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Abstract

Purpose: The color changes in red pepper during far infrared drying were studied in order to establish a color change model.
Methods: The far infrared drying experiments of red pepper were conducted at two temperature levels of 60, 70°C and two
air velocity levels of 0.6 and 0.8 m/s. The results were compared with the hot-air drying method. The surface color changes
parameters of red pepper were measured qualitatively based on L (lightness), a (redness), b (yellowness) and total color
changes (AE). The goodness of fit of model was estimated using the coefficient of determination (RY), the root mean square
error (RMSE), the mean relative percent error (P) and the reduced chi-square (xz). Results: The results show that an
increase in drying temperature and air velocity resulted in a decrease in drying time, the values of L (lightness) and a
(redness) decreased with drying time during far infrared drying. The developed model showed higher R*values and lower
RMSE, P and % values. Conclusions: The model in this study could be beneficial to describe the color changes of red pepper

by far infrared drying.

Keywords: Color changes, Far infrared drying, Mathematical modeling, Red pepper

Introduction

Pepper (Capsicumitalics annuum L.) is native to Mexico,
and has been utilized popularly worldwide. Pepper is a
good source of vitamin A and C (Lee et al.,, 1995), especially
vitamins C content ranks the first among the all green
vegetables. Red pepper made by drying and is used to
cook various food staffs. It can either be used in industry
or medical applications (Isidoro et al., 1995).

The annual consumption of red pepper is 20 million
ton and covers 30% of the total vegetable production in
Korea (Jeong et al,, 2011). It played a prominent role in
Korean foods. Typical drying methods for red pepper are
sun drying and hot air drying. Sun drying is the most
natural method as it uses sunlight and wind, but it depends
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on the weather condition. The drying of red pepper under
sun light is risky, because it takes a long time and red
pepper is easy to deteriorate and infected with dust insect
mold and bacteria. The hot air drying needs a lot of resources
for the drying equipment and it entails energy cost (Bae
et al,, 2003). But the far infrared drying has some advan-
tages over convective hot air drying. Heat transfer coef-
ficients are high, the drying rate is fast and the energy cost
islow (Kangetal,, 2011). Moreover, drying of agricultural
products by far infrared radiation accelerated drying rates
and enhanced quality of the dried products (Sakai et al,,
1994).

Extensive research efforts have been paid to investigate
the drying characteristics or drying models of the red
pepper by sun, vinyl house and hot air drying (Yoon and
Lee, 2004), microwave-convective drying (Soysal et al,,
2009), hot air drying, electrical heater and lamp drying
(Kooli et al.,, 2006).
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A survey of consumer opinions showed that the major
factor for deciding the quality of red pepper was color
(redness). The red color in pepper represents various
carotenoid pigments such as cryptocapsin, capsorubin and
capsanthin, which cover 34.7% of the total pigmentation
(Hornero and Minguez, 2001). Therefore the measurement
of color is the most important factor to evaluate the drying
behaviour of red pepper. However, the studies on the
color changes of red pepper are scarce. Therefore, in this
work we investigated the effect of far infrared drying
temperature and air velocity on drying rate and color
changes of red pepper, and to establish the color changes
model in order to predict the changes of redness and
lightness with time by far infrared drying. Finally we used
the coefficient of determination (RZ), the root mean square
error (RMSE), the mean relative percent error (P) and the
reduced chi-square (Xz) to evaluate the goodness of fit of
established model.

Materials and Methods

Materials

The red peppers used in this study were obtained from
Chongwon-Gun of Korea, during the summer season. Red
peppers were stored in storage at 5°C until conducting
the experiments. The length, diameter and weight of red
peppers were 13~15 cm, 2.0~2.4 cm and 13~15 g, respec-
tively. The initial moisture content was 80.5~82.6 % on a
wet base (wb) and the initial color values were 28.45~
32.33 (L-lightness), 36.06~41.97 (a-redness) and 26.53~
28.55 (b-yellowness).

Experimental apparatus

The schematic diagram of the experimental apparatus
is shown in Figure 1.The dimension of the dryer that used
in this experiment was 5500x1800x900 mm (LxHxW).
The dryer was composed of far infrared heater (MEP-
550, Restoration, Korea), drying chamber (LxHxW, 5340x
620x90), belt conveyer, blast fan (DTB-402, Dongkun,
Korea), control panel which can control the temperature
of far infrared heater, belt speed and air velocity. Another
dryer (Model BOPP-1.5, Shinheung Co., Korea) was also
used for hot air drying experiment.

