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The drying kinetics of peppermint leaves was studied to determine the best drying method

for them. Two drying methods include hot-air and infrared techniques, were employed.

Three different temperatures (30, 40, 50 �C) and air velocities (0.5, 1, 1.5 m/s) were selected

for the hot-air drying process. Three levels of infrared intensity (1500, 3000, 4500 W/m2),

emitter-sample distance (10, 15, 20 cm) and air speed (0.5, 1, 1.5 m/s) were used for the infra-

red drying technique. According to the results, drying had a falling rate over time. Drying

kinetics of peppermint leaveswas explained and compared using threemathematical mod-

els. To determine coefficients of these models, non-linear regression analysis was used. The

models were evaluated in terms of reduced chi-square (v2), root mean square error (RMSE)

and coefficient of determination (R2) values of experimental and predicted moisture ratios.

Statistical analyses indicated that the model with the best fitness in explaining the drying

behavior of peppermint samples was the Logarithmic model for hot-air drying and Midilli

model for infrared drying. Moisture transfer in peppermint leaves was also described using

Fick’s diffusionmodel. The lowest effectivemoisturediffusivity (1.096 � 10�11 m2/s) occurred

during hot-air drying at 30 �C using 0.5 m/s, whereas its highest value (5.928 � 10�11 m2/s)

belonged to infrared drying using 4500 W/m2 infrared intensity, 0.5 m/s airflow velocity

and 10 cm emitter-sample distance. The activation energy for infrared and hot-air drying

were ranged from 0.206 to 0.439 W/g, and from 21.476 to 27.784 kJ/mol, respectively.

� 2017 China Agricultural University. Publishing services by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
1. Introduction

Medicinal herbs are globally prepared and used by human

beings. Peppermint (Mentha piperita L.) is an important,
widely-used aromatic medicinal plant [1]. As a medicinal

plant, peppermint leaves should be dried in order to be ready

for storage and consumption [2]. The drying process helps

reaching two goals: first its inhibits the growth of microorgan-

isms, and, second, it facilitates the storage and transportation

of these plants [3,4]. Drying accounts for the highest energy-

consumption in the food industry [5]. This is due to the high

latent heat required for water vaporization and also the

thermo-physical properties of the drying materials [6]. There-

fore, developing an efficient drying method is essential for
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energy utilization and conservation [3]. Plants can be dehy-

drated by a variety of methods. The hot-air drying technique

is a widely-applied drying technique thanks to its simple

implementation, low requirements for investment and oper-

ating costs [7]. This technique, however, have high thermal

energy requirements with a long drying time, which changes

the dried product in an undesirable manner [8–10]. Accord-

ingly, the last decade was marked with several efforts in

researching and developing alternative drying techniques

for agricultural products [8,11].

The infrared technology is practically an alternative

method. It is mainly adopted due to its adaptability, equip-

ment simplicity, fast heating and drying, inexpensive and

uncomplicated installation and use. Infrared drying is

widely-applied as an alternative technique for drying fresh

agricultural products [12]. In infrared drying, the electromag-

netic energy collided with and infiltrated into the samples,

where it turned into heat [5,7,13,14]. The moisture reduction

process in the hot-air drying technique is as follows: The

ambient heat migrates to the food surface through convec-

tion, and penetrates through the inside of food by conduction.

Thus water migrates from the inner parts of the food to the

interface between air and food through diffusion. It also

reaches the air stream from the interface through convection

[15]. Infrared radiation heating has more advantages than the

hot-air technique such as better energy efficiency, and higher

rates of heat transfer and flux. Thus the former has a shorter

drying time and a faster drying rate [7]. It is suitable specifi-

cally for samples with thin layers, which have a large surface

area exposed to radiation [12]. Moreover, infrared drying con-

sumes up to 50% less energy than convective drying [16].

