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Abstract

Bell pepper (BP) (Capsicum annuum L..) is popularly used as a seasoning in-
gredient in most breakfasts, supper, snacks, and fritter foods. Three common BP’s
(green-G, yellow-Y, and red-R) are fascinating to the food technologist to devel-
op even functional food items. Being highly perishable, it is essential to convert
them into shelf-stable material, maintaining their physico-chemical, nutritional,
optical, functional, and morphological properties. Thus, the effect of hot air dry-
ing at 50 to 80 °C at an interval of 10 °C on the quality attributes of GYR-BP was
assessed. The dehydration studies were performed for the heat and mass transfer
modeling using the finite element method applying the COMSOL Multiphysics
6.0 software. Dehydration behavior was found to be temperature dependent and
significantly affected the drying rate and moisture diffusivity. The empirical mod-
el Bolbay and Sahin was found to be most appropriate in describing dehydration
kinetics. Hot air drying at 60 °C is recommended for the drying of BP. The BP
samples dehydrated at 60 °C showed better color retention properties, higher
total phenolic and flavonoid content than those dried at different temperatures.
Relative crystallinity of freeze-dried samples was found to be lower than op-
timized samples obtained using hot air drying. The simulated outcomes from
the FEM (Finite Element Method) model were found similar to experimental
findings, which indicate FEM approach may successfully be applied in predicting
heat and mass transfer phenomena in the convective drying. The opto-physi-
co-chemical, nutritional, and functional properties of developed dehydrated shelf
stable all types of BP slices were assessed and presented.
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Bell pepper, Drying, Heat and mass transfer modelling, Color, Antioxidant
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Introduction

'The BP is one of the most consumed horticultural crops used as a seasoning
ingredient across the globe. According to the data from FAOSTAT in 2021, the
global cultivation area of BP was reported to be 2.06 million hectares, with a pro-
duction volume of 3.63 million metric tons. Fresh BP is cultivated in 126 coun-
tries worldwide, with China leading as the largest producer, closely followed by
Mexico [1]. They are grown as annual or perennial crops in the field or as green-
houses. They are herbaceous in nature and frost-sensitive crops. Commercially,
BP is highly demandable due to its distinctive aroma, pungency, color, and flavor.
Nowadays, pepper is gaining popularity because they are free from cholesterol,
low in calories, and presents diverse bioactive compounds, including carotenoids,
polyphenols, vitamin A, C, E, and alkaloids in high proportion and possesses an-
timicrobial and antioxidant properties [2-6]. Regular consumption of BP reduces
the risk of various ailments such as neurological disorders, rheumatism, lumbago,
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pharyngitis, arthritis, diabetes, cancer, and cardiovascular dis-
eases [7, 8]. Besides their nutritional and medicinal value, BP
are available in various colors (green-G, yellow-Y, and red-R),
attracting consumers. Typically, they are used as coloring and
flavoring agent in the preparation of paste, pickles, sauces, and
pizzas, even consumed fresh in the form of salads [9].

Moreover, it is possibly used as a dried vegetable in bits,
granules, or powder to prepare various ready-to-eat fast food
items. Fresh BP, rich in nutrients with higher moisture con-
tent, are susceptible to heat and rapidly degrades due to micro-
bial spoilage [10]. Therefore, more extended storage is impos-
sible unless or before some preservation techniques (drying,
refrigeration, caning, freezing, irradiation, and the addition
of chemicals) are imposed. Among the different preservation
processes, convective drying is proven to be the simplest pro-
cessing and preservation techniques that help reduce the re-
quired water activity level while maintaining the highest qual-

ity attributes [11].

'The basic principle of the drying process of any food mate-
rials is based on the simultaneous heat and mass transfer with
the surrounding air. The process might be translated into a
fundamental mathematical model to predict realistic heat and
mass transfer mechanisms for describing a system's inherent
physics. It accurately estimates foods under complex, realistic
conditions, such as variations in initial temperature, regularly
shaped geometries, and time-dependent boundary conditions
[12]. Researchers have performed numerous mathematical
models, fundamental models, and different drying methods
for agricultural food products [13-20]. However, limited stud-
ies have been observed in the cited literature for the dehy-
dration characteristics and quality attributes of colored BPs.
Considering the key gaps, the specific objectives of current
research work were to compare convective drying properties
and opto-physico-chemical, nutritional, and functional quality
attributes of GYR-BP, to fit available dehydration models
to describe thin layer drying kinetics and to develop a 3-di-
mensional FEM for describing simultaneous heat and mass
transfer in convective drying.

Materials and Methods

Raw materials

BPs of different colors were harvested at different stages
of maturity. After 15 to 20 days of blossoming, the green fruits
were ready for harvest, which begins towards the end of Octo-
ber. In a similar manner, the yellow fruits were harvested after
30 to 40 days of flowering, while the red fruits were harvested
after 40 to 50 days. For yellow fruits, harvesting begins after
20" November, while for red fruits, it begins in the middle of
December. Three types of fresh sweet BP, Indra - green, Bach-
ata RZ F1 (35-209) - yellow and Massilia RZ F1 - red variet-
ies were procured from the local progressive farmer of Sangrur,
Punjab. Attempts have been taken not to harvest the diseased
or defective, bruised, and spotted fruits that were discarded
from the lot. Only good quality having uniform size, color and
maturity were selected. The extraneous matter adhered to the
surface samples were removed by keeping the samples under
the running tap water. The slices in the form of a disc of an av-

erage diameter of 31 = 0.1 mm were prepared, having a thick-
ness of 3.54 + 0.16 mm, and used for the convective hot air
dehydration experiments.

Proximate analysis

Proximate analysis of BP was determined for moisture,
protein, fat, fiber, and ash content (Table 1) using standard
method [21].

Table 1: Proximate analysis of three different varieties of BP.
BP varieties
Composition Green (%) Yellow (%) Red (%)
Moisture of Fresh BP | 93.41 + 0.24* | 93.21 £ 0.12* | 91.55 = 0.06
Dried BP
Moisture 7.40 £0.20° | 9.54+0.78" | 10.14 £ 0.23
Crude protein 8.83+0.57" | 7.59+0.22° | 9.7+0.19
Crude fat 1.39+0.29° | 2.94+0.06* | 3.34:0.18
Ash 5.67+0.67° | 7.38+0.27* | 5.78+0.51°
Crude fiber 2.53+0.68 | 3.30+0.23* | 2.53+0.33"
Carbohydrate 74.18 £ 0.74* | 69.26 £ 0.09° | 68.51 £ 0.17°
Note: Results are represented as mean + SDj different letters (a and b)
in the same raw are varied significantly at 95% (p<0.05) confidence level.
Data are represented in wet basis (g/100 g).

Drying experiments

'Thin layer convective drying was carried out in a cabinet
dryer (Balaji enterprises-48T, Saharanpur, India) at four dif-
ferent temperatures (50, 60, 70, and 80 °C). A freeze-dried
sample was prepared using freeze dryer (Lyopfilizer-FD-5,
Allied Frost, India) and considered as the reference under the
present work. Real-time data for the weight change of sliced
disc-shaped BP samples during dehydration was obtained
using the precision digital weighing balance attached to the
developed dehydration unit [22]. An air circulation having a
velocity of 1 m/s was maintained throughout the dehydration
experiment. The experimentation was performed separately
for 48 h to find the equilibrium moisture content (EMC) at
respective temperatures.

