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Abstract The objective of this study was to investigate the
effects of different drying processes (microwave, freeze,
convective hot air, and vacuum drying) and microwave
finish drying (FD + MD and CD + MD) on the physical
and powder properties of the red pepper powder. The effect
of moisture content on the powder properties and the
relationship between microwave output power or drying
temperature and physical and powder properties were also
determined by using most common mathematical models
(linear, power, logarithmic, and quadratic). Results showed
that an increase in both microwave output power and
temperature (for CD and VD) generally resulted in a
decrease in drying time, moisture content, and chroma and
an increase in bulk and tapped density values. The drying
time, moisture content, and water activity values can be
significantly decreased, whereas, the color values can be
significantly increased by combining FD and CD with
microwave finish drying (P < 0.05). The moisture content
(y = — 1.94 In(x) + 7.6455, R? = 0.9905), bulk
(y = 54.224 In(x) + 153.71, R? = 0.9705), tapped
(y = 61.7 In(x) + 225.6, R? = 0.9994) and particle densi-
ties (y = — 327.4 In(x) 4+ 2260.5, R*=0.9966), and
porosity (y = — 3.778 In(x) + 89.806, R? = 0.9586) val-
ues followed a logarithmic trend depending on the increase
in the convective hot air drying temperature. The inverse
relationship was observed between the moisture content,
bulk and tapped densities of the red pepper powders.
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List of symbols

a, b, c Constants of models

a* Redness/greenness

ANOVA Analysis of variance

b* Blueness/yellowness

BI Browning Index

CD Convective hot air drying

CD-RP Red pepper dried by convective hot air
drying

CD + MD Convective hot air drying + microwave
finish drying

CD + MD-RP Red pepper dried by CD + MD

cm Centimeter

CI Carr Index

FD Freeze drying

FD-RP Red pepper dried by freeze-drying

FD + MD Freeze drying 4+ microwave finish
drying

FD + MD-RP  Red pepper dried by FD + MD

g Gram

h Hours

HR Hausner ratio

kg Kilogram

L* Lightness

mbar Millibar

min Minute

MD Microwave oven drying

MD-RP Red pepper dried by the microwave oven

MHz Megahertz

mm Millimeter

kPa Kilo Pascal

R? Correlation coefficient
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RP Red pepper pulp

s Second

VD Vacuum oven drying

VD-RP Red pepper dried by vacuum oven

W Watt

wb Wet basis

X Independent variable (microwave power
or drying temperature)

y Dependent variable (physical or powder
properties)

YI Yellowness Index

€ Porosity (%)

AE Total color change

Pbulk Bulk density (kg/m?)

Prapped Tapped density (kg/m3)

Pparticle Particle density (kg/m3)

Introduction

Red pepper (Capsicum annuum L.) is a highly consumed
vegetable and its powder used as a spice due to its specific
aroma, color, and potential health-promoting properties of
vitamins, minerals, carotenoid, and phenolic contents, etc.
The red peppers of the Bursa variety (Capsicum annuum
L.) are rich in phenolic compounds (1011 £ 4.3 mg/kg),
vitamin C content (714 £ 7.6 mg/kg), and antioxidant
activity (2.94 £ 0.05 mmol Trolox/kg, Frary et al. 2008).
Red peppers are generally dried to obtain a spice to use for
meat products, instant soups, bakery products, spice mixes,
pizzas, seasonings, and sauces in the food industry due to
its intense color and strong flavor (Vega-Gdlvez et al. 2009;
Rayman Ergiin et al. 2015; Tekin and Baslar 2018).
Besides, drying is one of the most frequently used methods
for red pepper processing and preservation due to its high
moisture content and perishable structure (Deng et al.
2018). Drying of the red peppers can be accomplished
using various techniques including hot air, vacuum, freeze,
microwave drying, etc. and drying techniques offer dif-
ferent advantages depending on the drying method.
Vacuum drying is a process in which the material is dried
under a low-pressure environment which lowers the heat
required for rapid drying. Besides, vacuum drying
improves the drying rate of fruits and vegetables, and as a
result, lower energy consumption values and high-quality
powders are obtained (Jaya and Das 2005; Alibas 2009).
Freeze drying is the best method for obtaining high-quality
(nutritional and commercial value, texture, aroma, rehy-
dration behavior, etc.) food powders or dried fruit and
vegetables (Marques et al. 2006). Microwave drying has
many unique features related to its selective and volumetric
heating compared to traditional drying techniques (Song
et al. 2016). The advantages of the previously mentioned

dying techniques can be brought together by combining
them with microwave finish drying which provides an
alternative way to improve the quality of the dehydrated
products by increasing the evaporation rate and decreasing
the drying time and energy consumption (Alibas 2006;
Demiray et al. 2017).