To integrate experimental knowledge from research on

food drying into industrial applications, drying kinetics should

be modeled mathematically. A mathematical model can be

also used to optimize the management of parameters in prac-

tice and to predict the performance of a drying system [17].

Drying involves complex thermal processes in which mass

and heat are transferred simultaneously, in a coupled manner

and unsteadily both inside and on the surface of a sample.

Accordingly, one should have a thorough understanding of

the control parameters in this process [18,19]. In the literature,

the drying behavior is described through three mathematical

models: theoretical, semi-theoretical and empirical

[3,17,18,20]. An understanding of the underlying phenomena

andmechanisms of the drying process helps develop different

theoretical models [21]. In Liu et al. [8], Karim and Hawlader

[22], and Goula et al. [23], both theoretical models and compu-

tational simulationswere applied to as ameans to predict dry-

ing curves of different products. They stated that theoretical

results were in good agreement with experimental outputs.

Theoretical simulations are realistic and are able to explain

the phenomena that occur in the process. On the other hand,

these simulations are hard to carry out and require a great

computing time. This is because diffusion equations govern-

ing the process are very complicated [24]. Empirical models

can be developed from the direct correlation of moisture con-

tent (MC) with the drying time, without taking principles of

this process into account [3]. Accordingly, empirically-

developedmodels can predict drying curves for real-world set-

tings. Their parameters, however, do not have any physical
bearing and fail to accurately explain the important process

phenomena [25]. As a trade-off between theory and conve-

nient application, semi-theoretical models are extracted from

simplified Fick’s second law of diffusion or they are derived by

modifying any simplified widely-used model [26].

The literature review showed few studies on drying kinet-

ics and mathematical modeling of peppermint [2,21]. The aim

of this work was to examine the drying behavior of pepper-

mint leaves by hot-air and infrared drying methods and to

find the best drying model that explains the hot-air and infra-

red drying of peppermint leaves. Also, the effective moisture

diffusivities and activation energies of both processes in dry-

ing peppermint leaves were determined.
2. Materials and methods

2.1. Material preparation

Fresh peppermint leaves were harvested freshly before each

series of experiments from the research field of Ferdowsi

University of Mashhad, Iran. Leaves were selected based on

visual assessment of their uniform color and size. Leaves

were always picked in the morning after morning dew has

dried. Peppermint leaves were kept in cooled bags before

reaching the laboratory. Initial MC of samples was deter-

mined by drying three 30 g samples of fresh leaves in an elec-

tric convection oven at 105 �C for a total period of 24 h [27].

Their initial MC was 82.17 ± 0.2% (w.b.). The thick stems of

samples were precisely cut before experiments.
2.2. Drying equipment

For this study, a prototype dryer was developed in the depart-

ment of biosystems engineering, Ferdowsi University, Mash-

had, Iran. Fig. 1 schematically shows the study dryer. It

consisted of a drying chamber, control units for air flow, tem-

perature and infrared radiation, an electric heater, air inlet

and outlet ducts, an air filter, and an electrical fan. The drying

chamber was made of sheet aluminum with a 0.5L � 0.5W �
0.4H m3 cavity and a front door for handling the sample tray.

Its outer surface was completely insulated to prevent ambient

heat losses. The incoming air was preheated using an electric

2000-W heater at the inlet duct. The heater power-control

unit was used to adjust air temperature. The temperature

inside the drying chamber was continuously monitored by a

thermocouple (type K, ±1 �C) which was embedded in the con-

trol component. Air was directed through a series of electrical

resistance heaters to reach higher temperatures andwas then

redirected towards the drying chamber. The drying air flows

horizontally over the samples in this configuration. A blower

creating axial flow and a module for controlling its rotation

speed were used to adjust air velocity. A digital hot wire

anemometer (TESTO 425, ±0.03 m/s, made in Germany) was

used to measure the air velocity. There were three 250-W

infrared lamps (Philips, made in China) mounted on the

upper side of the drying chamber. The height of lamps was

adjustable using height adjustment screws. Their infrared

radiation intensity was regulated using an autotransformer.