Mathematical models for drying kinetics and statistical
analysis

Ten thin layer dehydration models have been fitted to see
the model efficacy in describing the dehydration kinetics of
studied sweet BP slices of different varieties (Table 2). Mois-
ture ratio (MR) and rate of dehydration (R..) can be calculated
by applying Eq. 1 and 2.

mr =M (1)
MO_Me
M,-M

RC: ] dt t+dt (2)

Where, M, M, and M| are the moisture content of initial,
equilibrium, and at any time t. dt is the time interval between
two consecutive measurements. The unit of M represents g of

water per g of dry solids.
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Table 2: Statistical computational results (model parameters, R? ¥, and RMSE) achieved from selected thin layer drying models of GYR-BP slice.
Variety | T (°C) Models and model parameters R? RMSE X
Page model MR = exp(—kt" )
50 k=798x10*%2.6x10% n=1.250 + 0.06 0.988 0.033 1.1x10°3
Green 60 k=0.003 £5.8x10%n=1.111+0.033 0.996 0.018 3.1x10*
70 k=0.006 +5.8x 10 n = 1.152 + 0.037 0.998 | 0.015 2.2x10*
80 k=0.008 £ 0.002,n = 1.185 + 0.049 0.998 0.015 2.1x10*
50 k=0.005+5.4x10% n = 1.025 + 0.022 0.997 | 0.015 2.2x10*
Yellow 60 k=0.003 +4.3x10% n=1.145 + 0.027 0.998 0.014 1.9x10*
70 k=0.006 +7.2x10% n =1.171 + 0.027 0.999 | 0.010 9.7x10°
80 k=0.004 £ 0.001,n = 1.284 = 0.086 0.994 0.028 7.6x10*
50 k=0.006 +3.0x 10, n = 1.008 + 0.009 0.999 | 0.006 3.6x10°
Red 60 k=0.004+9.8x10% n=1.132 +0.046 0.993 0.021 48x10*
70 k=0.004 = 7.3x10*% n=1.207 + 0.039 0.998 | 0.015 2.3x10*
80 k=0.005+8.0x 10* n =1.240 + 0.035 0.999 0.011 1.2x10*
Lewis model MR = exXp (—kt )
50 k=0.003+1.2x10* 0.972 0.051 2.6x10°
60 k=0.006 = 1.4x 10" 0.993 0.025 6.2x10*
Green ™7 k=0.011235x10% 0994 | 0.026 | 6.8x10%
80 k=0.018+7.6x10* 0.994 | 0.029 8.3x10*
50 k=0.005+12x10° 0.997 0.015 2.3x10*
60 k=0.007 +1.4x 10" 0.993 0.027 7.1x10*
Yellow
70 k=0.013+3.5x10* 0.994 0.025 6.2x10*
80 k=0.014+7.6x10* 0.982 0.047 2.2x10°
50 k=0.006 +3.3x10° 0.999 0.006 3.6x10°
60 k=0.008 +2.5x10* 0.991 0.029 8.4x10*
Red 70 k=0.010+4.1x10* 0.990 | 0.034 1.0x103
80 k=0.015+6.7x10* 0.991 0.033 1.0x10°
Henderson and Pabis MR = a €Xp (—kt ! )
50 a=0.960=0.023,k=4.6x10"=2.3x10% n=1.337 + 0.085 0.990 0.031 9.5x10*
Green 60 a=0.998+0.017,k=0.003 + 8.1x10% n = 1.115 + 0.045 0.997 0.018 3.3x10*
70 a=0.990 = 0.015,k = 0.005 + 0.001, n = 1.164 = 0.045 0.998 0.015 2.3x10*
80 a=0.999 +0.016,k = 0.008 + 0.002,n = 1.186 + 0.058 0.998 0.016 2.5x10*
50 a=0.993+0.013,k=0.004 =+ 7.5x10* n = 1.035 + 0.030 0.997 0.015 2.3x10*
Yellow 60 a=0.989+0.013,k =0.003 + 5.4x10% n = 1.162 + 0.036 0.998 0.014 1.9x10*
70 a=0.995+0.010,k = 0.006 =+ 8.5x 10 n = 1.177 + 0.032 0.999 0.010 1.0x10*
80 a=0.986 +0.028,k = 0.003 + 0.107,n = 1.306 + 0.107 0.995 0.029 8.3x10*
50 a=0.997 £ 0.006,k = 0.006 + 4.1x10* n = 1.012 + 0.012 0.999 0.006 3.7x10°
Red 60 a=0.976 = 0.020, k = 0.003 + 0.001,n = 1.171 = 0.059 0.996 0.021 4.6x10*
70 a=0.990 £ 0.015,k =0.004 £ 8.7x 10, n = 1.223 = 0.05 0.999 0.016 2.4x10*
80 a=1.002 +0.012,k =0.005 £ 9.8 x 10, n = 1.238 + 0.04 0.999 0.012 1.4x10*
Logarithmic (Asymptotic) MR = a exp (—kt ) +cC
50 a=1.337+0.025,k=0.002 +7.7x10°,c = -0.347 + 0.028 0.999 0.010 1.1x10*
Green 60 a=1.089 +0.015,k = 0.005 + 2.0 x 10", ¢ = -0.083 + 0.016 0.999 0.013 1.7x10*
70 a=1.060+0.014,k =0.010 = 3.6 x 10, ¢ = -0.054 + 0.011 0.999 | 0.014 1.9x10*
80 a=1.064=0.020,k=0.016 £ 7.9x 10, ¢ = -0.056 = 0.016 0.998 0.017 2.7x10*
50 a=1.021+0.007,k = 0.005 = 9.7 x 107, ¢ = -0.032 = 0.006 0.999 | 0.010 1.0x10*
Yellow 60 a=1.096 + 0.006, k = 0.005 + 8.3 x 10°, ¢ = -0.089 + 0.006 0.999 0.005 2.8x10°
70 a=1.052+0.015,k=0.012 + 4.3 x 10, ¢ = -0.039 + 0.010 0.998 | 0.015 2.3x10*
80 a=1.103 = 0.036,k =0.011 + 0.001, ¢ = -0.087 + 0.033 0.993 0.032 1.0x103
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50 a =1.002 £ 0.005, k = 0.006 + 7.0 x 107, ¢ = -0.002 = 0.003 0.999 | 0.006 | 3.8x10°
Red 60 a=1.055 + 0.017, k = 0.007 + 3.2 x 10, ¢ = -0.058 + 0.014 0997 | 0019 | 3.6x10*
70 a=1.092  0.015, k = 0.009 = 3.6 x 10, c = -0.080 + 0.014 0.998 | 0014 | 2.1x10*
80 a=1.068 + 0.026, k = 0.014 + 8.8 x 10, ¢ = -0.046 + 0.020 0996 | 0.024 | 6.1x10*
Modified page I MR = exXp (— (kt)n )
50 k = 0.003 + 6.4 x 105, n = 1.261 + 0.049 0989 | 0033 | 1.1x10°
60 k = 0.006 £ 9.0 x 105, n = 1.113 + 0.030 0997 | 0018 | 3.1x10*
Green 70 k=0.011+1.8x10%n=1.154+0.034 0998 | 0015 | 22x10+
80 k=0.017 +3.5x 10% n = 1.187 + 0.045 0.999 | 0.015 | 2.1x10*
50 k = 0.005 * 6.4 x 105, n = 1.028 = 0.02 0997 | 0015 | 2.2x10*
Vellow 60 k= 0.006 + 7.6 x 105, n = 1.148 + 0.024 0.998 | 0014 | 1.9x10*
70 k=0.012+1.5x10%n=1.172 = 0.025 0999 | 0010 | 9.7x10°
80 k=0.013 £ 4.0x 10% n = 1.29 = 0.079 0.994 | 0.028 | 7.6x10*
50 k = 0.006 + 3.5 x 10, n = 1.009 + 0.009 0.999 | 0.006 | 3.6x10°
Red 60 k=0.008 + 1.7x 10% n = 1.138 + 0.042 0.995 | 0.022 | 4.8x10*
70 k=0.010+ 1.6 x 10* n = 1.211 + 0.035 0.998 | 0.015 | 2.3x10*
80 k=0.014 = 2.0 x 10% n = 1.240 + 0.032 0.999 | 0.011 1.2x10*
2 n
Modified page IT MR = k exp (— t/d )