There are several studies on the drying of different
forms of red pepper (whole, sliced, shredded, and cubes)
such as, hot air drying (Doymaz and Pala 2002; Akpinar
et al. 2003; Vega et al. 2007; Di Scala and Crapiste 2008;
Vega-Galvez et al. 2009; Deng et al. 2018), pulse vacuum
drying (Deng et al. 2018), ultrasound-assisted vacuum
drying (Tekin and Baslar 2018), oven drying (Arslan and
Ozcan 2011), microwave drying (Arslan and Ozcan 2011),
atmospheric freeze-drying (Alves-Filho et al. 2007),
infrared drying (Nasiroglu and Kocabiyik 2009), infrared-
assisted hot air-drying (Deng et al. 2018), solar polytunnel
drying (Sharma et al. 2015), etc. These studies generally
focused on the drying kinetics, activation energy, and thin
layer modeling of red pepper. The determination of powder
properties (bulk, tapped, and particle densities, porosity,
flowability, cohesiveness, etc.) are important for the eco-
nomic, functional, and commercial considerations of the
powder products (Caligkan Ko¢ and Dirim 2018). The
quality of the obtained powder depends on the selected
drying technology, operational conditions, moisture con-
tent, and chemical composition (Krokida and Maroulis
2000; Fitzpatrick et al. 2004; Igbal and Fitzpatrick 2006;
Goula and Adamopoulos 2008; Caliskan Ko¢ and Dirim
2018). From the authors’ knowledge, there is a paucity in
the literature investigating the effect of several drying
processes on the moisture content, color values, and pow-
der properties of red pepper powder. Therefore, this study
aimed to investigate the effects of different drying pro-
cesses [microwave oven, freeze, convective hot air, and
vacuum drying, and also the microwave finish drying
methods (FD + MD and CD + MD)], microwave output
power and drying temperatures on the moisture content,
color values, and powder properties of red pepper powder.
Besides, the effect of moisture content on the powder
properties of red pepper powder was studied and the rela-
tionship between the microwave output power or drying
temperature and physical and powder properties of red
pepper powders were also investigated to serve as a basis
for further design and optimization.

Materials and methods
Raw materials

The red peppers of the Bursa variety (Capsicum annuum
L.) were purchased from a local supermarket in Izmir,
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Turkey. Afterwards, they were washed, the seeds and juice
[using a juice extractor (Premier PRJ-607, Turkey)] were
removed. Then 50 g of red pepper pulp were placed in a
petri dish, with a diameter of 14 cm, as a thin layer
(thicknesses of 3 mm). The petri dishes were frozen at
— 40 °C until needed for further experiments. The petri
dishes were removed from the freezer at least 4 h before
the drying experiments and kept in the refrigerator until
completely thawed except for freeze-drying experiments.
The drying experiments were performed after removing the
samples from the refrigerator and reached room
temperature.

Methods
Drying of the red pepper pulp

Drying experiments were performed in the microwave
oven, freeze dryer, tray dryer, and vacuum oven. The
selected dryers and drying conditions were described in
detail below. In all drying experiments, the weight losses of
the samples (50 &+ 2 g) were followed until the constant
weight was reached (< 0.01 g). The weight loss was
measured every 30 s for MD, 1-h for FD, 10 min for CD,
and 30 min for VD until a constant weight was reached
(Ohaus AR2140, USA). The red pepper powder was
obtained by grinding the dried material (flake) with a
mortar and packaged in aluminum polythene bags for
further analysis.

Microwave oven drying The red pepper pulp was dried in
a domestic digital microwave oven with the technical
feature of 230 V, 2450 MHz, and 2400 W (volume: 26 L,
Arcelik Model MD595, Turkey) at 5 different microwave
output power settings. The oven had the dimensions of
51 x 44 x 31 cm with a rotating glass plate of 300 mm in
diameter. Furthermore, it was able to work at various
microwave output powers such as 180 W, 360 W, 540 W,
720 W, and 900 W with a digital control for adjusting the
processing time.

Freeze drying Experiments were performed in a pilot-
scale freeze dryer (Armfield, FT 33 Vacuum Freeze Drier,
UK). The red pepper pulp samples were frozen at — 40 °C
in an air blast freezer (Frigoscandia, Helsinborg, Sweden)
for 2 h, then freeze-dried under vacuum (13.33 kPa abso-
lute pressure), at — 48 £ 2 °C condenser temperature. The
temperature of the heating plate was set to 4+ 10 £ 2 °C
which accelerated the sublimation process, not leading to
the melting of the product under working conditions and
kept as constant during the drying process.

@ Springer

Convective hot air drying Drying experiments were per-
formed in a convective hot air dryer (Armfield Lim.,
Ringwood, Hampshire, UK, dimensions of the tray was
17.5 cm wide x 22.5 cm in length) at 60 + 2,70 £ 2, and
80 + 2 °C air drying temperatures and a 1 m/s air velocity.
The samples were located at the center of the convective
hot air dryer and the air velocity was measured by an
anemometer (MIC  Meter Industrial  Company,
Model:98643) and kept constant during the drying process.

Vacuum drying The red pepper pulp samples were dried
in a vacuum oven (Nuve Laboratory and Sterilization Tech,
Model EVO018, Turkey, temperature range: 70-200 °C,
volume: 15 L, inside diameters: 300 x 250 x 200 mm)
combined with a vacuum pump (LAB312, Taiwan) with
20 mbar pressure that was used for the vacuum drying at
the 3 different vacuum temperatures (60 = 2, 70 & 2, and
80 £+ 2 °C).