Experimental methods

Based on the result of our preliminary experiment, the
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far infrared drying test was conducted at the drying tem-
peratures of 60 °C and 70°C with air velocities of 0.6 and
0.8 m/s. For comparative analysis, the hot air drying
temperatures were maintained at 70 ‘C (dry-bulb tempera-
ture) and 60°C (wet-bulb temperature) for 6 h,and 55C
(dry-bulb temperature) and 35C (wet-bulb temperature)
for 18 h. Approximately 10 kg sample of red pepper was
used for each drying condition, and dried until the final
moisture content reached at 17+0.5% (wb).

Analysis
Drying rate

The initial moisture content was measured with the
air-oven method. Twenty grams of randomly selected
samples were taken and dried in an experimental dryer
(WFO0-600ND, Tokyo Ri-kakai, Japan) at the temperature
of 105C for 24 h, and the moisture content was deter-
mined from the ratio of the weight changes before and
after drying.

The drying rate was represented by the moisture ratio
(MR). For determination of moisture ratio, the moisture
content was measured at each time and converted into
the moisture ratio by using Equation (1) and (2) (Henderson
and Perry, 1976; Li et al,, 2009).

_ Mt_Me
MR = [t 1)
— MO'Mf_Mm
€ " Mg+M¢—2Mp, (2)

where MR is moisture ratio, M, Mo, Mm, Mrare equilibrium,
initial, middle and final moisture content, respectively.
Since the M. is relatively smaller than that of M or My, for
calculate accurately, the moisture ratio (MR) was calculated
by (M- Me)/ (Mo- Me).

Figure 1. Schematic diagram of a far infrared dryer: (1) Blast fan,
(2) Far infrared heater, (3) Motor, (4) Drying chamber, (5) Belt conveyer,
(6) Blast pipe.
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Color measurement
The surface colors of both fresh and dried red peppers

were measured by a colorimeter (JX777, C.T.S. Co, Tokyo,
Japan), based on lightness (L) [black (0) to light (100)],
redness (a) [red (60) to green (-60)] and yellowness (b)
[yellow (60) to blue (-60)] values from four parts of the
red pepper body, and measurements were individually
taken for six samples once every hour while drying. The
colorimetric initial correct values of L, a and b were 98.81,
0.08 and 0.06, respectively. Before and after the drying,
the total color differences (AE) were determined using
the following equation (Lopez-malo et al., 1998; Li, 2009;
Lee etal, 2010):

AE = VALZ + Aa? + Ab2 3)

where, AE is the total color difference, AL, Aa and Ab are
the changes of lightness, redness and yellowness before
and after drying.

Drying modeling

According to the drying time, greater variations of
lightness and redness of red pepper were observed. There-
fore, SAS RSQUARE PRCO was used to establish a suitable
model for describing the lightness and redness changes
of red pepper. The model constants were determined by
coefficient of determination (Rz). The established model
can be described as follows:

L@t _ 5, _ B X _r.
e A——+D exp (—E-t) 4)

where L(a): was the lightness or redness at any drying
time t, L(a)o was the initial value of lightness or redness, t
was the drying time; A, B, C, D and E were model
constants. The ratio of current values to initial ones were
fitted into the above model.

The equation (5) was used to calculate the model con-
stants. The equation is the functions of drying tempera-
ture and air velocity and the constants (ao, a1, az, a3, asand
as) were determined by SAS PROC STEPWISE. This model
represents combined effect of the drying parameters
such as drying temperature and air velocity.

A,B,C,D,Ezao+al'(T)+a2‘(Av)+a3'(T)Z+ 5
a, - (AV)2 + ag - (T - AV) ()

where T is drying temperature, AV is air velocity. The
goodness of fit of the model was evaluated using the coef-
ficient of determination (RZ), the root mean square error
(RMSE), the mean relative percent error (P) and the reduced
chi-square (Xz]. In general, the higher the values of R*and
the lower the values of RMSE, P and xz, the better good-
ness of fit. These parameters can be calculated as follows:

_ Z%\I:l(MRexp,i_MRexp,ave)z _ZiN=1(MRexp,i_MRpre,i)2

2

R EiNz1(MRexp,i_MRexp,ave)2 (6)

RMSE = [ 3N (MR s — MRpo)] 7
“IN 1=1( exp,i pre,l) ( )

100 «N  |(MRexpi—MRprei)|

P=FEa g (8)
ZI\I: (MRex ,i_MR re,i)2

X =T (9)

where MRy, is the experimental moisture ratio, MR is
the predicted moisture ratio, N is the number of observations
and n is the number of costants (Togrul, 2005).

