed by Chang (2004). The selection of the value of
k is such that the adjusted coefficient of multiple deter-

mination, R2
Adjusted, defined below, is maximized (Mont-

gomery, Runger, & Hubele, 2004):

R2
Adjusted ¼ 1� ð1� R2Þ n� 1

n� p

� �
; ð2Þ

where p is the number of adjustable parameters, and R2

is the coefficient of determination defined by

R2 ¼ 1�
Pn

i¼1 yi � ŷið Þ2Pn
i¼1 yi � yð Þ2

: ð3Þ

In this expression, y ¼
Pn

i¼1yi=n and ŷi are, respectively,
the averaged value of the experimentally observed values

of y and the ith value of y predicted by Eq. (1) based on

a set of estimated parameters (b0,b1, . . . ,bk).
3. Results and discussion

The result of the model building procedure is summa-

rized in Tables 1–3, and the values of the key compo-

nents of maize wine (in the final products), for various

accelerating treatments predicted by the fitted models,

are plotted in Figs. 1–3. In general, the agreement

between the experimental data and the estimated

values is reasonably good. The results presented in
Tables 1–3 suggest that, for most of the key compo-

nents, a simple linear relationship between their concen-

trations and the number of treatments/dosage is

unsatisfactory; a quadratic or higher order relationship

is more appropriate. As mentioned previously, the pres-

ent polynomial model, Eq. (1), is an approximation of

the true functional relationship. For instance, although

the concentration of 2-phenyl-ethanol in Fig. 2 decays
roughly exponentially with the number of treatments

of 1.6 MHz ultrasonic waves, it can be described

roughly by a quadratic function, as illustrated in



Table 1

Summary of model building procedure on the experimental data of Chang (2004) for the case of 20 kHz ultrasonic waves, Y and X are, respectively,

the concentrations of the key components of maize wine, in the final product, and the number of treatments

Components Regression model Y = b0 + b1X + b2X
2 + � � � + bk X

k

Alcohol (v/v%) Y = 5.220 · 10�1.255 · 10�1X

Acetaldehyde (mg/l) Y = 4.803 · 10�4.226 · 10�1X + 4.464 · 10�2X2�2.604 · 10�3X3

Ethyl acetate (mg/l) Y = 1.138 · 102�3.836X�7.143 · 10�2X2 + 6.510 · 10�3X3

2-Phenyl-ethanol (mg/l) Y = 4.797 · 10�3.327X + 1.741 · 10�1X2�5.208 · 10�3X3

1-Propanol (mg/l) Y = 1.978 · 102 + 5.744 · 10�1X

2-Methyl-1-propanol (mg/l) Y = 5.126 · 102�3.107 · 10�1X + 1.116 · 10�1X2

2-Methyl-butanol (mg/l) Y = 1.540 · 102�2.440 · 10�1X + 8.036 · 10�2X2�2.604 · 10�3X3

3-Methyl-butanol (mg/l) Y = 5.044 · 102 + 4.750 · 10�1X

Table 2

Summary of model building procedure on the experimental data of Chang (2004) for the case of 1.6 MHz ultrasonic waves, Y and X are, respectively,

the concentrations of the key components of maize wine, in the final product, and the number of treatments

Components Regression model Y = b0 + b1X + b2X
2 + � � � + bk X

k

Alcohol (v/v%) Y = 5.200 · 10�1.000X

Acetaldehyde (mg/l) Y = 4.786 · 10�6.086X + 4.286 · 10�1X2

Ethyl acetate (mg/l) Y = 1.136 · 102�1.7571X�7.857 · 10�1X2

2-Phenyl-ethanol (mg/l) Y = 4.834 · 10�1.529 · 101X + 1.571X2

1-Propanol (mg/l) Y = 1.981 · 102 + 1.577 · 101X�4.7143X2 + 5.833 · 10�1X3

2-Methyl-1-propanol (mg/l) Y = 5.130 · 102 + 6.143X�2.857 · 10�1X2

2-Methyl-butanol (mg/l) Y = 1.540 · 102 + 2.810X + 1.214X2�1.667 · 10�1X3

3-Methyl-butanol (mg/l) Y = 5.049 · 102 + 1.548X + 2.071X2�3.333 · 10�1X3

Table 3

Summary of model building procedure on the experimental data of Chang (2004) for the case of c-irradiation, Y and X are, respectively, the

concentrations of the key components of maize wine, in the final product, and the dosage

Components Regression model Y = b0 + b1X + b2X
2 + � � � + bk X

k

Alcohol (v/v%) Y = 52

Acetaldehyde (mg/l) Y = 4.803 · 10 + 4.905 · 10�2X + 5.357 · 10�6X2�2.083 · 10�8X3

