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Onion, a very common season ingredient, is useful as an antioxidant and optimal conditions are required for its
drying while ensuring the best quality is retained. This study evaluated the effect of drying temperatures and
relative humidity on both drying rate and onion quality. Onions with an average diameter of 20.125 � 0.025 mm
were peeled and sliced into a thickness of 1.233 � 0.029 mm. They were then dried for 120 min under various
temperatures ranging from 40 to 70 �C. Both moisture content and total phenolic compounds were measured and
analyzed as responses, and the data obtained were used for estimating the kinetic parameters of drying rate and
total phenolic compounds degradation. The results show that the drying kinetics followed Fick's model. Moreover,
the total phenolic compounds degradation can be properly expressed using a first-order reaction model, and the
optimization using response surface method revealed that the optimum conditions of onion slice drying were
achieved at 49.6 �C and relative humidity of 0.65%. These conditions can significantly reduce drying time with
phenolic compounds retention of up to 96%.
1. Introduction

Onion, which is primarily used as a seasoning ingredient in several
countries, is one of the most popular vegetables containing various
beneficial chemical compounds such as fibers, vitamins, organic acids,
phenolic compounds, and other antioxidants (Mitra et al., 2012).
Phenolic compounds in onion comprise gallic acid, ferulic acid, proto-
catechuic acid, quercetin, and kaempferol (Cheng et al., 2013;
P�erez-Gregorio et al., 2010; Singh et al., 2009), with gallic acid and
quercetin being important compounds that have antiallergic, antioxi-
dant, anti-inflammatory, antihyperglycemic, anti-lipid peroxidative, and
antimicrobial properties (Balasundram et al., 2006; Cheng et al., 2013;
Mitra et al., 2012). The mean daily intake of phenolic compounds is
~1756mg (Grosso et al., 2014), which can be partially obtained by onion
consumption. Phenolic compounds are highly influenced by temperature
change; thus, to retain these compounds, appropriate postharvest treat-
ments and onion storage are necessary.

Drying is one of the postharvest treatments for onion; for this process,
water content is removed by introducing heat (Djaeni et al., 2014;
Sharma et al., 2005). Harvested onion contains high moisture content of
>80% (Asiah et al., 2017) that can be reduced to 10% or below by
asongko).
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drying, which in turn increases storage life. Nevertheless, excessive
drying can affect the stability of phenolic compounds and lead to the
degradation of antioxidant compounds in onion (Kim et al., 2018).
Furthermore, drying can reduce vitamin C, color, and other ingredients
because of the introduction of excessive heat (Mota et al., 2010). In
certain cases, in terms of energy usage, drying is inefficient (Haque and
Somerville, 2013). At present, convective drying is mostly used for onion
drying. Tominimize energy cost, convectivemethod via direct sun drying
can be an alternative; however, it takes long drying time and is weather
dependent because it requires ambient air conditions. At relatively high
humidity (such as in wet season), products cannot be completely dried
because of sorption isotherm characteristics.

One of the alternatives to maintain the onion quality is using an air
dehumidification dryer (Djaeni et al., 2011; Zhang et al., 2007) where
water content in ambient air as a dryingmedium is reduced by adsorptive
materials such as zeolite (Djaeni et al., 2011). Note that air with a low
relative humidity could enhance the drying rate at low temperature
(Djaeni and van Boxtel, 2009), and therefore product quality such as
nutrition and active compounds can be retained. The drying system
demonstrated a good result for onion (Asiah et al., 2017) and for several
une 2020
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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other agricultural products such as wheat (Osorio-Revilla et al., 2006),
roselle (Djaeni et al., 2018), and paddy (Utari et al., 2017).

Previously, studies investigated onion drying characteristics and its
kinetics using different methods and under various treatments (Asiah
et al., 2017; Bebartta et al., 2014; Demiray et al., 2017; Revaskar et al.,
2014). Furthermore, the chemical components of onion have been
studied under different process treatments (Edith et al., 2018; Sharma
et al., 2015). For all cases, at higher temperature, components such as
phenolic compounds can be potentially degraded. As per these facts, a
comprehensive study to determine the optimum drying condition of
onion is important by investigating the effect of drying temperature and
relative humidity on drying time and retention of onion components such
as total phenolic compounds. This study's results are beneficial for
postharvest treatment of onion.

2. Materials and methods

2.1. Materials

Fresh onions of Bima variety (Allium cepa) having a moisture content
of 83.0% (wet basis) or 4.88 kg water/kg dry solid (dry basis) were
cultivated in Brebes, Central Java, Indonesia, and harvested during the
wet season (April 2019). Gallic acid standard (purity 99.0% p.a., Merck,
Germany), Folin–Ciocalteu reagent, Na2CO3 (2M), and ethanol (96%)
were obtained from Merck, Germany, and used for analyzing total
phenolic compounds in onion using a Shimadzu UV–Vis spectropho-
tometer (UV1800; Shimadzu Corporation, Kyoto, Japan).

2.2. Methods

Figure 1 shows the schematic of the research method that was used.
Briefly, the method has four main steps: drying of onion slice under
various temperatures (40, 50, 60, and 70 �C), determination of moisture
and total phenolic compounds contents, kinetic model development, and
Figure 1. The schematic diagram of research.
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selection of optimal drying conditions. Note that, using experimental
data, the kinetic model was validated.