Statistical analysis

The experiments was triplicate, and its average value
was used for statistical analysis, being conducted by SAS
version 8.2. The mean differences of experimental values
were determined by Duncan’s multiple range test using

analysis of variance (one-way ANOVA) with a significant
level of 0.05.

Result and Discussion

The changes of moisture content and moisture
ratio with drying temperature and time

The variations of moisture content and moisture ratio
with drying time are shown in Figure 2. At 60C, the
drying time of red pepper at air velocity of 0.6 and 0.8 m/s
were 18 and 17 h, respectively. When temperature was
increased at 70 C, the drying time changesto 14and 12 h
for the same air velocity, respectively. There was an inverse
relationship between drying temperature and drying time,
and air velocity and drying time. Suggesting that with an
increase in drying temperature and air velocity resulted
in a decrease in drying time, which is probably due to the
increase of heat transfer between the air and the red
pepper, and the acceleration of water migration inside
them (Sacilik and Elicin, 2006). The effect of temperature
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Figure 2. Effect of drying temperature on moisture content and moisture ratio.
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Figure 3. Changes of lightness and redness with drying time.

and air velocity on drying rate is extensively investigated
by Lee et al,, (2011). In addition, the hot air drying time
was 25 h, which is significantly longer than far infrared
drying. That is due to higher far infrared radiant energy
and heat conductivity that enhances the moisture diffusion
rate of red pepper.

Color changes

The variations of lightness and redness with drying
time are shown in Figure 3 (a) and (b). The results showed
that lightness and redness of red pepper tended to decrease
with drying time. The initial lightness values at the drying
temperature of 60 C with an air velocities of 0.6, 0.8 m/s
were 33.71 and 33.70, respectively. The end lightness
values were 21.27 and 21.73, which were lower than 12.44
and 11.97 from the initial values at the same drying con-
ditions. At the drying temperature of 70 C, the lightness
values were decreased by a big margin at the drying time
of 5 to 8 h, along with a small change at the late drying
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stage. The decreasing trend of redness showed different
from one of lightness. The redness of red pepper sharply
decreased at the drying times of 5 to 8 h at the drying
temperatures of 70 C. The moisture content also decreased
substantially (from 70% to 30%) at the same drying time.
Apart from this it can be suggested that the changes of
moisture content have a significant effect on the changes
of surface color. It has been suggested that the high color
values of agricultural products are closely associated
with high water content (Vega et al.,, 2007)

Figure 4 shows the AE values of red pepper at different
drying conditions. The changes of AE values showed in-
creasing trend with increasing drying temperature. The
values of AE changes from 28.45 to 32.73 at the drying
temperatures of 60 and 70C, respectively. The similar
results were also reported by Li et al., (2009), where high
values of AE were associated with high drying temperatures;
the higher the drying temperature made the pigments
instable. For the hot air drying, AE value was a litter higher
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Figure 4. Comparison of color difference of red pepper by drying
conditions. Means with different letters are significantly different by
Duncan’s multiple range test (p<0.05). The vertical bars represent
the standard error of three replicates.

than far infrared drying.

Fitting of the color change curves

In order to predict the color changes of red pepper, the
model constants values were obtained against those of
the drying temperature (T) and air velocity (AV) using
SAS multiple regression analysis. The constants and R?
values of lightness and redness were shown in Tables 1
and 2. Both of the lightness and redness model constants
were written as a function of drying temperature. The
drying temperature showed significant effect on the color
change of red pepper in far infrared drying. The effects of
some drying parameters related to the drying conditions
such as material size, drying temperature, relative humidity,
etc. were reported by Ozdemir and Devres (1999). The

lightness model constants showed higher R* values than
redness model, ranging from the values of 0.5133 to 0.9777.
Accordingly, the lightness and redness of red pepper at
any time during far infrared drying process can be estimated
using following equations. L, a; were the lightness and
redness at any drying time t, respectively. Lo, ao were the
initial value of lightness and redness, respectively.