Ethyl acetate (mg/l) Y = 114

2-Phenyl-ethanol (mg/l) Y = 48

1-Propanol (mg/l) Y = 1.978 · 102�1.458 · 10�1X + 2.250 · 10�4X2�2.292 · 10�7X3

2-Methyl-1-propanol (mg/l) Y = 5.135 · 102�7.839 · 10�1X + 1.252 · 10�3X2�8.750 · 10�7X3

2-Methyl-butanol (mg/l) Y = 1.538 · 102�2.171 · 10�2X + 7.143 · 10�6X2

3-Methyl-butanol (mg/l) Y = 5.038 · 102�1.275 · 10�1X + 3.750 · 10�5X2
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Table 2. This is because the exponential relationship
Y = aexp(bX) can be expanded as

Y ¼ a expðbX Þ ¼ a½1þ bX þ bXð Þ2

2!
þ � � ��: ð4Þ

Therefore, if (bX) is sufficiently small, since higher or-

der terms can be neglected, this expression reduces to the
form

Y ffi b0 þ b1X þ b2X
2: ð5Þ

Similar arguments apply to other types of non-linear

relationships. We have to emphasize that, due to the lim-

itation of the number of available data, searching for a

more realistic and physically sounder quantitative rela-

tionship between the concentrations of the key compo-

nents of maize wine (in the final product) and the

number of treatments/dosage is not feasible at the pres-
ent stage, and further study is necessary. Nevertheless,

the empirical relationships presented in Tables 1–3 are
capable of describing, quantitatively, the relationship
between the dependent and the independent variables,

which can be used directly in the design of an accelerat-

ing process.

Figs. 1–3 show several interesting trends. For

example, Fig. 1 suggests that, for the case of 20 kHz

ultrasonic-wave treatments, the concentration of acetal-

dehyde declines roughly linearly with the number of

treatments when it is less than 12, and starts to decline
faster after that. The concentration of ethyl acetate be-

comes insensitive to the number of treatments when it

exceeds about 16. Both the variation of the concentra-

tion of 2-methyl-1-propanal and that of 3-methyl-buta-

nol, as a function of the number of treatments of

20 kHz ultrasonic waves, are of sigmoidal nature; the

former is insensitive to the number of treatments when

it is below 6 or above 18, and the latter is insensitive
to the number of treatments when it is below 4 or above

14. As can be seen in Fig. 2, the variation of the concen-
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tration of 3-methyl-butanol, as a function of the number

of 1.6 MHz ultrasonic wave treatments, also shows a

sigmoidal trend. The concentration of 2-phenyl-ethanol

decays roughly exponentially with the number of treat-

ments for both 20 kHz and 1.6 MHz ultrasonic wave

treatments, as illustrated in Figs. 1 and 2. The curve
for ethyl acetate, for 20 kHz treatments, is of a concave

upward nature, but the reverse is true for 1.6 MHz treat-

ments. The curve for the concentration of acetaldehyde,

in the case of 20 kHz ultrasonic wave treatments, also

has a reverse trend compared to that in the case of 1.6

MHz ultrasonic wave treatments. Fig. 3 shows that the

qualitative behaviour of the curve for 1-propanal is sim-

ilar to that of 2-methyl-1-propanol; both show an inflec-
tion point near 400 Gy. The concentration of 3-methyl-

butanol decays roughly exponentially with the dosage of

c-irradiation treatments. In contrast, it increases with

the number of treatments in the case of ultrasonic wave

treatments, as shown in Figs. 1 and 2. Similar to the case

of 1.6 MHz ultrasonic wave treatments, the concentra-

tion of acetaldehyde increases with the dosage of c-irra-
diation treatment. However, the curve for the former is
of a concave upward nature, but the latter is of a con-

cave downward nature.

It should be pointed out that the regression relations,

summarized in Tables 1–3, should be used for interpola-

tions only; that is, they are applicable for predicting the

value of the dependent variable when the value of the

independent variable is in the range which is used to

construct the regression relations. Extrapolations, which
may lead to unrealistic results, are not suggested (Mont-

gomery et al., 2004). For instance, if c-irradiation is ap-

plied, then according to Table 3, the concentration of 2-

methyl-1-propanol will become negative if the dosage is

sufficiently large, which, of course, is meaningless.
4. Conclusion

In summary, we show that the effects of ultrasonic-

wave and c-irradiation treatments on maize wine matu-
ration are of a complicated nature. In particular, the

concentrations of the key components of maize wine

in the final product, can exhibit various non-linear rela-

tionships with the number of treatments/dosage. These

relationships are essential for the design of an efficient

accelerating process.
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