2.3. Onion drying

Fresh onions having an average diameter of 20.125� 0.025 mmwere
peeled and sliced into a thickness of 1.233 � 0.029 mm using a Spee-
dyMando slicer (Tupperware, Indonesia). They were then placed in a tray
dryer using a thermocontroller. Figure 2 shows the schematic of the tray
dryer. Air at room temperature of 30 �C and relative humidity of 75%–

80% (measured by KW0600561, Krisbow®, Indonesia presented as T-
RH) was supplied via a dehumidification column containing Zeolite 3A
(provided by Zeochem) to reduce moisture content. Consequently,
depending on the zeolite amount, the relative humidity of air can be kept
low to a certain value (Djaeni et al., 2011). Then, air was heated to 40 �C
and used for onion slice drying for 120 min (7200 s). Using an
anemometer (KW0600562, Krisbow®, Indonesia), the linear velocity of
air in pipe with an ID of 0.085 m was measured (~7 m s�1), which
resulted in an air velocity of 0.54 m s�1 in the drying chamber (cross--
sectional area ¼ 0.15 m2). The moisture content in onion was measured
every 10 min (600 s); however, the total phenolic compounds expressed
as gallic acid equivalent were analyzed every 30 min (1800 s). These
steps were then repeated for the drying temperatures of 50 �C, 60 �C, and
70 �C.

2.4. Kinetic model of onion drying

The kinetic model of onion drying was considered based on effective
moisture diffusivity De (in square meters per second). This parameter can
be derived using Fick's model (Ghazanfari et al., 2006). By assuming that
an onion slice is a slab with a thickness L, Fick's model can be expressed
as follows:

MR;t ¼ 8
π2

exp
��π2 De t

4L2

�
: (1)

The moisture ratio MR;t as a function of time was calculated using Eq.
(2):

MR;t ¼ ðMt �MeÞ
ð M0 �MeÞ (2)

where Mt is the moisture content at the time of measurement, M0 is the
initial moisture content at time 0, and Me is the equilibrium moisture
content.Mt ,M0, andMe are expressed in kilograms of water per kilogram
of dry solid. Moreover, as shown in Eq. (3), the equilibrium moisture
content was calculated using the modified Henderson model (Viswana-
than et al., 2003):
Air out
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Figure 2. The schematic of laboratory tray dryer system: 1.Blower; 2. Heater; 3.
Anemometer; 4.Temperature and relative humidity sensor (T-RH); 5. Dehu-
midification column and 6. Tray dryer.
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1�HR ¼ exp ð�AðTC þCÞ me BÞ (3)
Me ¼ ðmeÞ
ð100Þ (4)

whereHR is the relative humidity in decimal; A, B, and C are the equation
constants with values equal to 3.6 � 10�5, 2.48, and 10.87, respectively
(Viswanathan et al., 2003); TC is the drying temperature (in degrees
Celsius); and me is 100 times the equilibrium moisture content on dry
basis (in kilograms of water per kilogram of dry solid).

From Eq. (3), by knowing the air relative humidity and temperature,
the equilibrium moisture content in onion can be determined. Using Eq.
(1), after obtaining the value of the equilibrium moisture content, the
drying time (from initial moisture content of 83.0% wet basis or 4.88 kg
water/kg dry solid to final moisture content of 10% wet basis or 0.11 kg
water/kg dry solid) was calculated. The De value was validated by
moisture ratio reduction versus time from experimental data.

For expressing the relationship between effective moisture diffusivity
ðDeÞ and drying temperatures, the Arrhenius model (Eq. (5)) was used:.

ln De ¼ ln De0 þ
��Ea

RT

�
(5)

where Ea is the activation energy of the onion drying kinetics (in kilo-
joules per mole), R is the ideal gas constant (in kilojoules per mole per
Kelvin), T is the drying temperature (in Kelvin), and De0 is the frequency
factor of the onion drying kinetics (in square meters per second).
2.5. Determination of total phenolic compounds in onion

Based on preliminary experiments, the extraction of total phenolic
compounds was conducted. Ethanol (96%) was used as the extraction
solvent because of its greater affinity to phenolic compounds compared
to other solvents and because of its low toxicity (Do et al., 2014; Pohanka,
2016; Venkatesan et al., 2019). About 5 g of dried onion was mixed with
100 mL of extraction solvent. This mixture was then extracted using an
ultrasound tool for 30 min and incubated in a dark room for 30 min at 30
�C, and the supernatants were used for gallic acid equivalent analysis.

Total phenolic compounds as gallic acid equivalent were analyzed
using the Folin–Ciocalteu colorimetric method (Ornelas-Paz et al., 2010).
The obtained extract (0.1 mL) was mixed with 50% Folin–Ciocalteu re-
agent (0.5 mL) and distilled water (7.9 mL). The mixture was then
incubated at room temperature for 10 min. Then, sodium carbonate so-
lution (1.5 mL; 20%) was added, and the mixture was incubated at room
temperature for 60 min. The absorbance of the solution was measured
using a spectrophotometer (UV1800; Shimadzu Corporation, Kyoto,
Japan) at 250 nm and converted to milligrams of gallic acid equivalent
per 100 g of dry onion. The calculation was then performed by cali-
brating the absorbance values of the sample with series of concentrations
of gallic acid standards (50, 100, 200, 300, 400, 500, 600, and 700 ppm).
Absorbance readings versus concentration of this series of standard so-
lutions resulted to a linear correlation of y¼ 0.0013xþ 0.0307 with R2¼
0.998, where y is the absorbance value and x is the gallic acid concen-
tration (in parts per million). By knowing the sample's absorbance value,
the concentration of gallic acid can be estimated, which was then con-
verted to milligrams of gallic acid equivalent per 100 g of dry onion.
2.6. Fourier transform infrared spectroscopy analysis

Fourier transform infrared (FTIR) spectroscopy was used to observe
the chemical composition of fresh onion and its dried product (Gier-
linger, 2018). The analysis was conducted using a Frontier FT-IR 96681
spectrometer (PerkinElmer, America). FTIR spectra were recorded from
4000 to 400 cm�1 at a resolution of 4 cm�1, and sample analysis was
repeated three times.
3