Microwave finish drying

Freeze drying + microwave
(FD + MD)

The red pepper pulp was dried in a pilot-scale freeze
dryer (— 48 & 2 °C condenser temperature, + 10 + 2 °C
heating plate temperature, 13.33 kPa absolute pressure) for
5 h (where the moisture removal rate decreased). Then the
semi-dried red pepper pulp was dried in a microwave oven
(540 W microwave output power) until a constant weight
was reached.

Convective hot air drying + microwave finish drying
(CD + MD)

The red pepper pulp was dried in a convective hot air
dryer at 70 & 2 °C drying air temperature, at a 1 m/s air-
flow rate for 40 min (after the initial temperature rise
period and where the moisture removal rate started to
decrease). Then the semi-dried red pepper pulp was dried
in a microwave oven (540 W microwave output power)
until a constant weight was reached.

finish drying

Analysis

Physical properties The moisture content, water activity,
and color values (CIE LAB color space, L*, a*, and b*) of
the red pepper powders were determined according to
AOAC (2000), measurements were made using a Testo-AG
400, Germany water activity measurement device, and a
Konica Minolta CR-400, Japan colorimeter, respectively.
The Chroma, Hue Angle (°), Total Color Change (AE*),
Browning (BI), and Yellowness (YI) Index values were
calculated according to Pathare et al. (2013).

Powder properties The bulk, tapped, and particle densi-
ties, and porosity values were determined according to the
procedure described by Jinapong et al. (2008). The
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flowability and cohesiveness values of the powders were
evaluated in terms of the Carr Index (CI) and Hausner
Ratio (HR), respectively. Both CI and HR were calculated
from the bulk and tapped density values of the powder
according to Jinapong et al. (2008).

Mathematical modeling In order to determine the rela-
tionship between the microwave output power or drying
temperature and the physical and powder properties, the
linear (y =ax + b, a: slope and b: intercept), power
(y = ax®, a: proportionality constant and b: power), loga-
rithmic (y = a In(x) + b, a and b: model parameters), and
quadratic (y = ax® + bx + ¢, a: indicates the direction of
parabola and c: intercept) functions which were basic and
most commonly used in the modeling studies were fitted to
experimental data using SPSS 20.0 (SPSS Inc., Chicago,
IL, U.S.A). The goodness of fit was determined using the
coefficient of correlation (Rz) that can be described by the
equation given by Erbay and Icier (2009).

Statistical evaluation All experiments were performed in
duplicates and measurements were performed in triplicates.
All data points shown in graphs represent the mean of the
triplicate analysis. Statistically significant differences
between samples were determined using ANOVA (analysis
of variance), the F-test for multiple samples or two samples
with o = 0.05, and SPSS 20.0, (SPSS Inc., Chicago, IL,
U.S.A.). Significant differences are indicated by different
letters when the P value was below 0.05.

Results and discussion
The results of the physical analyses

In this study, the effect of different drying techniques and
microwave finish drying on the physical and powder
properties of red pepper pulp were investigated. The
microwave energy improves the drying process without
damaging the quality of the final product and decreases the
drying time and energy consumption. Microwave drying
has usually been combined with other drying techniques
due to promoting fast and effective drying without signif-
icant quality losses (Soysal et al. 2009). For this reason, the
microwave oven drying process is applied alone and as a
finish drying of FD and CD (at 70 °C). The other drying air
temperatures (60 °C and 80 °C) were eliminated due to
high water activity values which are related to the stability,
quality, and safety of dried foods, and poor flow charac-
teristics. In order to apply microwave finish drying, 540 W
microwave output power was chosen. Because, MD-RP at
540 W has the highest bulk density and lowest Carr Index
and Hausner Ratio values which has handling, storage, and

transportation advantages. In addition, the 900 W micro-
wave output power was eliminated due to higher water
activity and AE* values (commercial quality of red pepper
powder is evaluated based on the strength of the red color)
and 180 and 360 W microwave output powers were elim-
inated due to long drying time.

In this study, the relationships between the microwave
output power or drying temperature and the physical and
powder properties of red pepper powders were studied by
comparing the potential regression models (linear, power,
logarithmic, and quadratic) which are the basic and most
common mathematical expressions. These models which
had the highest R? values were accepted. The mathematical
models will be useful for predicting the changes in the
physical and powder properties of the red pepper powders
depending on the drying conditions within the range of
experimental study, further design, control process, and
optimization, etc. In addition, estimation the effects of the
process conditions on the physical and powder properties
are important for reducing the expenses, saving the energy
and time, and obtaining the powders with advantages of
low moisture content, water activity, browning index and
color change values, wettability and solubility times, etc.

The drying time of red pepper pulp decreased depending
on the increase in the microwave output power and drying
temperature, for CD and VD, due to a higher heat transfer
rate (P < 0.05). The drying times of red pepper pulp ran-
ged between 9.60 min (900 W) and 28.80 min (180 W) for
MD, 3.83 h (80 °C) and 6.08 h (60 °C) for CD, 7.5 h
(80 °C) and 15 h (60 °C) for VD, and was found to be 9 h
for FD, 5.10 h for FD + MD, and 43 min for CD + MD.
The higher hot air and vacuum temperatures and micro-
wave output powers accelerated the moisture removal and
increased the driving force of heat and mass transfer, which
resulted in shorter drying time values. Lower drying time
values were observed for MD samples due to promoting
the effect of electromagnetic waves (heating energy) that
penetrates into the food materials resulting in the removal
of water (Jin et al. 2019). Similarly, Michalska et al. (2016)
reported that the lowest drying times for plum powder were
obtained from microwave vacuum drying compared to FD,
VD, and CD and combining CD with MVD resulted in
lower drying time (five to eight fold) values compared to
CD alone.