A solarimeter (Casella 187010b-02, made in the UK) was



Fig. 1 – Experimental setup. (1 – fresh air inlet, 2 – air filter, 3 – heater, 4 – adjustment screws, 5 – infrared lamps, 6 – sample

tray, 7 – digital balance, 8 – fan, 9 – air outlet, 10 – desktop computer, 11 – control unit).
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employed to measure the infrared radiation intensity. A digi-

tal scale (AND, GF 6000, made in Japan) with a repeatability of

±0.01 g was put under the drying tray and was linked to a

computer and its related software in order to capture and

record weight outputs at fixed 1 min intervals.

2.3. Drying experiments

Different airflow velocities at three levels of 0.5, 1 and 1.5 m/s

and temperatures at three levels of 30, 40 and 50 �C were

selected for hot-air drying experiments. Moreover, different

levels of radiation intensity (1500, 3000 and 4500W/m2),

emitter-sample distance (10, 15 and 20 cm) and airflow veloc-

ity (0.5, 1 and 1.5 m/s) were employed for infrared drying. The

air temperature and airflow velocity values were selected

based on the available research literature on industrial air

drying applications, particularly on the drying of leafy vegeta-

bles and medicinal plants in thin-layers [14,28]. As a rule of

thumb, low temperatures should be used for drying these

products (i.e. 30–50 �C) in order to obtain an optimized product

quality [20]. Prior to each experiment, the dryer was left idle

for a period of about 30 min to provide a steady state based

on predetermined experimental drying conditions [8]. For

each treatment, 200 ± 1 g of the leaves were spread uniformly

in a thin-layer on a perforated aluminum tray (40 � 40 cm).

Drying was terminated once sample MCs reached the target

10% (w.b.). All the drying treatments were conducted in three

replications. Drying curves were then drawn using mean

moisture ratios at each time point.

2.4. Mathematical modeling

The drying data of peppermint leaves were fitted into three

semi-theoretical thin-layer drying models (see Table 1), which
are widely employed for determining the drying curves. The

dimensionless moisture ratio (MR) of peppermint leaves was

given by Eq. (1) [29]:

MR ¼ Mt �Me

M0 �Me
ð1Þ

where Mt, M0 and Me are MC at any given time, initial MC and

equilibrium MC (% w.b.), respectively.

For longer drying times, Me is fairly smaller than M0 and

Mt, and Eq. (1) can be simplified to Eq. (2) [12,20,30]:

MR ¼ Mt=M0 ð2Þ
Data were analyzed in SPSS 22 (IBM SPSS Statistics, IBM

Corporation, Armonk, NY, USA) using non-linear regression

analysis and thus the model coefficients were determined.

The goodness of fit of themodelswas determined through sta-

tistical parameters, e.g. the reduced chi-square (v2), coefficient

of determination (R2), and root mean square error (RMSE)

between experimental and model data. The model’s goodness

of fit can be indicated by having high coefficients of determi-

nation and low values for v2 and RMSE [19]. The R2 value was

determined using Eq. (3) [3], and v2 and RMSE parameterswere

computed using Eqs. (4) and (5), respectively [19]:

R2 ¼
PN

i¼1ðMRi �MRpre;iÞ �
PN

i¼1ðMRi �MRexp;iÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1ðMRi �MRpre;iÞ2

h i
� PN

i¼1ðMRi �MRexp;iÞ2
h ir ð3Þ

v2 ¼
PN

i¼1ðMRexp;i �MRpre;iÞ2
N� z

ð4Þ

RMSE ¼ 1
N

XN

i¼1
ðMRexp;i �MRpre;iÞ2

� �1
2

ð5Þ

where MRexp and MRpre are dimensionless moisture ratios,

respectively, obtained from experiment and modeling, N is



Table 1 – Mathematical models used to express the temporal variation of moisture content in thin layer drying process.