50 k = 1.055 + 0.036,d = 3.076 + 13.36, 1 = 0.034 + 0.296 0976 | 0049 | 24x10°
60 k = 1.030 + 0.020, d = 3.983 + 10.00, n = 0.099 + 0.501 0.995 | 0.024 | 59x10*
Green k = 1.023 = 0.026,d = 3.498 + 10.33,n = 0.142 = 0.841 0994 | 0027 | 7.6x10°
80 k= 1.020 + 0.032,d = 3.195 + 13.56, n = 0.186 + 1.585 0.994 | 0.033 1.1x10°
50 k = 1.005 + 0.013,d = 4.102 + 5.18, 1 = 0.088 + 0.224 0997 | 0016 | 2.5x10*
Vllow 60 k= 1.033 + 0.022,d = 3.863 + 9.90,n = 0.100 + 0.520 0.994 | 0.026 | 6.6x10*
70 k = 1.025 = 0.025,d = 3.401 + 9.43, 1 = 0.153 + 0.851 0.994 | 0.026 | 6.6x10*

80 k=1.034 + 0.049,d = 3.384 + 19.90, n = 0.160 + 1.887 0.983 | 0.051 3x10°
50 k = 1.001 = 0.005, d = 4.003 + 2.01, 1 = 0.102 + 0.102 0.999 | 0.006 | 3.9x10°
Red 60 k=1.018 + 0.027,d = 3.667 + 10.66,n = 0.114 + 0.668 0992 | 0.030 | 9.3x10*
70 k=1.035 £ 0.032,d = 3.519 = 13.02, n = 0.135 + 1.007 0991 | 0035 | 1.0x10°
80 k=1.034 +0.034,d = 3.288 + 13.15,n = 0.166 + 1.336 0992 | 0.035 | 1.0x10°

Wang and Singh MR =1+ at + bt?
50 a=-0.002+32x10%b=15x10+57x10" 0997 | 0017 | 2.8x10*
60 a=-0.004+1.0x10%b=55x10°+2.8x 107 0993 | 0.026 | 7.0x10*
Green ™, a=-0.00822x10%b=15x10%+84x107 0988 | 0037 | 14x10°
80 a=-0012+44x10%b=35x10%+2.6x10° 0990 | 0.039 | 1.5x10°
50 a=-0.004+1.0x10%b=31x10%+1.7x 107 0.968 | 0052 | 3.0x10°
Velow 60 a=-0.005+83x10%b=6.0x10%2.3x107 0995 | 0.022 | 4.8x10*
70 a=-0.008+2.9x10%b=17x10%+1.1x10° 0.980 | 0.048 | 2.0x10°
80 a=-0.009+1.8x10%b=21x10°+8.0x 107 0.996 | 0.027 | 4.9x10*
50 a=-0.004+1.3x10%b=3.8x10°+2.3x107 0943 | 0.068 | 50x10°
60 a=-0.006+1.4x10%b=80x10°+3.9x 107 0987 | 0037 | 1.0x10°
Red 70 a=-0.007+1.5x10%b=13x10% +5.5x 107 0.995 | 0.025 | 6.1x10*
80 a=-0.010+3.7x10%b=23x10%+1.7x10° 0.984 | 0.046 | 2.0x10°
Balbay and Sahin MR = (1 - a) exXp (—ktn ) +b
50 a=-0.0447 £ 0.088, k = 0.002 + 3.9 x 10, n = 0.944 + 0.038, b = -0.448 = 0.083 0.999 | 0010 | 1.0x10*
G 60 a=-0.100  0.037, k = 0.005 + 0.001, n = 0.986 + 0.046, b = -0.092 * 0.032 0999 | 0012 | 1.6x10*
e 70 a=-0.025 + 0.018, k = 0.007 + 0.001, n = 1.088 + 0.042, b = -0.030 + 0.012 0.999 | 0.011 1.3x10*
80 a =-0.027 £ 0.020, k = 0.010 + 0.002, n = 1.115 + 0.058, b = -0.027 = 0.015 0999 | 0013 | 1.6x10*
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50 a=-0.063 +£0.013,k =0.007 + 7.4 x 10 n = 0.924 + 0.020, b = -0.057 = 0.009 0.999 0.008 5.7x107°
Yellow 60 a=-0.070 + 0.010,k = 0.005 + 3.4 x 10 n = 1.038 + 0.016, b = -0.070 + 0.008 0.999 0.005 2.0x10°
70 a=-0.012 +0.010,k = 0.007 + 8.4x 10 n = 1.132 + 0.028,b = -0.015 + 0.006 0.999 0.008 6.0x10°
80 a=-0.026 +0.039,k =0.005 + 0.002,n = 1.210 + 0.111,b = -0.035 + 0.026 0.996 0.022 7.0x10*
50 a=0.003 +0.007,k=0.006 £+ 5.0x10* n=1.012 + 0.016,b =-2.4x 10* + 0.003 0.999 0.006 3.9x10°
Red 60 a=-0.023 £ 0.028,k = 0.005 + 0.002,n = 1.074 + 0.061,b = -0.038 + 0.018 0.997 0.019 3.4x10*
70 a=-0.037 £0.014,k = 0.005 + 7.7x 10 n = 1.126 + 0.032, b = -0.040 = 0.010 0.999 0.009 7.6x10°
80 a=0.006 +0.016,k = 0.006 £ 0.001,n = 1.220 + 0.052, b = -0.005 + 0.009 0.999 0.012 1.5x10*
Two term model MR = a exp (—kf) +b €xp (kt)
50 a=-0.025 £ 0.002,k = 0.003 + 6.0 x 107, b = 1.026 + 0.006 0.999 0.011 1.2x10*
Green 60 a=-0.005£9.9x10* k=0.006 + 1.27x 10 b = 1.016 + 0.009 0.999 0.013 1.6x10*
70 a=-0.001 +4.8x10*%k=0.011+3.7x10° b =1.015+0.018 0.997 0.020 4.1x10*
80 a=0.000,k =0.018 + 0.001,b = 1.019 + 0.031 0.992 0.033 1.1x 1073
50 a=-0.001 +1.4x10*k=0.005+4.8x10°b=0.995+0.005 0.999 0.008 6.5x10°
Yellow 60 a=0.000,k=0.007 +2.0x 10* b =1.033 + 0.019 0.994 0.026 6.6x10*
70 a=-44x10%k=0.013+4.6x10% b=1.021 +0.010 0.996 0.022 4.8x10*
80 a=0.000,k =0.014 + 0.001,b = 1.034 + 0.046 0.983 0.051 3.0x1073
50 a=-3.6x10°+4.0x107,k=0.006 +4.7x10°,b = 1.001 + 0.005 1.000 0.006 3.8x107°
Red 60 a=-0.001+54x10%k=0.008+3.0x10% b=1.009 +0.020 0.995 0.024 6.0x10*
70 a=-0.002+81x10%k=0.010+4.1x10%b=1.023 +0.020 0.996 0.023 5.5x10*
80 a=-6.5x10%+51x10%k=0.014+7.8x10% b =1.029 + 0.028 0.994 0.030 9.2x10*
Two term exponential MR = a exp (—kt) + (1 - a) €xp (kat)
50 a=1.024+0.002,k =0.003 £3.9x10° 0.999 0.011 1.1x10*
60 a=1.005+9.3x10%k=0.006 +9.5x10° 0.998 0.013 1.7x10*
Green a=1.001+4.7x10% k=0.011 + 2.9 x 10* 0997 | 0020 | 3.9x10*
80 a=-1.333+0.032,k =0.009 + 6.2x 10* 0.999 0.013 1.6x10*
50 a=1.001 + 1.2x10* k=0.005+3.5x10"° 0.999 0.007 5.7x10°
Yellow 60 2 =1.004£6.6x10"* k=0.006+8.7x10" 0.999 0.011 1.3x10*
70 2=1.001+2.8x10* k=0.013+3.7x10* 0.996 0.022 49x10*
80 2 =1.002+0.001, k=0.001+7.8x10* 0.988 0.040 2.0x1073
50 a=1.000+3.8x10, k=0.006+3.5x10"° 1.000 0.006 3.6x10°
Red 60 2=1.00124.9x10* k=0.008+2.2x10* 0.995 0.024 5.6x10*
70 2 =1.002+8.2x10* k=0.010+3.2x10* 0.996 0.024 5.6x10*
80 2 =1.000+5.5x10"* k=0.015+6.5x10"* 0.993 0.304 9.3x10*
Note: MR: Moisture ratio; the subscripts a, b, ¢, d, k, and n are the model parameters; t: Drying time (minutes).
'The higher coeflicient of multiple determinations (R?), lower
Chi-square (x?), and lower root mean square error (RMSE) ,
values were considered to determine the adequacy of the 8 n°D o
fit for dehydration models. The model was fitted using the In (MR) =In Jie - 4—b2 (4)
0