2.7. Kinetic model of total phenolic compounds degradation

Total phenolic compounds reported as gallic acid equivalent were
analyzed every 30 min. For some food items such as apple, apple peel,
and encapsulated yacon juice, total phenolic compounds degradation is
expressed as a pseudo-first or first-order reaction (Arora et al., 2018;
Henríquez et al., 2014; Lago and Noren, 2017), in which different process
treatments and material condition and properties result in different
degradation rates. Generally, the kinetics of total phenolic compounds
degradation is described using a first-order reaction (Eq. (6)) as follows:

�dCt

dt
¼ kCt (6)

where Ct is the concentration of total phenolic compounds at sampling
time (in milligrams of gallic acid equivalent per 100 g of dry onion), t is
the drying time (in min), and k is the degradation rate constant of total
phenolic compounds (in per min). Integration of Eq. (6) resulted in Eq.
(7):

ln Ct ¼ ln C0 � kt (7)

where C0 is the concentration of total phenolic compounds at initial time
(in milligrams of gallic acid equivalent per 100 g of dry onion). Note that
the model was fitted to the experimental data using sum of square error
(SSE) and coefficient of determination (R2) for validity testing. The total
phenolic compounds degradation constants can be correlatedwith drying
temperatures using the Arrhenius correlation (Eq. (8)):

ln k¼ ln k0 þ
��Ear

RT

�
(8)

where Ear and k0 are the activation energy and frequency factor of the
total phenolic compounds degradation kinetics expressed in kilojoules
per mole and in minutes, respectively. The Arrhenius parameters Ear and
k0 were then used for predicting the value of the total phenolic com-
pounds degradation constants at any temperature.

2.8. Data analysis

Statistical analysis was performed using two-way ANOVA. This
method was used for testing the interaction of two independent variables
such as drying time and drying temperature or drying temperature and
relative humidity with a dependent variable (the total phenolic com-
pounds). Then, the interaction of two independent variables was deter-
mined by the p value where p values � 0.05 and >0.05 indicate that the
effect is statistically significant and insignificant, respectively (Ryd�en and
Alm, 2010).

2.9. Response surface methodology design

The drying condition was optimized based on central composite
design (CCD) using Statistica 10. This experimental design comprised
four cube points, four star points, and two center points. Drying tem-
perature ðX1Þ and relative humidity ðX2Þ were selected as the indepen-
dent variables, while total phenolic compounds degradation was selected
(Y) as a response. Here, the second-order polynomial equation was used
to correlate the factor and the response, as expressed in Eq. (9)
(Mohammad et al., 2019):

Y¼ β0 þ β1X1 þ β2X2 þ β12X1X2 þ β11X
2
1 þ β22X

2
2 (9)

where β0 is the intercept constant; β1 and β2 are the linear effects; β12 is
the interaction effect; and β11 and β22 are the squared effects. The 2D
plot, 3D plot, and statistical analysis were generated using this software.
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3. Results and discussion

3.1. Kinetic model of onion drying

3.1.1. Effect of drying temperature on drying time
Moisture content during the drying process was measured every 10

min for 120 min and converted into moisture ratio, as expressed in Eq.
(2). Figure 3 shows the effect of drying temperatures on moisture ratio.
At the same observation time, the higher drying temperature resulted in
lower moisture ratio. With increase in drying temperature from 40 �C to
50 �C, the moisture ratio was 0.5 times lesser. Compared to infrared
drying, the performance of this method was higher (Pathare and Sharma,
2006). At a temperature of 40 �C and operating time of 120 min, infrared
drying reduced the moisture content of fresh onion feed by ~86%,
whereas the moisture content removal was 97% in this study. In this
study, the drying conditions applied were superior than solar dryers
working at a temperature of 30 �C and relative humidity of ~60%
(Elzubeir, 2014). Solar dryers require 13 h to dry onion slice from 83% to
20% wet basis. However, in this study, at an operating temperature of 40
�C, the drying time was only 120 min (2 h).

For each drying temperature, effective moisture diffusivity was
calculated using Fick's model (Eq. (1)), and the results are listed in
Table 1. The effective moisture diffusivity values obtained from this
research were superior compared to those of infrared drying method
(Pathare and Sharma, 2006); however, they were still smaller versus
those of fluidized bed working at a faster air velocity (Bebartta et al.,
2014) and those of microwave onion drying with high electric power
(Demiray et al., 2017). The effective diffusion coefficient value ðDeÞ for
each drying temperature can be correlated using the Arrhenius correla-
tion as expressed in Eq. (5). Table 1 shows the parameters of the
Arrhenius correlation, namely, activation energy and effective moisture
diffusivity constant, were reported and validated. Using these validated
parameters, De and drying time at any operational temperature can be
estimated.

Drying time was estimated based on the duration of onion slice drying
from initial moisture content (83.0% wet basis or 4.88 kg water/kg dry
solid) to final moisture content (10% wet basis or 0.11 kg water/kg dry
solid). Data from Table 1 suggests that the lower the drying temperature,
the smaller is the effective moisture diffusivity; hence, moisture reduc-
tion is slower (Asiah et al., 2017; Djaeni et al., 2011, 2012).

3.1.2. Effect of relative humidity on drying time
Relative humidity influences equilibrium moisture content as

expressed by the modified Henderson model (Viswanathan et al., 2003).
Equilibrium moisture content is the water loaded in a material at certain
Figure 3. Moisture ratio versus time for drying temperatures 40, 50, 60 and
70 �C.
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temperature and relative humidity. By decreasing the relative humidity,
the equilibrium moisture content in onion reduced, which enhanced
moisture content reduction (Eqs. (1), (2), (3), and (4)). Relative humidity
can be reduced by three possible ways: increasing operational drying
temperature, removing moisture in air, and combining these two (Djaeni
et al., 2011). Here, the relative humidity was varied at different drying
temperatures to identify an optimum drying time; Figure 4 shows the
results.