Model number Model name Model equation References

1 Lewis MR = exp(�kt) Shi et al. [19]
2 Logarithmic MR = aexp(�kt) + c Balasubramanian et al. [35]
3 Midilli MR = aexp(�ktn) + bt Arslan et al. [2]
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the number of observations, z is the number of constants in a

model and i is the number of terms.

2.5. Determination of effective moisture diffusivity

As a key transport feature when modeling the drying process

for various agricultural materials, the effective moisture dif-

fusivity is a function of drying temperature and product MC

[18]. For samples having slab geometry, Fick’s diffusion equa-

tion was applied to determine this parameter using the

method of slopes [31]. The peppermint samples were consid-

ered having a slab geometry due to their flat surface and less

than or equal to 0.25 mm thickness. The equation was as fol-

lows [19]:

MR ¼ 8
p2

X1
n¼0

1

ð2nþ 1Þ2 � exp
�ð2nþ 1Þ2p2Deff t

4L2

" #
ð6Þ

where Deff stands for the effective diffusivity coefficient

(m2/s), L is half of the thickness of the sample (m), n can be

a positive integer, and t shows the duration of the drying

process (s).

In case of longer drying times, Eq. (6) can be shortened to

Eq. (7) which includes only the first term of the series. This

would have no considerable effect on prediction accuracy [12].

lnðMRÞ ¼ ln
8
p2

� �
� p2Deff t

4L2

� �
ð7Þ

The effective moisture diffusivity can be extracted from a

diagram showing the drying data from the experiments as ln

(MR) against time. From Eq. (7), the ln(MR)-time diagram

would present an inclined line with its slope (K) given by

the following equation [2]:

K ¼ p2Deff

4L2
ð8Þ

The effective moisture diffusivity is also determined using

this equation.

2.6. Computation of activation energy

Bonding potential of moisture in non-dry materials is a main

player in determining, their drying characteristics. The bond-

ing potential of moisture is quantified by the value of activa-

tion energy, which is the energy required for eliminating

1 mol moisture from the substance with constant composi-

tions and given MC [32]. The activation energy of the hot-air

technique is obtained from the simple Arrhenius equation,

as follows [9,18]:

Deff ¼ D0 exp � Ea

RðTþ 273:15Þ
� �

ð9Þ

where T is the drying air temperature (�C), R is the

universal gas constant (8.314 � 10�3 kJ mol�1 K�1), D0 is the
pre-exponential factor of the Arrhenius equation (m2/s), and

Ea is the activation energy (kJ/mol).

Eq. (9) can be rearranged into the form of Eq. (10):

lnðDeff Þ ¼ lnðD0Þ � Ea

RðTþ 273:15Þ ð10Þ

Ea is derived from the slope of a straight line when ln(Deff)

is plotted against the multiplicative inverse of absolute tem-

perature (1/(T + 273.15)). A modified form of the Arrhenius

equation was used as it is impossible to accurately measure

infrared drying temperature (Eq. (11)) [12]:

Deff ¼ D0 exp �Eam
P

� �
ð11Þ

where m is the sample weight (g), Ea is the activation energy

(W/g), and P is the infrared output power (W).
3. Results and discussion

3.1. Drying curves

The time requirements for drying peppermint leaves under

different conditions of this study were given in details in

our previous work [33]. Graphs of experimental data from dry-

ing peppermint leaves using the hot-air technique with differ-

ent temperatures (30, 40 and 50 �C) and airflow velocities (0.5,

1 and 1.5 m/s) were analyzed in terms of reduction in mois-

ture ratio (MR) with drying time (Fig. 2). This is because MR

curves are better in explaining the drying behavior of prod-

ucts than MC curves [3], as the starting MR for all experiments

was set at one. The shape of hot-air drying curves for pepper-

mints is similar to that for other hot-air-dried food materials.