graphing and analysis of commercially available statistical
analytical software OriginPro 2017 (OriginLab Corporation,
Northampton, MA, USA).

Effective diffusivity (Deff) and activation energy (Ea) cal-
culation

One dimensional Fick’s second law of gas diffusion model
(Eq. 3) describes the effective diffusivity during drying various
agricultural materials [23].

oM
- =PaV (VM) (3)
For more extended drying periods, the diffusion equation

for the prepared bell pepper slices can be written as Eq. 4.

Effective diffusivity (D ;) values for three varieties of bell
pepper slices dehydrated at 50, 60, 70, and 80 °C were deter-
mined using Eq. 5.

4 po k
D, =—— (5)
o 7[2
Where, k is the slope obtained using linear regression con-
sidering In (MR) and drying time (t) data having b, as half
thickness of BP in meter.

Bell pepper powder preparation
The hot air convective dried (HAD) and freeze-dried
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(FD) BP were ground using the attrition cold grinding tech-
nique and sieved through 60 mesh screens to get coarse pow-
der (Figure 1) and packed in metalized zipper pouches and
stored at refrigerated conditions (4 °C) for further analysis.

Color properties

Lightness (L"), redness (a*), yellowness (b*), and total color
difference (AE) as color parameters of convective and freeze-
dried samples were analyzed and compared with the respective
fresh BP samples, using the optical sensor fitted Hunter lab
colorimeter (Hunter Associates Laboratory Inc., Reston, VA,
USA) [24]. Before sample measurements, the instrument was
first calibrated using white and black tiles. During color mea-
surements, samples were placed 180" along the horizontal axis
through which the light spectrum was coming. However, the
sample was located on the reflectance aperture which is fixed
with the system. Hence, the distance between the sample and
colorimeter was zero.

The total color differences (AE) between the fresh and
dried (FD and HAD) BP samples were determined using Eq. 6.

* %\ 2 * %\ 2 % \2
AE=\/(L - L) +(a" = ay) +(b" - b)) ©6)
Where, Lo , ao, b ; L', a', b are the color parameters of fresh
and dried samples, respectively.

In addition, chroma (C’) and browning index (BI) of fresh
and dried samples were calculated using Eq. 7 and Eq. 8, re-
spectively.

C =a" +b" @)

Where, C’ signifies color saturation.

100 a +1.75L
0.17 5.645L +a” —-3.012b

—0.31J (8)

'The formula of Hue angle depends on which quadrant
the color is located. When “a” has a negative value, “b” has a
positive value, the color is located in quadrant II. So, the hue
angle (H') formula is written as:

Welghlng balance,

Slicing il Grinding W
> 9 —_— ~
e 20 9¢ Food material
|
® u b ]
Convective hot . s
a\vr dr";ing Dried bell pepper Dried bell pepper
[powder

Buddoyn

-80%c

Fresh chopped Freeze dried
bell pepper bell pepper

Fresh bell pepper _ I
2 ‘ . Freeze drying ; =
) —— . —>

Freeze dried bell
pepper powder

Figure 1: Schematics of freeze dried and cabinet dried powder preparation.

H =180+tan™' (b* J 9)
a

Otherwise, it is written as

H' =tan™ (b* j (10)
a

Where, H' value varies 0° (pure red), 90° (pure yellow),
180° (pure green), and 270° (pure blue).

Functional properties

Wiater absorption capacity (WAC) and oil absorption capacity
(OAC)

The WACF and OAC were determined following the
procedure [25]. In brief, 1 g of dried powder was placed into
a pre-weighted a glass tube, which was blended with 10 ml
distilled water, and incubated at 25 °C for 30 min in the dark
chamber. Further, centrifugation was done at 4000 rpm for

15 min. After decanting the obtained supernatant, gain in the
sediment weight was reflected as the WAC (Eq. 11)

Weight of sample after centrifugation (g) — Weight of sample taken (g)

wAC =
(g/g) Weight of sample taken (g)

(11)

Similarly, instead of 10 ml distilled water, the soy oil was used
to determine the OAC (Eq. 12).

Weight of sample after centrifugation (g) — Weight of sample taken (g)

o4C
(g/g) Weight of sample taken (g)

(12)

Total phenolic content (TPC), total flavonoid content
(TFC), and antioxidant activity

The TPC, TFC, and free radical scavenging activity
(FRSA) of FD-BPP and HAD-BPP were examined with
slight modifications according to the method described [26,
29]. In brief, a sample of 0.6 g was transferred in a centrifuge
tube, and 15 ml of an 80% methanolic solution (80 ml meth-
anol in 20 ml of distilled water) was added. Subsequently, the
solution was incubated in an incubator-shaker at 50 °C and
200 rpm for 1 h to facilitate extraction. Following the incuba-
tion, the solution was centrifuged to separate and collect the
supernatant.

For TPC analysis, 0.1 ml of supernatant was taken and
mixed with 2.5 ml of 10% FC (Folin-Ciocalteu) reagent and
2.0 ml of 7.5% Na,CO, without delay. After that, the mixture
was kept in water bath (45 °C) for 40 min and absorbance (765
nm) was recorded by using UV spectrophotometer (UV-2600,
Shimadzu, Japan). The TPC value was calculated and present-
ed as the gallic acid equivalent, (GAE)/100 g.

In TFC analysis, 0.5 ml of supernatant was mixed with
0.5 ml of pure CH,OH and 4 ml of distilled water. Then, 0.3
ml of 5% NaNO, and 0.3 ml of 10% AICI, were added to the

mixture and kept for 11 min. Subsequently, the absorbance
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was measured at a wavelength of 510 nm using the same in-
strument for TPC analysis. The TFC value was determined as
the g of quercetin equivalent, (QE)/100 g.

For the antioxidant activity test, 3.9 mg of fresh DPPH
was added in 100 ml of pure CH,OH. Then, 2 ml of extract
was mixed with 3.9 ml of DPPH solution and incubated in a
dark room for 30 min. Then, absorbance was taken at 515 nm
using above mentioned instruments for TPC and TFC anal-
ysis. WDPPH free radical scavenging activity was used as the
measure to determine the antioxidant activity [30].

Statistical analysis

'The above all the experiments were performed in tripli-
cate, and the results were presented as mean * standard devia-
tion. The data was analyzed using one-way analysis of variance
(ANOVA) in SPSS software. To assess the homogeneity of
the data and identify significant differences between condi-
tions, LSD and Duncan’s multiple range test were employed
with a significance level of p<0.05.

Morphological analysis
Scanning electron microscopic (SEM) analysis

'The morphological features of HAD and FD powdered
samples were studied using SEM (JSM-7610FPlus, JEOL
Ltd., Tokyo, Japan). The BP powdered samples were put on
a double-sided conductive tape, which was coated with gold,
and then moved to the apparatus, where micrographs at differ-
ent magnifications were recorded.