When the onion was dried with direct ambient air (temperature ¼ 30
�C and relative humidity ¼ 70%) as in the case of sunlight drying, the
equilibrium moisture content was 0.17 kg water/kg dry solid. This result
suggests that moisture content in onion cannot reach 10% wet basis or
0.11 kg water/kg dry solid, suggesting that the onion product cannot be
completely dried. Note that decreasing the air relative humidity (suppose
using an air dehumidification unit) can be an option to dry the onion in
medium or low temperature. Using this method, the driving force of
onion drying can be improved as indicated with a reduced drying time
(Figure 4), e.g., in a drying temperature of 40 �C and air relative humidity
of 40%, the onion can be fully dried in 172 min. With air relative hu-
midity close to 0 and temperature at 40 �C, the drying time for onion was
~110 min. Furthermore, the effect of dehumidification was insignificant
at high temperature (Djaeni et al., 2011). Drying with low relative hu-
midity was successfully conducted in several products, such as roselle
(Sasongko et al., 2019), cocoa (Abhay et al., 2016), and fruit pulp (Tiwari
et al., 2012), to enhance drying driving force and retention of active or
nutritional components. For all these cases, low-temperature drying can
enhance product quality and reduce drying time.
3.2. Kinetic model of total phenolic compounds degradation

3.2.1. Effect of drying temperature on total phenolic compounds
Phenolic compounds can be degraded by changes in lighting, pH,

oxygen level, and temperature (Kim et al., 2018). In this study, the total
phenolic compounds concentration expressed as gallic acid equivalent
was investigated at different drying temperatures as heat treatment
causes irreversible reaction of phenolic compounds. At certain pH and
moisture content, phenolic compounds are trapped in the pores (Tsami
and Katsioti, 2007). During drying, all parts of the thin layer of onion
slice came in contact with hot air; hence, oxygen was in excess. Two
atoms of oxygen from the atmosphere react with two atoms of H from the
hydroxyl group to form hydrogen peroxide and quinone (Mba et al.,
2019). The reaction is illustrated in Figure 5.

Figure 6 shows the effect of drying temperature on total phenolic
compounds degradation. Using the two-factor test of ANOVA, the effect
of drying temperature and drying time on total phenolic compounds
reduction was significant because the p value was <0.05 (Table 2). For
example, the fresh onion contained total phenolic compounds of ~10.5
mg gallic acid equivalent per 100 g of dry onion. After 120-min drying at
70 �C, ~12% of the total phenolic compounds degraded or its retention
was ~88%. However, at 40 �C, the retention increased to 95% (Figure 6).

Phenolic compounds have a characteristic OH peak on FTIR spectra,
and the absorbance of this peak is directly proportional to the concen-
tration of phenolic compounds (Ornelas-paz et al., 2013). As shown in
Figure 7, there were some absorbance changes based on FTIR analysis.
After the 120-min drying process, the absorbance of the OH peak
(wavelength 3,400 cm�1) in onion drastically decreased because of the
conversion of phenolic compounds into quinone (Tulyathan et al., 1989).
The amount of OH reduction increased at a higher temperature for the
same drying time (120 min).

3.2.2. Kinetics of total phenolic compounds degradation
The degradation of total phenolic compounds used first-order kinetic

models, which were fitted to the experimental data. The parameters were
evaluated by SSE and coefficient of determination (R2) with a minimum
SSE value of <0.03 and maximum R2 value close to 1. Table 3 lists the



Table 1. Kinetic parameters of drying at 40, 50, 60 and 70 �C.

T (�C) HR Me De � 10�11 m2 s�1 Drying time, minutes SSE R2 Ea, kJ/mol De0 � 105 m2 s�1

40 0.400 0.097 2.219 172.967 0.046 0.986 28.549 7.323

50 0.240 0.070 3.559 87.601 0.045 0.980

60 0.150 0.053 4.550 63.415 0.043 0.983

70 0.080 0.039 5.917 46.170 0.067 0.965

Figure 4. The estimated drying time at various temperatures and relative humidity.

Figure 5. Reaction of a phenolic compound with oxygen from air forming quinone.
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value of the degradation rate constant k of total phenolic compounds and
statistical parameters.

Based on the data in Table 3, as the drying temperature increased, the
total phenolic compounds degradation constant increased, which indi-
cated that at higher drying temperature, the degradation of total phenolic
compounds in onion was improved. The kinetic data were then used for
estimating the Arrhenius parameters, namely, activation energy ðEarÞ and
k0 (as expressed in Eq. (8)). The Arrhenius correlation can be used to
estimate the total phenolic compounds degradation constant at any
drying temperatures.

Table 3 shows the activation energy ðEarÞ and k0 for the total phenolic
compounds degradation in onion. In this study, the value of activation
energy was 27.043 kJ mol�1, which is still higher than the activation
energy of total phenolic compounds degradation in encapsulated yacon
juice (Lago and Noren, 2017). This indicated that the degradation of total
phenolic compounds in onion slice drying was lesser.
5

3.3. Evaluation on the effect of various drying conditions on total phenolic
compounds

Drying kinetic parameters (Table 1) and total phenolic compounds
degradation (Table 3) were considered for identifying the optimum
drying time with minimum total phenolic compounds degradation
(Table 4). Here, drying time is defined as the duration it will take to dry
an onion slice with a moisture content of 83%–10% (wet basis). For all
cases, by lowering the relative humidity, the drying time can be reduced
(Figure 4) and the degradation of total phenolic compounds can be kept
low (Table 4). Using the two-factor ANOVA test, the effect of drying
temperature and relative humidity on the total phenolic compounds
degradation was significant because the p value was <0.05 (Table 5).

With a total phenolic compounds degradation of ~4% or retention
value of 96% as the basis, the optimum condition for onion slice drying
was at air relative humidity of <10% with temperatures ranging from 50



Figure 6. Degradation of total phenolic compounds during drying at 40, 50, 60
and 70 �C.