This shows moisture removal of samples is faster during the

early stages of the drying process, which decreases as the dry-

ing time increases. MR continued to decrease over the drying

time. From falling MR values it can be concluded that diffu-

sion can probably control the internal moisture transfer [34].

That is, no constant-rate drying interval was observed in

the exponential curves as all the drying experiments followed

a falling rate. This suggests that internal diffusion was the

dominant process for controlling mass transfer [19]. Results

were in accordance with the findings reported by Doymaz

[18], Khazaei et al. [20] and Ben Haj Said et al. [31] for hot-

air drying of persimmon slices, avishan leaves and rosy garlic

leaves, respectively. As typical of all thermally activated pro-

cesses, the slope of the drying curve increased at higher tem-

peratures and, consequently, the required drying time before

reaching the target MC decreased. In fact, water molecules

moved faster at higher heat transfer rates caused by an

increased drying temperature. This, in turn, acceleratedmois-

ture movement inside samples [19]. Similar results were

reported in the literature on other bio-products [4,35]. ANOVA



Fig. 2 – Moisture ratio variations as a function of time for

hot-air drying of peppermint leaves.

Fig. 3 – The moisture ratio-time relationship during infrared

drying at different infrared intensities, air velocities and (a)

10 cm, (b) 15 cm and (c) 20 cm emitter-sample distances.
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results showed that the temperature had the most significant

effect on drying kinetics (p < 0.05) of samples. Airflow velocity

had the second most significant effect. As shown in Fig. 2,

drying curves became steeper with increasing airflow veloc-

ity. Higher air velocities led to faster drying by improving con-

vective heat and mass transfer coefficients between the

sample and its ambient air [36]. These findings are supported

by other authors [19,20]. Effects of ambient temperature and

airflow velocity on the drying kinetics became negligible at

the later stages of drying when water movement inside sam-

ple became difficult, and mass transfer became a limiting fac-

tor. There are numerous factors hindering the mass transfer

process including solute concentration, crust formation and

product hardening [4].

Infrared drying curves of peppermint leaves dried under

different settings are given in Fig. 3. During drying, the mois-

ture removal rate decreases and triggers the falling-rate per-

iod. There was no period with constant moisture removal

rate under all experimental conditions. This is mainly due

to the fact that the sample had no constant supply of water

during the whole process [30]. The MR reduction followed

an exponential trend during drying for all scenarios (Fig. 3).

The effect of infrared radiation level on MR of samples was

significant (p < 0.5) as predicted (Fig. 3). At both constant air-

flow velocity and emitter-sample distance, MR decreased fas-

ter when infrared radiation level raised. This result is in

agreement with those reported in the literature [30,37]. This

is because higher infrared radiation levels have higher infra-

red energy, which consequently increases temperature and

vapor pressure of the sample MC and eventually, its moisture

removal rate [30]. Airflow velocity also was effective in drying

characteristics of peppermint leaves. The infrared drying

results showed that, unlike hot-air drying, MR decreased fas-

ter with reducing the airflow velocity, at similar infrared radi-

ation intensity and emitter-sample distance. Results of

Sharma et al. [14] support these results. Increases airflow



Fig. 4 – Experimental vs. predicted moisture ratios using the

Logarithmic model for hot-air drying at various air velocities

and temperatures.
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velocity accelerated the cooling effect that reduced the pro-

duct temperature. Less mass transfer was a result of reduc-

tion in vapor pressure or driving force of the moisture [37].

At similar infrared radiation intensity and airflow velocity,

MR reduction becomes faster when the infrared emitter is

placed closer to the sample. As the sample-radiator distance

increases, the heat radiation hits the sample surface but does

not penetrate effectively into the inside of the leaves. There-

fore, the absorbed energy of the moisture inside the sample

leaves decreases dramatically [8]. Accordingly, moisture

removal rate decreased by increasing the distance between

infrared emitter and sample. That is, the distance had a sig-

nificant effect on moisture evaporation from the samples.