X-ray diffraction (XRD) pattern

'The X-ray diffractometer (XRD, D8 ADVANCE, Bruker,
Germany) was used to perform an X-ray analysis of FD-BPP
and HAD-BPP samples. Powders were subjected to an X-ray
beam in XRD pattern determinations at 30 mA and 40 kV
with a wavelength of 1.54 A to examine the change in crys-
tallinity. Data was documented in a 5 - 50° range with a step
angle of 0.05° diffraction angle (20). The degree of crystallinity
was measured using different patterns produced [31]. The rela-
tive crystallinity was calculated using Eq. 13.

Area of Crystalline Peak

x 100
Area of Crystalline Peak + Area of Amorphous Peak

% Crystallinity =

(13)

Fourier-transform infrared spectroscopy (FTIR) analysis

The FTIR analysis was performed using the spectro-
photometer (11600300 Spectrum, two LIT-a FTIR, UK)
to identify the essential functional groups of FD-BPP and
HAD-BPP samples. The infrared radiation (IR) ranges from
4000 - 600 cm™ were used to obtain the spectrum informa-
tion. The background was measured after the cleaning of the
attenuated total reflection (ATR) plate.

Development of heat and mass transfer model

During convective drying, food and surrounding air do-
mains exchanges heat and mass. Therefore, simulation of the
heat and mass transfer process is important for better insight

the actual behaviour of the drying system. In any modelling
procedure, the very first step is to describe the underlying
physics of the modelling system. In this present research work,
a 3-dimensional based FEM model was developed in COM-
SOL Multiphysics 6.0 software for analyzing the spatial tem-

perature and moisture distribution within the BP slices.
Model assumption

During drying, the basic assumptions that have been
made for simplification of heat and mass transfer problem:

a) Heat transfer in the product was governed by conduction
and convection only, and radiation heat transfer is
neglected.

b) The sample was homogenous, isotropic, and had constant
dimensions throughout the drying process.

¢) No internal heat generation in the product.

d) Temperature and moisture distribution of the BP samples
were uniform throughout.

e) 'The air distribution is uniform and drying takes place
under isothermal conditions.

Governing equation for heat balance

Fourier law of heat conduction is considered as the gov-

erning heat balance equation (Eq. 14) [32].

oT
t
Where, k is thermal conductivity (Wm™K?), AT is tem-
perature gradient (K/m), p is density (kg/m®), and CP is specif-
ic heat (Jkg'K™?) of the sample.

Governing equation for mass balance

It is considered that only by diffusion moisture transport
occurs inside the sample. Thus, Ficks second law of gas diffu-
sion (Eq. 15) used for describing the transient moisture distri-

bution within the food sample [15].

% _v(pve)

15
o (15)

Where, ¢ is moisture concentration (mol/m®) at any time t,
and D is moisture diffusivity (m?/s).

Initial conditions for heat and mass transfer

It is essential to incorporate the initial condition into the
model during the heat transfer process. At the beginning sam-
ple was at 25 °C. Therefore, the initial condition for the energy
balance equation in terms of initial temperature (T ) can be
written as:

T=T,

'The initial condition for the mass balance equation for
water transport is given in terms of initial water concentration
inside the domain:

(16)

c=c¢, (17)
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Boundary conditions for heat and mass transfer

To describe the axial symmetrical boundary, no heat and
mass transfer process occurred. Therefore, heat transfer in
symmetrical boundary is governed by the following equation.

n.(kVT)=0 (18)

Where, n is the outward unit normal vector on the boundary.

At open boundaries, the heat transfer boundary condition
is given by Eq. 19 [33].
h(T,-T) =k, (Cpy —¢)A,M, (19)

Where, h indicates convective heat transfer coefficient
(W/m?), and k_ indicates mass transfer coefficient (m/s). ¢,
and c are the bulk moisture concentration (mol/m?®) and mois-
ture concentration (mol/m®) at any time t. In Eq. 20, the term
A, denotes the latent heat of water evaporation (J/kg) at the

surface of the material, which signifies as a function of tem-
perature as follows:

(20)

0.3298
A,=25x10° x (Mj

374.15

'The boundary condition for mass transfer during the drying of
the BP sample is written as:

h(Ta _T):(cbulk_c)

Where, T is temperature of air (°C/K), and T is sample tem-
perature (°C/K).

(21)

Thermophysical properties

The thermophysical properties such as density (p), specific
heat (CP), and thermal conductivity (k) of BP slice are required
for the simulation of heat and mass transfer process. The com-
positional based prediction method was used to determine the
values of k and Cp whereas density (p) was taken as constant
for the entire drying process.

Heat and mass transfer coeflicient calculations

In this study, the following equations were used to de-
termine the convective heat transfer coefficient (h,) and mass

transfer coefficient (k) [34, 35].

h = N”T"k“ (22)
Nu =0.23% Re"* Pr* (23)
Re paxﬂ—vaxd (24)
Pr= % (25)
k, = L (26)

k 2/3
e A ]
pa X cpa X ref

Where, k,d,p,p,,v, 1, Coo and D_, are the thermal conduc-
tivity of air (Wm™K™), the diameter of the sample (m), the
density of air (kg/m?), the density of BP (kg/m?), the velocity
of air (m/s), dynamic air viscosity (Pa.s), the specific heat of

the air (Jkg?K™), and water mass diffusivity (m?¥s).
Simulation procedure

The governing equations, various input parameters, and
variables were incorporated in COMSOL Multiphysics 6.0
for heat and mass transfer simulation of BP slices. Free trian-
gular mesh with fine element size was created. Then, the com-
putation was done, and the result was obtained with a time
step of 30 min.

Results and Discussion

Proximate analysis

'The proximate compositions of three different varieties of
BP are presented in table 1. The moisture content of the fresh
BP sample ranged from 91.55% (RBP) to 93.41% (GBP), and
dehydration at 60 °C resulted in a dried mass having EMC
in the range of 7.40% (GBP) to 10.14% (RBP). This may be
because RBP had the highest crude protein (9.70%) and fat
(3.34%) content, while GBP had the lowest amounts, respec-
tively. Moreover, the maximum ash and crude fiber contents
were associated with YBP. Minor inter and intra-varietal data
variations may be due to the varietal characteristics, location,
maturity, and cultivation practices.

Drying kinetics and mathematical modeling

The dehydration curves of GYR-BP slices at four differ-
ent hot air-drying temperatures from 50 — 80 °C with a regu-
lar interval of 10 °C are represented in figure 2. At the initial
dehydration phase higher moisture content of BP resulted in
higher diffusion of water molecules and thus higher initial
drying rates (DR). After that falling rate period was observed
before the termination of the drying process on reaching the
EMC (Table 1). Water removal was supposed to be more
difficult with the progression of drying mainly due to tight-
ly bound water attached to the water-holding components
(protein and carbohydrates), resulting in decreased DR. This
result correlates with the previous work [7, 36]. Furthermore,
increased DR was also noticed at higher drying temperatures.
The higher driving force due to the partial water vapor pres-
sure reduction results in rapid moisture transfer and thus re-
duces the overall drying time.

MR vs. drying time data for GYR-BP at selected dehy-
dration temperatures was fitted to ten thin layer dehydration
models to describe the drying kinetics. Estimated model and
statistical parameters are presented (Table 2). The value of the
coefficient of multiple determinations (R?) of GYR-BP sam-
ples for all the drying temperatures was found to be more than
0.943, suggesting that all the models adequately fit the dehy-
dration data to predict the desired results using the fitted mod-
els (Figure 2A). However, the Bolbay and Sahin model was the
best fit for GYR-BP samples for all the drying temperatures
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Figure 2: Graphical representation: (A) Moisture ratio (MR) of GYR-BP slice at four different hot air-drying temperatures (50, 60, 70, and 80 °C) versus
time and (B) Drying rate (DR) versus MR of GYR-BP slice at hot air-drying temperatures of 50, 60, 70, and 80 °C.