Figure 7. FTIR spectra of fresh and dried onion at frequency of 400–4000 cm�1
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to 60 �C. For comparison, in cocoa drying, decreasing the air relative
humidity by zeolite significantly retained total polyphenols (Abhay et al.,
2016). However, with apple dried using a drum dryer at 110–140 �C, the
degradation of polyphenols was ~24.15%–45.83% (Henríquez et al.,
2014). With higher polyphenol retention, onion is considered a better
antioxidant because of its ability to neutralize free radicals (Cory et al.,
2018; Wang et al., 2014). Owing to their anti-inflammatory property,
phenolic compounds can reduce oxidative stress to prevent localized
inflammation (Cory et al., 2018; Zhang and Tsao, 2016).

3.4. Optimization of total phenolic compounds degradation

Total phenolic compounds degradation can be inhibited at air relative
humidity of <10% with temperatures ranging from 50 �C to 60 �C.
Table 6 lists the conditions used for defining the low and high levels of
independent variables. Table 7 lists the experimental design using
orthogonal CCD comprised 10 runs.

As shown in Table 7, the second-order polynomial equation presented
in Eq. (10) was obtained by experimental design. The model was eval-
uated using coefficients of determination, namely, R2 and root mean
square error (RMSE) (Dailey and Vuong, 2015). The results listed in
Table 8 demonstrated that both R2 and RMSE were acceptable and the
model was successfully fitted.

Y ¼ � 9:387þ 0:488X1 þ 0:143X2 � 3:235 � 10�4X1X2 � 0:004X2
1

� 0:008X2
2 (10)
Table 2. Statistical result using Two-way ANOVA for the effect of drying temperatur

Source SS DF MS

Time 1.692 4 0.423

Temperature 0.365 3 0.122

Error 0.213 12 0.018

Total 2.270 19

SS: Sum of Squares, DF: degree of freedom, MS: Mean Squares.

Table 3. Kinetic parameters of total phenolic compounds degradation at 40, 50, 60 a

T (�C) k, minutes�1 SSE

40 4.029�10�4 0.012

50 5.585�10�4 0.006

60 7.211�10�4 0.009

70 1.017�10�3 0.020
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Based on the data in Table 8, relative humidity X2 significantly
influenced total phenolic compounds degradation because the p value
was <0.05. From statistical analysis, the coefficients of drying tempera-
ture ðX1Þ and relative humidity ðX2Þ in Eq. (10) were positive. Note that
at higher drying temperature and relative humidity, total phenolic
compounds degradation increased. Furthermore, the interaction effect of
drying temperature ðX1Þ and relative humidity ðX2Þ has a slight effect on
total phenolic compounds degradation. Therefore, at a higher tempera-
ture, the effect of air relative humidity was limited.

Figure 8 presents 2D and 3D plots of the total phenolic compounds
degradation obtained by running Eq. (10) with the input data listed in
Table 7. The result indicated that at lower drying temperature and
relative humidity, total phenolic compounds degradation was inhibited.
The minimum value of the degradation was 3.96%, which can be ach-
ieved at a drying temperature of 49.6 �C and relative humidity of 0.65%.
In practice, decreasing relative humidity can be performed using water
adsorbents, e.g., with zeolite, air can be dehumidified close to zero
(Djaeni et al., 2011).

4. Conclusions

Phenolic compounds are important components in onion, which can
be degraded by postharvest treatments using heat such as the drying
process. The effects of drying conditions on moisture content and total
phenolic compounds were evaluated using empirical data and model
e and times on the total phenolic.

F P-value F critical

23.842 1.234�10�5 3.259

6.858 0.006 3.490

nd 70 �C.

R2 Ear, kJ mol�1 k0, minutes�1

0.953 27.043 13.065

0.980

0.985

0.982



Table 4. Total phenolic compounds degradation at drying temperature of 40, 50, 60, and 70 �C.

RH (%) Drying temperature (�C)

40 50 60 70

Deg. (%) Drying Time (min) Deg. (%) Drying Time (min) Deg. (%) Drying Time (min) Deg. (%) Drying Time (min)

0 4.341 110.147 3.763 68.668 3.799 53.712 4.112 41.304

5 4.834 122.978 4.155 75.983 4.167 59.022 4.485 45.134

10 5.062 128.929 4.331 79.274 4.328 61.358 4.645y 46.790y

15 5.270 134.382 4.488 82.221 4.470 63.415 4.785 48.229

20 5.482 139.944 4.645 85.151 4.608y 65.424y 4.919 49.617

25 5.712 145.997 4.809 88.239 4.751 67.498 5.055 51.028

30 5.977 152.962 4.990y 91.647y 4.904 69.729 5.199 52.520

35 6.300 161.505 5.199 95.583 5.075 72.219 5.356 54.148

40 6.731y 172.967y 5.452 100.384 5.273 75.115 5.533 55.988

y direct heating of ambient air, Deg.: Total Phenolic Compounds Degradation.

Table 5. Statistical result using Two-way ANOVA for the effect of drying temperature and relative humidity on the total phenolic compound degradation.

Source SS DF MS F P-value F critical

Relative Humidity 7.218 4 1.805 41.170 6.472�10�7 3.259

Temperature 9.069 3 3.023 68.967 7.770�10�8 3.490

Error 0.526 12 0.044

Total 16.813 19

SS: Sum of Squares, DF: degree of freedom, MS: Mean Squares.

Table 6. Process variables and levels of Central Composite Design (CCD) experimental design.

Independent Variables Factor Level

Star Point
(-1.0781)

Low Value
(-1)

Center Value
(0)

High Value
(þ1)

Star Point
(þ1.0781)

Temperature (�C) 49.610 50 55 60 60.390

Relative Humidity (%) 0.649 1 5.500 10 10.351

Table 7. The set of experimental variables using orthogonal central composite design and observed response of total phenolic compounds degradation.