The results displayed that the radiation distance had a larger

effect on drying kinetics of peppermint leaves than airflow

velocity. In sum, it is fair to conclude that infrared drying of

peppermint leaves using a smaller emitter-sample distance,

higher infrared radiation intensity and lower airflow velocity

enhances moisture removal leading to effective dehydration.

3.2. Mathematical modeling of drying curves

As discussed earlier, the MC results from all experiments

were converted to the MR, and after that curves were fitted

into drying time of three drying models from the literature

(Table 1). Table 2 lists the results obtained from analyzing

these models for hot-air drying. Table 2 presents all the mod-

els with acceptable R2 (more than 0.98) under all drying con-
Table 2 – Results of statistical analysis on the models for moistu
peppermint leaves.

Models Drying conditions Estimated parameters

1 T: 30 �C, V: 0.5 m/s k: 0.001782
T: 30 �C, V: 1 m/s k: 0.001869
T: 30 �C, V: 1.5 m/s k: 0.001958
T: 40 �C, V: 0.5 m/s k: 0.002053
T: 40 �C, V: 1 m/s k: 0.002154
T: 40 �C, V: 1.5 m/s k: 0.002266
T: 50 �C, V: 0.5 m/s k: 0.002393
T: 50 �C, V: 1 m/s k: 0.002515
T: 50 �C, V: 1.5 m/s k: 0.002657

2 T: 30 �C, V: 0.5 m/s k: 0.001908, a: 0.982284, c: 0
T: 30 �C, V: 1 m/s k: 0.002032, a: 0.972937, c: 0
T: 30 �C, V: 1.5 m/s k: 0.002182, a: 0.962574, c: 0
T: 40 �C, V: 0.5 m/s k: 0.002345, a: 0.953045, c: 0
T: 40 �C, V: 1 m/s k: 0.002504, a: 0.946676, c: 0
T: 40 �C, V: 1.5 m/s k: 0.002676, a: 0.941495, c: 0
T: 50 �C, V: 0.5 m/s k: 0.002830, a: 0.941007, c: 0
T: 50 �C, V: 1 m/s k: 0.002995, a: 0.942177, c: 0
T: 50 �C, V: 1.5 m/s k: 0.003174, a: 0.942772, c: 0

3 T: 30 �C, V: 0.5 m/s k: 0.002361, a: 1.018975, b: 0
T: 30 �C, V: 1 m/s k: 0.002741, a: 1.021206, b: 0
T: 30 �C, V: 1.5 m/s k: 0.002924, a: 1.021099, b: 0
T: 40 �C, V: 0.5 m/s k: 0.003073, a: 1.020568, b: 0
T: 40 �C, V: 1 m/s k: 0.003194, a: 1.019747, b: 0
T: 40 �C, V: 1.5 m/s k: 0.003267, a: 1.018219, b: 0
T: 50 �C, V: 0.5 m/s k: 0.003268, a: 1.016231, b: 0
T: 50 �C, V: 1 m/s k: 0.003128, a: 1.013532, b: 0
T: 50 �C, V: 1.5 m/s k: 0.003115, a: 1.011156, b: 0

T, V, v2, RMSE and R2 are air temperature, air velocity, reduced chi-square,
ditions, whereas the highest R2 values belonged to the

Logarithmic model. At the same time, the lowest RMSE and

chi-square values also belonged to this model. Hence,

amongst the applied models, the Logarithmic model was
re contents as a function of drying time for the hot-air dried

v2 � 10�4 RMSE R2

0.63 0.00792 0.99952
0.88 0.00934 0.99939
1.34 0.01154 0.99917
1.88 0.01366 0.99894
2.33 0.01520 0.99875
2.84 0.01677 0.98055
2.73 0.01645 0.99855
2.97 0.01716 0.99843
3.18 0.01773 0.98834