J

with higher R? reduced x? and RMSE values (Table 2).

Effective moisture diffusivity (Deff) and activation energy
(Ea)

The D, and E_ values of three different varieties of BPs
at various hot air-drying temperatures are presented (Table 3).
A significant increase in D  values in the range of 4.44 x 107
-2.07x10%m%s (GBP), 6.17 x 10 - 1.78 x 10® m*s (YBP),
and 8.48 x 107 - 3.36 x 10®* m*/'s (RBP) was observed with
increase in temperature from 50 — 80 °C and found maximum
for RBP variety and found in agreement with the earlier find-
ings [37]. The variation of D . for GYR-BP samples might be
attributed to the variations in the moisture content, composi-
tion, structure, variety, and dehydration temperature [38]. In
addition, the diffusivity of water created microstructural stress
within the sample, indicating material deformation referred to
as shrinkage. The measurement of axial and radial shrinkage
of GYR-BP samples was quite tricky due to uneven shrink-
age during drying. Thus, shrinkage was neglected for modeling

Table 3: Moisture diffusivity (D) and activation energy (E,) of GYR-
BP samples at four different hot air-drying temperatures.
D, (m?/s)
Drying temperature (°C) GBP YBP RBP
50 444x107 | 6.17x107 | 8.48x10”
60 6.88x107 | 9.08x10”7 | 1.57x10%
70 1.06x10* | 1.24x10* | 2.15x10°*
80 2.07x10® | 1.78x10° | 3.36x10°
E_ (kJ/mol) 47.65 33.01 4223
D, (m?s) 0.213 0.001 0.060
Note: D is the integration constant.

process to simplify the problem formulations. The E_for GYR-
BP was found to be 47.65 kJ/mol, 33.01 kJ/mol, and 42.23 kJ/
mol, respectively, which was varied significantly with the va-
riety. During drying, E_is the amount of energy required to
diffuse the water within the food sample. Found results were in
agreement with the earlier reported research findings for dry-
ing GBP with E_of 47.10 kJ/mol [39]. However, the range of
12.87 - 58.15 kJ/mol of E_was accepted for most food crops
[40].

Total phenolic content (TPC), total flavonoid content
(TFC), and antioxidant properties

The effect of drying temperatures on antioxidant proper-
ties of green bell pepper powder (GBPP), yellow bell pepper
powder (YBPP), and red bell pepper powder (RBPP) samples
are depicted (Table 4). It can be seen that on increasing the
drying temperature from 50 - 60 °C significantly (p<0.05) in-
creased the TPC (GBPP: 1431.4 - 1651.3 mg GAE/100 g,
YBPP: 1355.3 - 1449.4 mg GAE/100 g, and RBPP: 1479.5
- 1596.6 mg GAE/100 g, respectively) and TFC (GBPP:
581.64 - 621.41 mg GAE/100 g, YBPP: 310.83 - 593.68 mg
GAE/100 g, and RBPP: 254.63 - 554.50 mg GAE/100 g, re-
spectively) values. Our findings are consistent with the earlier
research [41], which reported a significant increase in TPC by
34.46% (GBP), 75.17% (YBP), and 36.16% (RBP) and TFC
by 66.14% (GBP), 139.49% (YBP), and 187.74% (RBP) when
the drying temperature was increased from 40 to 60°C. In
comparison to FD samples, it was observed that BP samples
subjected to 60 °C hot air drying exhibited higher TPC and
TFC values. However, maximum TPC and TFC were obtained
when samples dehydrated at 60 °C in comparison to all other
dried samples. This observation aligns with a similar study [42],
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Table 4: Total antioxidant properties of dried BP obtained by freeze drying and hot air-drying methods.
Antioxidant properties Drying temperature (°C) GBP YBP RBP
FD 1045.3 + 1.12¢ 1412.4 £ 1.25* 1390.2 + 2.06"
TPC (mg GAE/100 g) 50 1431.4 + 0.54° 1355.3 + 0.61° 1479.5 = 4.10*
60 1651.3 + 0.95* 1449.4 + 2.81¢ 1596.6 + 1.73"
70 1321.0 = 0.89* 1048.7 + 3.69¢ 1228.1 +1.79°
80 1166.2 + 1.34° 959.0 + 1.26° 1167.1 £+ 2.57
FD 480.61 + 1.64° 352.02 £ 3.15¢ 433.52 + 1.48°
TFC (mg QE/100 g) 50 581.64 + 1.38° 310.83 +5.19" 254.63 + 0.96°
60 621.41 £ 1.37* 593.68 + 7.48" 554.50 £ 1.72¢
70 391.02 + 5.00° 178.13 £ 2.21¢ 213.81 +2.52°
80 210.21 + 4.94° 145.52 £ 2.55° 153.34 £ 2.19°
FD 89.12 + 1.43" 91.74 + 0.54* 25.04 £ 0.69¢
AA (%DPPH) 50 75.54 +0.84" 77.69 + 0.89° 22.02 + 0.46°
60 64.04 + 1.02¢ 48.52 + 1.44° 14.49 + 0.86¢
70 53.28 £ 0.56* 39.07 + 2.38" 6.33 + 0.65¢
80 43.32 + 2.00° 18.15 + 1.49° -
Note: Different letters (a, b, and c) in the same row demonstrated drying conditions that differed significantly (p<0.05). TPC: Total phenolic content; TFC:
Total flavonoid content; AA: Antioxidant activity; DPPH: 1,1-diphenyl-2-picrylhydrazyl.

who reported that sweet pepper sample dried at 60 °C showed
effective retention of bioactive compounds. The observed in-
crease in total phenolic content (TPC) and other considered
parameters may be attributed to prolonged dehydration time
at lower temperatures and higher thermal exposure at higher
temperatures. Additionally, it is possible that the rise in TPC
is due to the release of bound phenolic compounds from the
cell wall through nonenzymatic interconversion, resulting in
the breakdown of esters. [43]. At the same time, the increase in
TPC is mainly due to the association of higher enzyme activity
to produce flavonoid molecules [44]. Further, decreased TPC
and TFC values for GRY-BP samples were observed as tem-
perature increased from 70 — 80 °C. Heat-sensitive antioxidant
compounds might be lost due to temperature exposure. Previ-
ous research has shown that prolonged periods of dehydration
at high temperatures lead to lower-quality products that are
linked to enzymatic reactions, caramelization, Maillard reac-
tions, pigment degradation, and vitamin C oxidation, resulting
in decreased TFC values [6]. On the other hand, antioxidant
activity of natural compounds has been shown to be involved
in termination of free radical reactions. The FRSA values for all
the GRY-BP samples were temperature dependent and signifi-
cantly reduced with increasing drying temperature. A possible
reason of decreasing FRSA might be due to the presence of
reductants, which destroy the free radical and may directly re-
act with the peroxide compounds to prevent further synthesis
[45]. However, this result may also be attributed to the decrease
in polyphenols, carbonyl, and other compounds due to non-en-
zymatic browning reactions, intermolecular chemical reactions,
and destruction of thermolabile compounds when exposed to
high temperatures. Similar findings were also supported by
other bell pepper varieties [24]. Overall, the comparison of
these results with previously reported studies on bell pepper
highlights the influence of drying temperature on the antiox-
idant properties of bell pepper samples and provides insights