Run T (�C) RH (%) Response of total phenolic compounds degradation

Experimental value Predicted value

1 55 6 4.391 4.451

2 60 10 4.328 4.354

3 49.610 6 4.449 4.338

4 50 10 4.331 4.399

5 60.390 6 4.337 4.305

6 50 1 3.947 4.004

7 55 0.649 4.129 4.068

8 60 1 3.973 3.988

9 55 6 4.391 4.451

10 55 10.351 4.559 4.478

S.B. Sasongko et al. Heliyon 6 (2020) e04338
development. Phenolic compounds degradation was observed by the
reduction of the OH peak on the FTIR spectra.

The results demonstrated that the drying rate of sliced onion can be
expressed using Fick's model. Furthermore, the total phenolic compounds
degradation can be approximately classified as a first-order reaction.
Moreover, this research demonstrated that the degradation rate of
polyphenol increased corresponding to the increase of drying tempera-
ture. However, at a higher temperature, the drying time for onion can be
7

reduced. Furthermore, decreasing the relative humidity of air can
enhance the driving force for drying at either low or medium tempera-
ture. Consequently, the drying time can be reduced and total phenolic
compounds degradation can be minimized. Using CCD, the optimum
condition for onion slice drying was achieved at a drying temperature of
49.6 �C and relative humidity of 0.65%. In these conditions, the drying
time can be considerably reduced, and ~96% of the total phenolic
compounds can be retained.



Table 8. Regression coefficients and significance for the quadratic polynomial model of total phenolic compounds degradation.

Parameter Regression Coefficients Standard error P-value

β0 -9.387 0.063 2.355 �10�7

β1 0.488 0.079 0.718

β2 0.143 0.079 0.009

β12 -3.235 �10�4 0.100 0.891

β11 -0.004 0.121 0.141

β22 -0.008 0.121 0.064

R2 0.892

RMSE 0.009

RMSE: Root Mean Square Error.

Figure 8. The two dimensional plot (a) and three dimensional plot (b) of total phenolic compounds degradation.

S.B. Sasongko et al. Heliyon 6 (2020) e04338

8



S.B. Sasongko et al. Heliyon 6 (2020) e04338
Declarations

Author contribution statement

Setia B. Sasongko: Conceived and designed the experiments; Per-
formed the experiments; Analyzed and interpreted the data; Contributed
reagents, materials, analysis tools or data.

Hadiyanto Hadiyanto, Mohamad Djaeni: Contributed reagents, ma-
terials, analysis tools or data; Wrote the paper.

Arninda M. Perdanianti: Performed the experiments; Contributed
reagents, materials, analysis tools or data.

Febiani D. Utari: Analyzed and interpreted the data; Contributed re-
agents, materials, analysis tools or data.

Funding statement

This work was supported by a Research for International Publication
Grant provided by Institute of Research and Community Services,
Diponegoro University (LPPM UNDIP) under contract number: 385-94/
UN7.P4.3/PP/2019.

Competing interest statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

References

Abhay, S.M., Hii, C.L., Law, C.L., Suzannah, S., 2016. Effect of hot-air drying temperature
on the polyphenol content and the sensory properties of cocoa beans. Int. Food Res. J.
23, 1479–1484.

Arora, B., Sethi, S., Joshi, A., Sagar, V.R., Sharma, R.R., 2018. Antioxidant degradation
kinetics in apples. J. Food Sci. Technol. 55, 1306–1313.

Asiah, N., Djaeni, M., Hii, C.L., 2017. Moisture transport mechanism and drying kinetic of
fresh harvested red onion bulbs under dehumidified air. Int. J. Food Eng. 13.

Balasundram, N., Sundram, K., Samman, S., 2006. Phenolic compounds in plants and agri-
industrial by-products: antioxidant activity, occurrence, and potential uses. Food
Chem. 99, 191–203.

Bebartta, J.P., Sahoo, N.R., Dash, S.K., Panda, M.K., Pal, U.S., 2014. Kinetics modeling
and moisture diffusivity of onion slices in fluidized bed drying. J. Food Process.
Preserv. 38, 193–199.

Cheng, A., Chen, X., Jin, Q., Wang, W., Shi, J., 2013. Comparison of phenolic content and
antioxidant capacity of red and yellow onions. Czech J. Food Sci. 31, 501–508.

Cory, H., Passarelli, S., Szeto, J., Tamez, M., Mattei, J., 2018. The role of polyphenols in
human health and food systems: a mini-review. Front. Nutr. 5, 1–9.

Dailey, A., Vuong, Q.V., 2015. Optimisation of ultrasonic conditions as an advanced
extraction technique for recovery of phenolic compounds and antioxidant activity
from Macadamia (Macadamia tetraphylla) skin waste. Technologies 3, 302–320.

Demiray, E., Seker, A., Tulek, Y., 2017. Drying kinetics of onion (Allium cepa L.) slices
with convective and microwave drying. Heat Mass Tran. 53, 1817–1827.

Djaeni, M., Anggoro, D., Santoso, G.W., Agustina, D., Asiah, N., Hii, C.L., 2014. Enhancing
the food product drying with air dehumidified by zeolite. Adv. J. Food Sci. Technol.
6, 833–838.

Djaeni, M., Bartels, P.V., Sanders, J.P.M., Van Boxtel, A.J., 2011. Low temperature drying
with air dehumidified by zeolite for food products: energy efficiency aspect analysis.
Int. J. Food Eng. 7.

Djaeni, M., Kumoro, A.C., Sasongko, S.B., Utari, F.D., 2018. Drying rate and product
quality evaluation of roselle (Hibiscus sabdariffa L.) calyces extract dried with
foaming agent under different temperatures. Int. J. Food Sci. 2018, 1–8.

Djaeni, M., Sasongko, S.B., Van Boxtel, A.J., 2012. Carrageenan drying with dehumidified
air: drying characteristics and product quality drying characteristics and product
quality. Int. J. Food Eng. 8.