The results of the physical analysis are given in Table 1.
The moisture content of red pepper pulp (88.19%) was
found to be lower compared to the moisture content of
fresh red pepper obtained by Vega-Gélvez et al. (2009),
89.40 + 1.40%, Arslan and Ozcan (2011), 90.06 £ 0.9%,
Kaymak-Ertekin (2006), 90.5 4 0.2%, Nasiroglu and
Kocabiyik (2009), 90.0%, and Di Scala and Crapiste
(2008), 92.4 £ 0.042% due to the initial removal of the red
pepper juice. The red pepper juice was removed in order to
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use in another application and improve the drying process
such as decrease the drying time, energy consumption,
moisture content, etc. The moisture contents of red pepper
powders (< 7.81%) are below 10% which is sufficient to
make foods microbiologically safe (Tze et al. 2012). In
several studies, the drying process was stopped when the
moisture content of the red pepper decreased to 10-12%
(Doymaz and Pala 2002; Akpinar et al. 2003; Nasiroglu
and Kocabiyik 2009; Tekin and Baslar 2018; Deng et al.
2018). But, in this study, the drying experiments were
conducted until a constant weight was achieved and then
the moisture contents of the obtained powders were
determined. As expected, increasing the microwave output
power and drying temperature (for CD and VD) resulted in
a significant decrease in the moisture content of the red
pepper powders (P < 0.05). This decrease was found to be
suitable for the power function for MD (y = 7.7862x %3,
R? =0.9835) and VD (y = 3.8273x "% R? = 0.9849)
and the logarithmic function for CD (y = — 1.94 In(x) +
7.6455, R* = 0.9905). The proportionality constant of
power model for MD (a = 7.7862) was found to be higher
compared to VD (a = 3.8273). Similarly, Akdogan et al.
(2017) reported that the moisture content values of
microwave dried corn husk powders decreased depending
on the increasing of the microwave output power due to the
high transfer rate at high microwave output power. The
high microwave output power and drying temperature
resulted in an increase in the driving force of mass transfer
and accelerating the rate of water vapor diffusion and this
situation may result in the lower moisture content of the red
pepper powder. The lowest moisture content values
(< 3.85%) were observed for VD-RP compared to other
drying techniques, whereas, the highest values were
observed for CD-RP (< 7.69%) except for MD-180 W
(7.81%, P < 0.05). It may be due to crust formation which
prevents the removal of moisture from the red pepper pulp.
In addition, the moisture content of FD-RP (6.99%) and
CD-RP (5.59-7.69%) can be significantly decreased by
combining them with MD (around 33% for FD and 10.5%
for CD, P < 0.05). The hot air removed the free water from
the surface of the red pepper pulp, and then the microwave
energy eliminated the water from the interior part of the
pulp (Michalska et al. 2016). In this way, the lower
moisture content value was obtained for CD + MD-RP
compared to CD-RP.

The water activity value of red pepper pulp was found to
be 0.982. A similar water activity value was also obtained
by Vega-Galvez et al. (2009), 0.975 £ 0.002. The water
activity values of red pepper powders ranged between
0.226 (for FD + MD-RP) and 0.553 (for CD-RP-60 °C).
Similar to the moisture content results, significantly higher
water activity values were observed for CD-RP
(0.523-0.553, P < 0.05). Lower water activity values were

observed for the 70 °C temperature for CD-RP (0.523) and
VD-RP (0.289) compared to the other drying temperatures
(P < 0.05). The water activity values of CD-RP and VD-
RP significantly decreased when the drying temperature
increased from 60 to 70 °C, however, a further increase
resulted in a significant increase (P < 0.05). These rela-
tionships can adequately describe with a quadratic function
(CD-RP; y =0.027x> — 0.111x + 0.637, R* =0.9999,
and VD-RP; y = 0.084x* — 0.309x + 0.571, R* = 0.9999,
convex shape), however, no trend was observed for the
water activity values of MD-RP due to low R* value.
Drying at 60 °C may not be effective for heat and mass
transfer while 80 °C may cause crust formation due to the
fast removal of the water from the surface at the high
temperature. Similar to the moisture content results,
FD + MD-RP (0.226) and CD 4 MD-RP (0.381) had
lower water activity values compared to FD-RP (0.323)
and CD-RP (0.523, P < 0.05). It may be due to eliminating
the residual moisture from the interior part of the red
pepper pulp by microwave energy (Michalska et al. 2016).
It was worth mentioning that, the microwave finish drying
may promote the removal of residual moisture in the semi-
dried CD-RP and FD-RP which also resulted in lower
moisture content and water activity values.