into the changes occurring during the drying process.
Color properties

Color is a crucial food quality characteristic that affects
consumers taste and acceptance. The color of the BP sample
changes on dehydration mainly due to the degradation of
chlorophyll content and an increase in carotenoid concentra-
tion [19, 46]. The effect of dehydration temperature on color
parameters of FD-BPP and HAD-BPP and their respective
total color differences (AE) (Table 5). The lightness (L") values
of GBP (65.47), YBP (76.66), and RBP (58.66) at a tempera-
ture of 50 °C were found to maximum, followed by a gradual
decrease in L values with increasing temperature up to 80 °C.
The reduction in L value may be attributed to the discolor-
ation during dehydration. However, the redness (a’) value of
GBPP was increased from -15.60 to -1.06 with increasing in
dehydration temperature from 50 to 80 °C, whereas the yel-
lowness (b") value was decreased significantly (p<0.05) from
32.15 to 15.24. Besides, the values of a” for fresh and dried
BPP were found negative, representing that they were within
the green color space. The decrease in b’ value may be attributed
to non-enzymatic reactions and the breakdown of chlorophyll
compounds or other pigments [19, 47]. On the other hand,
the value of a’ for fresh, FD, and HAD-YBPP did not follow
either ascending or descending trends, while b’ decreased with
the increased temperature. For HAD-RBPP samples, signif-
icant decreased a” and increased b” values were observed with
increasing temperature. Thus, higher color variation (AE) for
all the BPP samples was noticed at 80 °C. Furthermore, color
saturation (C’), hue angle (H') and browning index (BI) of
GYR-BPP were significantly influenced by drying. The C" and
H'of GY-BPP were decreased with drying temperature. How-
ever, C' values of RBPP did not follow any trend whereas H' of
RBPP was increased with drying temperature. A possible rea-
son for increasing H' might be due to the formation of brown
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(Table 5: Color properties of FD-BP and HAD-BP. )
BP varieties | Color parameter Fresh FD Drying temperature (°C)
50 60 70 80
Green
L 49.85 = 1.48¢ 65.47 = 0.80° 58.59 = 0.64 56.33 = 1.21° 49.19 = 1.04¢ 35.36 = 1.03
a -21.73 £1.23¢ | -15.60 = 1.19¢ -11.37 + 0.59° -9.21+0.21° -8.15£0.12" -1.06 + 0.05*
b’ 21.93£0.79° 32.15+£1.51* 24.17 + 0.88" 22.31£0.45¢ 18.72 + 0.96¢ 15.24 + 0.35°
AE - 19.70 + 1.08 13.76 = 0.61° 14.14 + 0.42¢ 14.01 + 0.19¢ 26.13 £0.58°
C 30.89 = 0.78" 35.74 = 1.81° 26.71 +0.98¢ 24.14 £ 0.35¢ 20.42 + 0.85¢ 15.27 £ 0.35°
H 134.71£2.29* | 115.86 = 1.06 115.19 + 0.84> | 112.44 +0.82¢ | 113.57 + 1.26™ 93.97 = 0.28¢
BI 16.64 + 3.94¢ 44.07 = 2.31° 35.13 £ 1.40¢ 35.30 + 2.03¢ 32.73 £2.83¢ 52.06 +2.10°
b
Yellow 'Ft
L 71.40 £ 1.37° 76.66 + 1.40° 73.00 £ 1.19" 71.48 £0.78" 66.16 = 1.41° 42.49 +1.57¢
a 3.72+0.19¢ 8.12 = 0.64 7.75 £ 0.51° 6.03 £0.19° 14.01 £ 0.15° 13.96 + 0.16
b’ 60.38 £ 0.67* 61.29 £0.79 59.13 £1.01* 54.46 +1.14 47.67 £ 1.89° 37.47 £ 2.08¢
AE - 2.64+0.39° 4.63 +1.05¢ 13.06 = 0.34 14.47 + 2.09° 38.30 +2.01*
(&) 60.49 = 0.67* 61.82+0.82 59.63 = 0.98" 54.79 +1.14 49.69 = 1.79¢ 39.99 £1.98¢
H 86.48 + 0.18" 82.46 + 0.56° 82.53 + 0.54° 83.68 + 0.21° 73.61£0.71¢ 69.54 + 0.93¢
BI 154.34 +7.89" | 144.32 + 4.89" 147.55+7.28* | 131.82 £2.69¢ | 130.84 +7.84% | 186.77 + 15.98"
Red
L 4821 +1.07 58.66 = 0.56° 54.62 = 0.39* 54.02 +1.93 37.34 £ 1.30¢ 33.55«1.17¢
a 4124115 37.81+0.58 36.80 = 0.57b 34.28 £1.35" 32.93+0.76" 29.01 = 0.81°
b’ 31.13 = 1.05¢ 31.46 = 1.16¢ 35.58 £ 1.05¢ 3724 +0.77¢ 43.13£0.73 48.34 £ 1.57
AE - 11.04 = 0.74 9.00 + 0.99¢ 11.04 = 1.61° 18.24 + 0.93 25.76 £ 0.82*
(&) 51.67 = 1.55¢ 49.19 = 0.45¢ 51.20 = 0.33¢ 50.63 + 0.56 54.27 +0.18 56.38 £ 1.76°
H 37.04 +0.18° 39.75 = 1.41° 44.03 +1.28¢ 47.38 = 1.65¢ 52.64 = 1.10° 59.03 = 0.12*
BI 154.12 £ 5.64° | 119.00 = 2.06° 144.94 + 3.15¢ | 151.53 £5.75¢ | 326.36 = 18.50° | 530.38 +29.24*
Note: The superscripts a, b, ¢, d, and e in the same row represent significant effect (p<0.05) on color properties at different drying air temperatures.

-

J

pigments at higher temperature. The BI of GY-BPP did not
follow any trend and found maximum at 80 °C. In the case of
RBPP, the BI was increased with drying temperature. There-
fore, all the BP samples dried at 60 °C temperatures resulted
in retaining their natural color with higher TPC and TFC,
which further prefer for consumer acceptance and suitable for
other processing applications.

Water absorption capacity (WAC) and oil absorption ca-
pacity (OAC)

The functional properties such as WAC and OAC refer
to the amount of water or oil bound by the BPP after apply-

ing external force (centrifugal force). The significant variation
of WAC and OAC of FD and HAD GYR-BPP at different
temperatures are shown in table 6. Drying types and condi-
tions had a significant impact on WAC and OAC.The highest
WAC (5.75 g/g) was found with GBP dried at 50 °C. How-
ever, a significant reduction in WAC and OAC was observed
with the products obtained at increased dehydration tempera-
ture. With increasing drying temperatures from 50 to 80 °C,
the WAC for YBP and RBP varieties decreased from 20.29%
to 35.75% and 7.87% to 42.52%, respectively, when compared
to the FD sample. Similarly, in comparison with the FD sam-
ple, the trend of OAC for all the BPs decreased from 5.91% to
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Table 6: WAC and OAC of dried BP obtained by freeze drying and hot
air-drying at different temperatures.
Functional Dryin
properties tempe::tluni (°C) GBP YBP RBP
FD 3.55%0.02* | 2.54x0.02" | 2.07+0.01¢
50 5.75+0.01* | 2.3420.12" | 1.65+0.07¢
60 4.85+0.03* | 1.90+0.09" | 1.54+0.02¢
WAC (g/e) 70 4.25:0.05 | 1.71:0.08" | 1.4420.11°
80 3.47+0.20* | 1.46x0.13" | 1.33+0.11°
FD 1.3720.01* | 1.52+0.05* | 1.67+0.12°
50 1.23+0.02¢ | 1.36+0.05" | 1.49+0.05°
60 1.08+0.03" | 1.24+0.06* | 1.30+0.06*
OAC(&/8) 70 0.95:0.01* | 0.8420.08" | 1.0420.06*
80 0.89+0.04* | 0.71x0.15* | 0.88+0.12*
Note: For each variety, significant (p<0.05) differences between drying
conditions were presented with different letters in the same row. Where:
FD = freeze drying, WAC = water absorption capacity, and OAC = oil
absorption capacity.