Djaeni, M., van Boxtel, A.J.B., 2009. PhD Thesis Summary: energy efficient multistage
zeolite drying for heat-sensitive products. Dry. Technol. 27, 721–722.

Do, Q.D., Angkawijaya, A.E., Tran-Nguyen, P.L., Huynh, L.H., Soetaredjo, F.E., Ismadji, S.,
Ju, Y.H., 2014. Effect of extraction solvent on total phenol content, total flavonoid
content, and antioxidant activity of Limnophila aromatica. J. Food Drug Anal. 22,
296–302.

Edith, D.M.J., Dimitry, M.Y., Richard, N.M., Armand, A.B., L�eopold, T.N., Nicolas, N.Y.,
2018. Effect of drying treatment on nutritional, functional and sensory properties of
three varieties of onion powders. J. Food Meas. Char. 12, 2905–2915.

Elzubeir, A.O., 2014. Solar dehydration of sliced onion. Int. J. Veg. Sci. 20, 264–269.
9

Ghazanfari, A., Emami, S., Tabil, L.G., Panigrahi, S., 2006. Thin-layer drying of flax fiber:
I. Analysis of modeling using Fick’s second law of diffusion. Dry. Technol. 24,
1631–1635.

Gierlinger, N., 2018. New insights into plant cell walls by vibrational microspectroscopy.
Appl. Spectrosc. Rev. 53, 517–551.

Grosso, G., Stepaniak, U., Topor-Mądry, R., Szafraniec, K., Pająk, A., 2014. Estimated
dietary intake and major food sources of polyphenols in the Polish arm of the HAPIEE
study. Nutrition 30, 1398–1403.

Haque, N., Somerville, M., 2013. Techno-economic and environmental evaluation of
biomass dryer. Procedia Eng. 56, 650–655.

Henríquez, C., C�ordova, A., Almonacid, S., Saavedra, J., 2014. Kinetic modeling of
phenolic compound degradation during drum-drying of apple peel byproducts.
J. Food Eng. 143, 146–153.

Kim, A., Kim, H., Chun, J., Jin, H., Kerr, W.L., Choi, S., 2018. Degradation kinetics of
phenolic content and antioxidant activity of hardy kiwifruit (Actinidia arguta) puree
at different storage temperatures. LWT - Food Sci. Technol. 89, 535–541.

Lago, C.C., Noren, C.P.Z., 2017. Thermodynamic and kinetics study of phenolics
degradation and color of yacon (Smallanthus sonchifolius) microparticles under
accelerated storage conditions. J. Food Sci. Technol. 54, 4197–4204.

Mba, O.I., Kwo, E.M., Ngadi, M., 2019. Kinetic modelling of polyphenol degradation
during common beans soaking and cooking. Heliyon 5, e01613.

Mitra, J., Shrivastava, S.L., Rao, P.S., 2012. Onion dehydration: a review. J. Food Sci.
Technol. 49, 267–277.

Mohammad, N.A., Abang Zaidel, D.N., Muhamad, I.I., Abdul Hamid, M., Yaakob, H.,
Mohd Jusoh, Y.M., 2019. Optimization of the antioxidant-rich xanthone extract from
mangosteen (Garcinia mangostana L.) pericarp via microwave-assisted extraction.
Heliyon 5, e02571.

Mota, C.L., Luciano, C., Dias, A., Barroca, M.J., Guin�e, R.P.F., 2010. Food and bioproducts
processing convective drying of onion: kinetics and nutritional evaluation. Food
Bioprod. Process. 8, 115–123.

Ornelas-paz, J.D.J., Cira-ch�avez, L.A., Gardea-b�ejar, A.A., Guevara-arauza, J.C.,
Sepúlveda, D.R., Reyes-hern�andez, J., Ruiz-cruz, S., 2013. Effect of heat treatment on
the content of some bioactive compounds and free radical-scavenging activity in
pungent and non-pungent peppers. Food Res. Int. J. 50, 519–525.

Ornelas-Paz, J.D.J., Martínez-Burrola, J.M., Ruiz-Cruz, S., Santana-Rodríguez, V., 2010.
Effect of cooking on the capsaicinoids and phenolics contents of Mexican peppers.
Food Chem. 119, 1619–1625.

Osorio-Revilla, G., Gallardo-Vel�azquez, T., L�opez-Cort�es, S., Arellano-C�ardenas, S., 2006.
Immersion drying of wheat using Al-PILC, zeolite, clay, and sand as particulate
media. Dry. Technol. 24, 1033–1038.

Pathare, P.B., Sharma, G.P., 2006. Effective moisture diffusivity of onion slices
undergoing infrared convective drying. Biosyst. Eng. 93, 285–291.

P�erez-Gregorio, R.M., García-Falc�on, M.S., Simal-G�andara, J., Rodrigues, A.S.,
Almeida, D.P.F., 2010. Identification and quantification of flavonoids in traditional
cultivars of red and white onions at harvest. J. Food Compos. Anal. 23, 592–598.

Pohanka, M., 2016. Toxicology and the biological role of methanol and ethanol: current
view. Biomed. Pap. 160, 54–63.

Revaskar, V.A., Pisalkar, P.S., Pathare, P.B., Sharma, G.P., 2014. Dehydration kinetics of
onion slices in osmotic and air convective drying process. Res. Agric. Eng. 60, 92–99.

Ryd�en, J., Alm, S.E., 2010. The effect of interaction and rounding error in two-way
ANOVA: example of impact on testing for normality. J. Appl. Stat. 37, 1695–1701.

Sasongko, S.B., Djaeni, M., Utari, F.D., 2019. Kinetic of anthocyanin degradation in
roselle extract dried with foaming agent at different temperatures. Bull. Chem. React.
Eng. Catal. 14, 320–325.

Sharma, G.P., Verma, R.C., Pathare, P., 2005. Mathematical modeling of infrared
radiation thin layer drying of onion slices. J. Food Eng. 71, 282–286.