Topuz et al. (2011) reported that the quality of red
pepper is evaluated using the intensity of the red color. The
color values of red pepper powder are shown in Fig. 1. All
samples after drying had higher values of L*
(44.77-58.09), and lower values of a* (20.67-33.67) and
b* (22.90-38.73, except for FD + MD-RP) when com-
pared to the red pepper pulp values of L* (31.53 £ 0.41),
a* (33.95 + 0.37), and b* (36.60 £ 0.94). The discol-
oration due to oxidation, thermal degradation, Maillard
reaction, etc. may be the reason for the decrease in the
values of L*, a*, and b*. In addition, Vega-Galvez et al.
(2009) reported that the Maillard reaction takes place
during the drying process because of the high levels of
reducing sugars and amino acids in the fresh red pepper.
The L* values of the powders dried at higher microwave
output power (900 W) and drying air temperature (80 °C)
did not exhibit significant differences between each other
(P > 0.05). In addition, the results indicated that although
the L, a*, and b* values insignificantly changed depending
on microwave power bleow 540 W (P > 0.05), a sharp
decrease in L*, a*, and b* values were observed above
540 W (P < 0.05) which can be adequately described with
a quadratic trend (y = — 0.3868x* + 0.9832x + 50.185,
R? = 0.9417, y = — 0.932x* + 3.5628x + 27.182,
R*=0.9994, and y=— 0.8216x” + 3.2439x + 29.357,
R? = 0.9556 for L*, a*, and b*, respectively.). Although
the L* value of CD-RP followed a quadratic trend
depending on the increase of drying air temperature
(y = — 2.5198x> + 8.8733x + 41.309, R? = 0.9999), the
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Fig. 1 Color values (L*, a*, 70
and b*) of the red pepper
powders (n = 3) * 60
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b"< value linearly increased (y = 1.51x + 26.157,

=0.9958), and the a* wvalue linearly decreased
(y = — 2.4x + 31.597, R* = 0.9889). The higher L, a*
and b* values were obtained from the MD-RP (P < 0.05).
It may be due to the substantial reduction in the drying time
of the red peppers compared to other drying techniques.
The lowest L* (44.77), a* (20.67), and b* (22.90) were
observed for VD-RP at 80 °C which had the longest drying
time. Although the vacuum drying process was performed
in the absence of the oxygen, the high vacuum temperature
and long drying time negatively affected the color values of
the red peppers (P < 0.05). These decreases with vacuum
temperature were found to be linear for all color values
(y = — 2.212x + 51.6009, = 0.9745 for L*,
y = — 4.355x + 33.969, R%=09914 for a*, and
y = — 4.5425x + 35.842, R* = 0.9369 for b*). The high-
est slope (a = 4.5425) and intercept (b = 51.609) values
were observed for b* and L* values, respectively. Vega-
Galvez et al. (2009) reported that an increase in drying
temperature led to an important amount of brown product
formation in the red pepper due to an increase in the kinetic
reaction rate. For this reason, it may be due to the high
reaction kinetic of pigment degradation and non-enzymatic
browning reactions, etc. The L*, a*, and b* values of FD-
RP and CD-RP can significantly be increased by combining
them with MD (except for the L* value of red pepper
powder dried using CD, P < 0.05). The lower drying time
of FD+ MD and CD + MD may result in less
discoloration.

The Chroma, Hue Angle, AE*, BI, and YI values of red
pepper pulp and red pepper powder are given in Table 1.
Chroma is considered the quantitative attribute of color-
fulness and higher chroma values can be considered as the
higher color intensity of samples perceived by humans
(Pathare et al. 2013). The Chroma values of red pepper
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powder varied between 30.85 and 51.32 and these values
showed that the red pepper powders have high color
intensity. Similar Chroma values were also obtained by
Tekin and Baslar (2018) for ultrasound-assisted vacuum
(41.021-41.798), ultrasound-assisted vacuum control
(37.233-44.981), vacuum (36.862-41.999), and oven
(38.107-44.461) dried red pepper. Similar to changes in the
color values of red pepper powder, the low microwave
output powers (180-540 W) did not exert a significant
effect on the Chroma values of the red pepper powder
(P > 0.05), while the high microwave output powers
(540-900 W) showed a significant effect (P < 0.05). The
Chroma value of red pepper powder insignificantly
decreased when the drying temperature increased from 60
to 70 °C (both CD-RP and VD-RP, P > 0.05). On the
other hand, a further increase resulted in a significant
decrease in the Chroma values of CD-RP and VD-RP
(P < 0.05). In addition, the Chroma values of FD-RP and
CD-RP significantly increased by combining them with
MD (P < 0.05). The Hue angle values of the red pepper
powder ranged between (.76 and 0.86 which can be con-
sidered as a red Hue (Pathare et al. 2013). The effect of
different drying techniques on the Hue angle value was
found to be significant (P < 0.05). The combining of FD
with MD resulted in a significant increase in the Hue angle
value, while the combining of CD with MD resulted in a
significant decrease (P < 0.05).