20.25%, 6.74% to 29.59%, and 6.35% to 32.14%, respectively,
on increasing dehydration temperature. As per the findings of
previous research, the water absorption and oil absorption val-
ues of pumpkin flour by hot air drying (70 °C) were decreased
by 33.43% and 12.44%, respectively, compared to drying at 50
°C [48].

Morphological characteristics
Scanning electron microscopy (SEM)

The SEM is an extremely valuable characterization tool
used to obtain detailed images and information about the
morphology, size, shape, and organization of the surface to-
pography of various samples. Figure 3A shows the surface
morphological characteristics of control (FD) and HAD-BPP
samples. A significant change in terms of their shape and sur-
face morphology was observed in HAD samples. No cluster
formation was noticed for both FD and HAD samples, indi-
cating that all the samples dried very well. Almost no crakes
were present on the surface of the control sample. However,
a more irregular shape with a rough surface (surface defor-
mation) was found in HAD samples. These changes may be
attributed due to the rapid evaporation of water molecules,
changes in internal structure, and generation of higher in-
ternal pressure during the convective heating process, which
is supported by the findings for green chili powder [49]. On
the other hand, the authors have reported that the damage of
cellular structure could be alleviated by decreasing the drying
temperature [50].

X-ray diffraction (XRD) analysis

'The stability of powder is greatly influenced by crystalli-
zation, which can be identified using XRD analysis (Figure
3B). The presence of sharp, defined peaks in XRD indicates
a crystalline region in which the particles are arranged in a
highly ordered state. It is clearly noticed that the least sig-
nificant variation in the crystalline region between control
(FD) and HAD samples, with HAD samples had shown a
slightly higher percentage of relative crystallinity (G:41.80%;
Y: 40.01%; R: 42.33%). It may be attributed to the release of

)

HAD-R (42.33%) 100 4 —_—
90 - HAD-R
80 o
HAD-Y (40.01%) 704
60
50
T T T T

FD-R (40.19%)
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‘N 75
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Figure 3: (A) Morphology of bell pepper powder: (a, b, ¢) FD-GYR

powders with 250X magnification and (a', b', ¢') HAD (60 °C)-GYR

powders with 250X magnification; (B) XRD pattern; and (C) FTIR anal-
L ysis of FD and HAD (60 °C) of GYR-BP.

more bioactive compounds and readily available higher O-H
groups dried at 60 °C. As the diffraction angle (28) increased
from 20° to 50°, the diffraction patterns revealed a reduction
in peak intensity and noticeable peak shifting, which suggests
that the crystalline region had become amorphous due to the
destruction of the lamellar portion of starch molecules and
double helix structure, breakdown of elongated chain into
smaller units, and decrease in polymerization. According to
the curve, all the FD and HAD samples had shown a single
peak at 20° of diffraction angle, indicates BPP is amphorae
materials [51].

Fourier transform infrared spectroscopy (F'TIR) analysis

The FTIR spectra and obtained characteristic peaks from
the FD and HAD of different varieties of BP are shown in fig-
ure 3C. The analysis was done to identify the types of chemical
bonds (functional groups such as bioactive compounds, sugars,
and vitamins) present in the sample. The data revealed that
the first broad stretching band of FD-BPP and HAD-BPP
sample was observed at the wavelength of 3288.92 - 3267
cm™, where there is the stretching vibration of -OH groups.
However, the band stretching was found higher in all HAD-
BPP samples, representing the existence of higher bioactive
phenols and water [52]. The band observed between 2933.61
- 2836.73 cm! reflects vibration stretching due to aliphatic
C-H from the structure of carboxylic acid [53]. The stretch-
ing vibration of C=0O bonds (esters) was observed at 1744.20
- 1730.69 cm™and a peak between 1619.18 - 1604.04 cm™
corresponds to C=C stretching occurring in carotenoids. The
C-H bending bands were observed at a wavelength of 1586.55
and 1403.28 cm™ and 1586.51 and 1404.08 cm™ in yellow and
red FD samples, respectively. Whereas in YR-HAD sample, it
was observed at 1402.92 and 1400.09 cm™. C-H bending was
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observed at wavelengths of 1367.93 and 1369.87 cm™ in the
FD and HAD of GBP.

'The bands observed between 1267.49 and 1145.42 cm™!
show the asymmetric C-O stretching in yellow and red FD
and HAD samples. It was also reported that the absorption
band between 1260 - 1180 cm™ shows the presence of several
secondary metabolites. Furthermore, the sharp peak was ob-
served between 1050.15 - 1011.34 cm™ in all the BP varieties,
resulting in C-O stretching and the presence of alcohols, phe-
nols, and different saccharide groups such as glucose, sucrose,
and fructose [54]. The band at wavelengths 917.47 and 917.04
cm reflects the stretching of C-CH and C-OH, which de-
notes the presence of carbohydrates. Although, peaks obtained
below 851.94 cm™ correspond to C-H bonds with aromatic
structures. On identifying the FTIR spectra and FD sample of
GYR-BP, a slight difference has been observed in the varieties.

Simulated heat transfer profile

The spatial temperature distributions profile of 2D-axi-
ometry and 3D geometry of BP slice drying at 60 °C are pre-
sented (Table 7). In the initial condition the temperature of
the slice was uniform and in equilibrium with the surround-
ing temperature, followed by the increased temperature with
the dehydration time. The simulated results reveal that the
BP slice's surface temperature (T,) increased rapidly until it
reached the wet bulb temperature, slightly higher than the
core temperature (T) during the initial drying phases. The
rapid increase in temperature is mainly due to sudden expo-
sure of the material to the heated air. The moisture evaporation
rate was dominant at the surface, resulting in the removal of

heat, which prevented the warming up the interior part of slic-
es during initial phase of dehydration. Moisture evaporation
rate decreased near the termination of drying period, result-
ing in an enhanced temperature until it reached the drying air
temperature (T =T _=T) [55]. A Similar trend was found
for drying paddy and Ethiopian fresh injera products [56, 57].

Simulated mass transfer profile

"The spatial moisture distributions throughout the BP slice
(2D-axiometry and 3D-geometry) after exposure to hot air
at 60 °C from 0 and 450 min of drying are presented in ta-
ble 7. Before drying, the moisture distribution across the slic-
es was uniform and in equilibrium with the surrounding air.
As the drying started, the surface moisture evaporation rate
was increased at the beginning due to the higher temperature
and moisture gradient between the slice and surrounding air
domain. However, the moisture evaporation rate was higher
from the interior part to the product surface, which was then
diffused to the surrounding air [58]. In addition, the forms
of moisture inside the slice can be divided either in free or
combined form. Therefore, the moisture at the surface exists in
a free form, which diffuses quickly during the drying process.
'The intermolecular space of the slice consists of bound mois-
ture, which is strongly bounded with polysaccharides, proteins,
and other compounds in the cells, indicating an increased re-
sistance of internal moisture diffusion [59]. Due to the lower
diffusing rate, the moisture at the center location was higher
than that of the surface until the final phase of dehydration
was reached. Similar observations were reported for the drying
of carrots [60].

Table 7: Temperature and moisture distribution profiles of BP slice at 60 °C from 0 min and 450 min of drying.
Type of geometry Temperature profile Moisture profile
I 2 aa
un 2505
2D-axiyomety
3D
59.76 59.85 0.1
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Conclusion
Dehydration of GYR-BP was a temperature dependent

phenomenon and affected the effective moisture diffusivity.
All fitted mathematical models for the dehydration of GYR-
BP showed to predict dehydration characteristics in a better
way. However, Bolbay and Sahin model was found to be the
best among all. Quality parameters are adversely affected by
increasing the temperature above 60 °C. Dehydration at 60
°C also preserved the natural color of BPP with associated
chemical, nutrient, functional, TPC, TFC, and antioxidant
characteristics, so the product may be suitable for intermedi-
ate processed food products to be used in the intended use
in making finished food products. The FEM method could
be applied successfully to explain and predict heat and mass
transfer throughout the convective drying processes.
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