—144.52180 + 2.03441 X T

Lt
T, = (7370705 005811 X D) — e 2 03441 X T

Lo

(10)
+(=0.79959 — 0.00026296 X T) - exp [—(—6.28340 — 0.10812 X T) - t]

a, _ (~1.39041 — 000017481 X T?) —403.31274 4+ 91.08649 X In T
a, - ' t+ 7595496 — 16.98324 X In T (1 1)

+(~8.31311 + 1.30865 X InT) - exp [—(~0.54955 + 0.0136 X T) - t]

Tables 3 and 4 show the results of statistical analysis of
the model fitted to the drying date. In all the cases of
drying conditions, the RZ, RMSE, P and XZ values varied
between 0.9624~0.9919, 0.0122~0.0447, 1.13~4.91%
and 0.55x10” ~ 2.50x107, respectively. Based on the
parameters (Rz, RMSE, P and XZ] the model at 60 C showed
a better agreement between the predicted and experi-
mental values than the model at 70 C.

The variations of experimental and predicted values at
drying temperatures of 60, 70 C and air velocities of 0.6,
0.8 m/s for lightness and redness are given in Figure 5.
Results showed that the model provides a good agreement
between the predicted and the experimental values at the
drying temperatures of 60 C and 70C. However, drying
atlater stage, the model showed a little difference between
the predicted and the experimental values. Thus the

Table 1. Estimated values of model constants for lightness Table 2. Estimated values of model constants for redness

Model constants R?
A = -3.70705—0.05811xT 0.8746
B = -144.52180 + 2.03441xT 0.9958
C = 48.3389+2.03441xT 0.9939
D = -0.79959— 0.0002629xT2 0.9728
E = -6.28340—0.10812xT 0.9857

Model constants R?
A = -1.39041— 0.0001748xT> 0.5770
B = -403.31274 +91.08649xT 0.9217
C = 75.95496 — 16.98324xT 0.9628
D = -8.31311 + 1.30865xT 0.5133
E = -0.54955+ 0.0136xT 0.9777

Table 3. Statistical analysis of the model fitted to the drying data for lightness

Drying conditions R?
60C-0.6 m/s 0.9815
60C-0.8 m/s 0.9884
70C-0.6 m/s 0.9705
70C-0.8 m/s 0.9624

RMSE P (%) x (10%)
0.0277 1.13 0.17
0.0217 1.66 0.38
0.0387 2.19 0.48
0.0447 242 0.90
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Table 4. Statistical analysis of the model fitted to the drying data for redness

Drying conditions R? RMSE P (%) w2 (10
60°C-0.6 m/s 0.9919 0.0122 2.95 0.88
60°C-0.8 m/s 0.9782 0.0182 2.30 0.55
70C-0.6 m/s 0.9746 0.0304 3.97 1.78
70C-0.8 m/s 0.9686 0.0351 4.91 2.50
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Figure 6. Comparison of experimental and predicted data.

developed model can make better predictions about light-
ness and redness at the far infrared drying times up to 16
h and 12 h for the drying temperatures of 60 and 70C,
respectively.

Figure 6 (a) and (b) show the comparison between
predicted and experimental values at various drying con-
ditions. The developed established color model provides
agood agreement between the experimental and predicted
values; there is strong evidence of linearity between
experimental values and predicted ones.
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Conclusions

The far infrared drying characteristics of red pepper
was evaluated at temperatures of 60 and 70 C with two
air velocities of 0.6 and 0.8 m/s. The results were com-
pared with the hot-air drying method. The goodness of fit
of the developed color model were evaluated using the
coefficient of determination (RZ), the root mean square
error (RMSE), mean relative deviation modulus (P) and
the reduced chi-square (xz). The results showed that the
drying rate of far infrared drying was 7~13 h faster than
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that of hot air drying at the same drying conditions. The
effect of drying temperature on the changes of lightness
and redness of red pepper was also studied. The model
established here showed high value for the coefficient of
determination (Rz) (0.9624~0.9919) and low values for
the root mean square error (RMSE) (0.0122~0.0447),
mean relative percent error (P) (1.13~4.91) and reduced
chi-square (x*) (0.17~2.50). The model is thought to be a
suitable model for describing the color changing behavior
of red pepper during far infrared drying. The developed
model can be beneficial to investigate the color changes
behaviour of other fruits and vegetable.
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