The results showed that the microwave output powers
and drying temperatures (for CD and VD) showed a sig-
nificant effect on the total color change of the red pepper
powder (P < 0.05). In addition, the effect of different
drying techniques on the AE* value of red pepper powder
was found to be significant (P < 0.05). The significantly
higher AE* values were observed for FD-RP and FD +
MD-RP compared to the other drying techniques
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(P < 0.05). The AE* value of FD-RP and FD + MD-RP
were not found to be statistically different (P > 0.05),
however, the AE* value can be decreased by around
12.52% by combining CD with MD (P < 0.05). The AE*
values of CD-RP and VD-RP generally increased
depending on the increase in the drying temperature due to
the temperature effect on the heat-sensitive compounds
which is related to the loss of the red color in the pepper
(P < 0.05). In this study, CD + MD drying provided a
shorter drying time compared to CD alone and resulted in a
lower color change. No trend was observed for the AE*
values of MD-RP (R2 values was low), however, the AE*
value of CD-RP increased linearly (y = 1.195x + 18.043,
R? = 0.9921) with the drying air temperature. The AE*
value of VD-RP followed a quadratic trend with an
increase in the vacuum temperature (y = 0.745x> —
2.275x + 23.48, R? = 0.9999, convex shape). The sig-
nificantly higher BI and YI values were generally observed
for MD-RP, FD 4+ MD-RP, and CD + MD-RP
(P < 0.05). The BI and YI values of the red pepper powder
increased with the increase of the microwave output power
up to 540 W (P > 0.05). However, a significant decrease in
BI and YI values were noticed by increasing the micro-
wave output power beyond 540 W (P < 0.05). It may be
due to shorter drying time at the higher microwave output
powers. The changes in BI and YI values depending on the
microwave output power followed a quadratic trend
(y = — 3.5793x% + 15.953x + 119.81, R? = 0.9844, and
y = — 1.83x + 8.282x — 85.324, R? = 0.9619, concave
shape). The effect of the convective hot air drying tem-
perature was not found to be significant on the BI and YI
(except for CD-80 °C) values of the red pepper powder
(P > 0.05). An increase in the hot air drying air tempera-
ture caused an increase in both BI (y = 1.105x*
— 3.005x + 125.85, R? = 0.9999) and YI
(y = 2.625x + 82.393, R? =0.9994) values (P > 0.05),
while an increase in the vacuum temperature resulted in a
significant  decrease (y = — 7.7x” 4 21.34x + 106.49,
R? = 0.9999 for BI and y = — 3.88x” + 10.26x + 79.11,
R? = 0.9999 for YI, P < 0.05, concave shape). The Mail-
lard reactions or non-enzymatic browning reactions at the
high drying temperatures may be the reason for higher BI
values at the high convective drying air temperatures. Jaya
and Das (2005) reported that oxidative degradation such as
browning is low during vacuum drying due to the removal
of moisture in the absence of oxygen. Similarly, in this
study comparatively lower BI values were obtained for
VD-RP. In addition, the YI values of the red pepper
powders were found to be significantly lower compared to
the red pepper pulp (170.46, P < 0.05).

Powder properties

The effect of the different drying processes, drying con-
ditions, and moisture content values on the powder prop-
erties of the red pepper powders are shown in Fig. 2a—f.
Results showed that the bulk density values of the red
pepper powder increased up to 540 W (180.33-233.47 kg/
m3), however, a further increase resulted in a decrease
(233.47-194.55 kg/m3), and no trend was observed for
MD-RP due to low R? value (Fig. 2a). The microwave
output power was found to be significantly effective on the
bulk density values (P < 0.05). The bulk density values
increased with drying temperatures (followed a logarithmic
trend for CD and VD y=54.224In(x) + 153.71,
R? = 0.9705 and y =23.908 In(x) + 213.92,
R? = 0.9351), however, the effect of drying temperatures
on the bulk density values of CD-RP and VD-RP were
generally found to be insignificant (P > 0.05). The lowest
bulk and tapped density values were observed for FD-RP
and FD + MD-RP (P < 0.05). The findings of this study
are in line with Caparino et al. (2012) and Michalska et al.
(2016, 2017). The researchers reported that the lowest bulk
density values of FD samples related to the porous flat
surface of samples with the occulted air content. Similarly,
Krokida and Maroulis (2000) also reported that the bulk
density values of bananas, apples, carrots, and potatoes
were significantly affected by the drying processes (CD,
VD, MD, FD, and osmotic dehydration) and the lowest
bulk density values were observed for the freeze-drying
process. The bulk density values of CD-RP (around
62-125%) and VD-RP (around 128-155%) were signifi-
cantly higher than FD-RP (P < 0.05). Similarly, Gong
et al. (2007) reported that the bulk density values of CD
cabbage two times higher than FD cabbage. In addition,
researchers reported that bulk density is related to final
moisture content and the rate of shrinkage. Higher
shrinkage of the CD-RP and VD-RP may be the reason for
the higher bulk density values. The combining of FD
(93.11 kg/m’) and CD (197.30 kg/m®) with microwave
finish drying resulted in lower (86.68 kg/m®) and higher
(248.31 kg/m®) bulk density values, respectively. Higher
bulk density values are desired because of low packaging
and transportation costs (Caliskan Ko¢ and Dirim 2018).
For this reason, VD-RP and CD + MD-RP have advan-
tages of low packaging and transportation costs due to
significantly higher bulk density values compared to other
techniques (P < 0.05).