Sharma, K., Ko, E.Y., Assefa, A.D., Ha, S., Nile, S.H., Lee, E.T., Park, S.W., 2015.
Temperature-dependent studies on the total phenolics, flavonoids, antioxidant
activities, and sugar content in six onion varieties. J. Food Drug Anal. 23, 243–252.

Singh, B.N., Singh, B.R., Singh, R.L., Prakash, D., Singh, D.P., Sarma, B.K., Upadhyay, G.,
Singh, H.B., 2009. Polyphenolics from various extracts/fractions of red onion (Allium
cepa) peel with potent antioxidant and antimutagenic activities. Food Chem. Toxicol.
47, 1161–1167.

Tiwari, S., Ravi, R., Bhattacharya, S., 2012. Dehumidifier assisted drying of a model fruit
pulp-based gel and sensory attributes. J. Food Sci. 77.

Tsami, E., Katsioti, M., 2007. Drying kinetics for some fruits: predicting of porosity and
color during dehydration. Dry. Technol. 18, 1559–1581.

Tulyathan, V., Boulton, R.B., Singleton, V.L., 1989. Oxygen uptake by gallic acid as a
model for similar reactions in wines. J. Agric. Food Chem. 37, 844–849.

Utari, F.D., Djaeni, M., Irfandy, F., 2017. Constant rate of paddy rice drying using air
dehumidification with zeolite. IOP Conf. Ser. Earth Environ. Sci. 102.

Venkatesan, T., Choi, Y.W., Kim, Y.K., 2019. Impact of different extraction solvents on
phenolic content and antioxidant potential of pinus densiflora bark extract. BioMed
Res. Int. 2019.

Viswanathan, R., Jayas, D.S., Hulasare, R.B., 2003. Sorption isotherms of tomato slices
and onion shreds. Biosyst. Eng. 86, 465–472.

Wang, S., Moustaid-Moussa, N., Chen, L., Mo, H., Shastri, A., Su, R., Bapat, P., Kwun, I.S.,
Shen, C.L., 2014. Novel insights of dietary polyphenols and obesity. J. Nutr. Biochem.
25, 1–18.

Zhang, B., Zhou, Y., Ning, W., Xie, D., 2007. Experimental study on energy consumption
of combined conventional and dehumidification drying. Dry. Technol. 25, 471–474.

Zhang, H., Tsao, R., 2016. Dietary polyphenols, oxidative stress and antioxidant and anti-
inflammatory effects. Curr. Opin. Food Sci. 8, 33–42.

http://refhub.elsevier.com/S2405-8440(20)31182-8/sref1
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref1
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref1
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref1
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref2
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref2
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref2
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref3
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref3
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref4
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref4
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref4
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref4
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref5
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref5
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref5
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref5
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref6
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref6
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref6
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref7
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref7
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref7
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref8
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref8
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref8
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref8
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref9
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref9
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref9
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref10
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref10
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref10
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref10
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref11
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref11
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref11
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref12
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref12
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref12
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref12
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref13
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref13
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref13
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref14
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref14
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref14
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref15
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref15
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref15
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref15
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref15
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref16
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref16
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref16
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref16
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref16
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref17
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref17
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref18
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref18
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref18
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref18
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref19
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref19
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref19
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref20
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref20
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref20
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref20
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref21
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref21
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref21
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref22
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref22
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref22
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref22
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref22
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref23
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref23
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref23
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref23
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref24
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref24
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref24
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref24
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref25
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref25
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref26
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref26
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref26
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref27
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref27
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref27
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref27
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref28
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref28
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref28
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref28
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref28
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref29
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref29
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref29
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref29
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref29
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref29
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref29
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref29
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref30
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref30
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref30
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref30
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref31
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref31
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref31
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref31
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref31
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref31
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref31
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref31
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref32
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref32
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref32
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref33
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref33
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref33
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref33
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref33
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref33
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref33
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref34
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref34
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref34
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref35
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref35
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref35
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref36
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref36
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref36
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref36
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref37
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref37
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref37
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref37
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref38
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref38
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref38
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref39
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref39
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref39
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref39
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref40
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref40
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref40
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref40
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref40
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref41
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref41
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref42
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref42
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref42
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref43
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref43
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref43
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref44
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref44
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref45
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref45
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref45
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref46
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref46
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref46
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref47
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref47
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref47
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref47
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref48
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref48
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref48
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref49
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref49
http://refhub.elsevier.com/S2405-8440(20)31182-8/sref49

	Effects of drying temperature and relative humidity on the quality of dried onion slice
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Methods
	2.3. Onion drying
	2.4. Kinetic model of onion drying
	2.5. Determination of total phenolic compounds in onion
	2.6. Fourier transform infrared spectroscopy analysis
	2.7. Kinetic model of total phenolic compounds degradation
	2.8. Data analysis
	2.9. Response surface methodology design

	3. Results and discussion
	3.1. Kinetic model of onion drying
	3.1.1. Effect of drying temperature on drying time
	3.1.2. Effect of relative humidity on drying time

	3.2. Kinetic model of total phenolic compounds degradation
	3.2.1. Effect of drying temperature on total phenolic compounds
	3.2.2. Kinetics of total phenolic compounds degradation

	3.3. Evaluation on the effect of various drying conditions on total phenolic compounds
	3.4. Optimization of total phenolic compounds degradation

	4. Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	References