The tapped density values ranged between
218.66-268.71 kg/m’ for MD-RP, 225.96-294.00 kg/m?
for CD-RP, and 265.85-322.21 kg/m3 for VD-RP
(Fig. 2b). The lowest and highest tapped density values
were obtained for FD-RP (127.36 kg/m®) and CD + MD-
RP (355.21 kg/m?). The lowest and highest tapped density
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Fig. 2 The effect of different drying techniques and conditions and moisture content values on the powder properties a bulk density (kg/m>),
b tapped density (kg/m>), ¢ particle density (kg/m>), d porosity (%), e flowability, and f cohesiveness of the red pepper powders (n = 3)

values of FD-RP and CD + MD-RP indicated the highest
(92.34%) and lowest (80.03%) porosity values among all
the dried samples. Generally, an increase in both micro-
wave output power and drying temperature (for CD and
VD) resulted in an increase in the tapped density values of
the red pepper powders, however, these increases generally
were not found to be significant (P > 0.05). The tapped
density values of MD-RP followed a quadratic trend
(y = — 6.7736x” + 49.978x + 172.97, R? =0.964, con-
cave shape) with the increasing microwave output power,
whereas, CD-RP and VD-RP followed logarithmic
(y = 61.7 In(x) + 225.6, R?*=09994) and linear
(y = 28.18x + 235.88, R? = 0.9881) trends, respectively.
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Both FD + MD-RP and CD + MD-RP had significantly
higher tapped density values than FD-RP and CD-RP
(P < 0.05).

According to Fig. 2a, it can be stated that, when the
moisture content value of MD-RP, CD-RP, and VD-RP
decreased with an increase of the microwave output power
and drying temperature, the bulk density values of the
samples generally increased. It may be due to the lower
density values of the liquid phase compared to the solid
phase. Similarly, Caliskan Ko¢ and Dirim (2018) reported
that the percentage of the solid part decreased with the
increase in the moisture content of the powders and the
density value of the powders decreased due to bigger
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density value of the solid part. A similar effect was also
observed for tapped density values. In addition, it can be
stated that the moisture content values of the red pepper
powders have an inverse proportion with the bulk and
tapped density values. Similarly, Michalska et al.
(2016, 2017) reported that the bulk density values of whole
fruit plum powders and blackcurrant pomace powders had
an inverse relationship with the moisture content values.
Particle density and porosity are important for the
storage stability of powders. Powders with high porosity
and low particle density have a greater presence of oxygen
which causes oxidation reactions (Zotarelli et al. 2017).
The porosity values of the powders depend on the material
structure and drying conditions (Krokida and Maroulis
2000). The particle density values of the red pepper pow-
ders generally decreased with the increasing drying air
temperature for CD and VD (P < 0.05). Generally, the
highest particle density value was observed for CD-RP
(1908.50-2265.00 kg/m3), where the lowest value was
observed for FD-RP (1666.97 kg/m3, P < 0.05, Fig. 2¢).
No trend was observed for particle density and porosity
values for MD-RP, however, the particle density and
porosity values of CD-RP followed a logarithmic trend
(y = — 327.4 In(x) + 2260.5, R? = 0.9966 and
y = — 3.778 In(x) + 89.806, R? = 0.9586). The particle
density and porosity values of VD-RP followed a quadratic
trend (y = — 129x* + 233x + 2115.5, R* = 0.9999 and
y = — 1.66x* 4+ 2.86x + 86.81, R?=0.9999, concave
shape). The particle density of FD-RP (1666.97 kg/m?)
increased by combining FD with MD (1876.81 kg/m>),
however, the opposite effect was observed for the CD-RP
(1779.32 kg/m® for CD 4+ MD-RP). The porosity values of
FD-RP (92.34%) and FD + MD-RP (91.99%) were found
to be significantly higher compared to other drying tech-
niques (P < 0.05) due to the porous structure of the FD
powders with opened pores forming at the surface. In
addition, Caparino et al. (2012) reported that the porosity
of freeze-dried mango powder was higher than the drum,
reflectance window, and spray dried mango powders due to
the developed external pores within the internal pores of a
single particle. Krokida and Maroulis (2000) also reported
that the porosity value of the freeze-dried product is always
higher compared to all other dehydration processes
(80-90%). According to Krokida and Maroulis (2000), it
can be stated that the higher porosity value of FD-RP may
be the reason for the low bulk density value. The porosity
values FD-RP and CD-RP decreased by combining them
with MD (Fig. 2d). Marques et al. (2006) reported that the
porosity value of the freeze-dried pineapple, Barbados
cherry, guava, papaya, and mango pulps are approximately
0.89 £ 0.01. Achanta and Okos (2000) reported that the
high porosity values of the freeze-dried products may be
due to the low temperatures (below the glass transition

temperature) which cause the material to remain in the
glassy state with negligible shrinkage during the freeze-
drying process. In addition, Krokida and Maroulis (2000)
reported that the vacuum or hot air-dried product has a
dense structure (low porosity) due to shrinkage. Similarly,
in this study lower porosity values were observed for CD-
RP (85.98-89.99%) and VD-RP (80.45-88.01%), and these
values decreased depending on the increase of the drying
temperature (P < 0.05). Michalska et al. (2016, 2017) also
reported that an increase in the hot air temperature resulted
in a more compact and rigid product with a lower porosity
value. Similar findings were also obtained in this study.
The CD-RP and MD-RP have advantages of storage sta-
bility due to significantly higher particle density and lower
porosity values compared to other techniques (P < 0.05).
In addition, the CD 4+ MD-RP has a lower porosity value
but also has a higher bulk density. It can also be stated that
bulk and tapped density values have generally an inverse
relationship with porosity. According to Fig. 2c and d, it
can be stated that moisture content and particle density and
porosity values of the CD-RP and VD-RP are generally
directly proportional, however, no trend was observed
between the moisture content, particle density, and porosity
values of MD-RP.

The Carr Index and Hausner Ratio values of MD-RP
ranged between 12.13-18.78 and 1.12-1.19 which can also
be classified as good-very good and low-intermediate,
respectively (Fig. 2e and f). Similarly, Akdogan et al.
(2017) reported that the flowability and cohesiveness val-
ues of microwave dried corn husk powder ranged between
fair-very good and low-intermediate levels, respectively.
With regard to other techniques, the microwave drying
process resulted in less cohesive and more free-flowing
powder (P < 0.05). Opposite to the bulk density values, the
HR values of the red pepper powder decreased with the
increase of the microwave output power up to 540 W and
then increased again. An increase in the drying temperature
(60-70 °C) led to a significant decrease in the CI and HR
values of CD-RP and VD-RP, however, a further increase
(70-80 °C) resulted in a significant increase (P < 0.05). As
it can be seen from Fig. 2e and f, the CI and HR values of
CD-RP and VD-RP followed a quadratic trend
(y = 6.775x* — 29.305x + 55.72, R?*=0.9999  and
y = 0.14x> — 0.62x + 2.01, R*=0.9999 for CD and
y = 4.435x* — 14.705x 4+ 30.36, R*=0.9999  and
y = 0.075x> — 0.245x + 1.42, R?*=0.9999 for VD).
According to the model parameter a which indicates the
direction of the parabola, it can be stated that the parabola
has a convex shape. The VD-RP has superior properties in
flowability, and cohesiveness compared to the FD-RP, CD-
RP, FD + MD-RP, and CD + MD-RP due to a lower
moisture content which increases the cohesion between
powder particles (P < 0.05, Igbal and Fitzpatrick 2006;
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Fitzpatrick et al. 2007). Igbal and Fitzpatrick (2006) and
Fitzpatrick et al. (2007) also reported that the moisture
content, particle size, and morphology of the powders have
an effect on the flow properties of powders. In this study,
several drying techniques resulted in different moisture
content values, particle morphology, and particle size
which related to the flow properties. But, in general, the
higher moisture content values were obtained from FD-RP
and CD-RP which resulted in low flow properties (Fig. 2e,
f). In addition, an inversely proportional relationship was
observed between the moisture content values and HR
values of VD-RP. The combining of FD and CD with MD
resulted in poor flow properties and the Carr Index and
Hausner Ratio values of FD 4+ MD-RP (CI 40.53 and HR
1.70) and CD + MD-RP (CI 29.82 and HR 1.43) were
found to be as bad and high, and fair and high levels. In
order to improve the flow properties of the red pepper
powder, several food-grade additives (maltodextrin, gum
Arabic, etc.) which improve the flow properties can be
added or agglomeration process can be applied to the
obtained powders.

Conclusion

This study focused on the effect of different drying pro-
cesses, drying conditions, and microwave finish drying on
the physical and powder properties of the red pepper
powder. The drying time of the red pepper pulp decreased
with microwave output power and drying temperature due
to the higher heat and mass transfer rates (P < 0.05). The
lowest moisture content (3.09-3.85%) and BI
(101.21-120.13) values were observed for VD-RP
whereas, the lowest water activity (0.226) and AE* (17.77)
values were observed for FD + MD and CD + MD,
respectively. The highest bulk density (248.31 kg/m?) and
porosity (92.34%) values were observed from CD + MD-
RP and FD-RP, respectively. The lowest CI (12.13-18.78),
and HR (1.12-1.19) values were observed for MD-RP
(P < 0.05). Although combining FD and CD with micro-
wave finish drying has several advantages such as lower
drying time, moisture content, and water activity values
and higher L*, a*, and b* values, FD + MD-RP and
CD + MD-RP have higher BI, CI, and HR values. The
inverse relationship was observed between the moisture
content and bulk and tapped density values, whereas, the
directly proportional relationship was observed between
the moisture content and particle density and porosity.
Linear models explained the variation in the color values of
CD-RP (except for L*) and VD-RP with drying tempera-
ture, while the data on water activity, CI, and HR of CD-
RP and VD-RP fitted better to the quadratic model. The
findings of this study are to give an idea to the producers
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about the design of the red pepper drying process, the
advantages and disadvantages of microwave finish drying,
the optimization of the process parameters, and the powder
properties of the obtained red pepper powders. This study
and mathematical modeling will provide an opportunity for
the powder processing industry in selecting a better drying
technique that can be utilized for the manufacture of red
pepper powder with superior powder properties. The effect
of the drying processes and microwave finish drying on the
chemical composition of the red pepper powder could be
studied in further studies.
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