.027212 0.36 0.00591 0.99972

.034808 0.38 0.00610 0.99970

.045071 0.43 0.00641 0.99967

.054919 0.40 0.00625 0.99968

.061666 0.40 0.00621 0.99968

.067329 0.35 0.00584 0.99972

.068535 0.36 0.00595 0.99970

.069391 0.32 0.00556 0.99974

.069404 0.30 0.00541 0.99976

.000005, n: 0.960821 0.39 0.00619 0.99969

.000005, n: 0.944774 0.45 0.00661 0.99965

.000012, n: 0.943921 0.48 0.00682 0.99962

.000021, n: 0.945489 0.43 0.00650 0.99965

.000028, n: 0.948325 0.40 0.00628 0.99967

.000037, n: 0.954366 0.36 0.00598 0.99970

.000043, n: 0.963207 0.41 0.00627 0.99967

.000052, n: 0.980204 0.37 0.00599 0.99970

.000058, n: 0.990815 0.35 0.00577 0.99973

root mean square error and coefficient of determination, respectively.



Table 3 – Results of statistical analysis on the models for moisture contents as a function of drying time for the infrared dried
peppermint leaves.

Models Drying conditions Estimated parameters v2 � 10�4 RMSE R2

1 IR: 1500 W/m2, V: 0.5 m/s, D: 10 cm k: 0.007405 4.41 0.02072 0.99744
IR: 1500 W/m2, V: 0.5 m/s, D: 15 cm k: 0.007292 4.10 0.01996 0.99763
IR: 1500 W/m2, V: 0.5 m/s, D: 20 cm k: 0.007122 4.35 0.02058 0.99756
IR: 1500 W/m2, V: 1 m/s, D: 10 cm k: 0.005689 3.88 0.01948 0.98819
IR: 1500 W/m2, V: 1 m/s, D: 15 cm k: 0.005600 3.54 0.01861 0.99836
IR: 1500 W/m2, V: 1 m/s, D: 20 cm k: 0.005496 3.48 0.01846 0.99841
IR: 1500 W/m2, V: 1.5 m/s, D: 10 cm k: 0.004398 3.55 0.01869 0.99833
IR: 1500 W/m2, V: 1.5 m/s, D: 15 cm k: 0.004307 3.42 0.01833 0.99847
IR: 1500 W/m2, V: 1.5 m/s, D: 20 cm k: 0.004217 3.65 0.01894 0.97841
IR: 3000 W/m2, V: 0.5 m/s, D: 10 cm k: 0.008050 5.28 0.02265 0.99674
IR: 3000 W/m2, V: 0.5 m/s, D: 15 cm k: 0.007940 4.67 0.02131 0.99712
IR: 3000 W/m2, V: 0.5 m/s, D: 20 cm k: 0.007792 4.17 0.02012 0.97744
IR: 3000 W/m2, V: 1 m/s, D: 10 cm k: 0.006192 4.81 0.02168 0.99767
IR: 3000 W/m2, V: 1 m/s, D: 15 cm k: 0.006098 4.45 0.02086 0.99785
IR: 3000 W/m2, V: 1 m/s, D: 20 cm k: 0.005972 4.60 0.02120 0.99780
IR: 3000 W/m2, V: 1.5 m/s, D: 10 cm k: 0.004702 3.96 0.01972 0.99836
IR: 3000 W/m2, V: 1.5 m/s, D: 15 cm k: 0.004615 3.63 0.01887 0.99848
IR: 3000 W/m2, V: 1.5 m/s, D: 20 cm k: 0.004519 3.54 0.01864 0.99849
IR: 4500 W/m2, V: 0.5 m/s, D: 10 cm k: 0.008708 3.44 0.01824 0.99772
IR: 4500 W/m2, V: 0.5 m/s, D: 15 cm k: 0.008559 3.93 0.01951 0.99743
IR: 4500 W/m2, V: 0.5 m/s, D: 20 cm k: 0.008435 3.43 0.01823 0.99774
IR: 4500 W/m2, V: 1 m/s, D: 10 cm k: 0.006710 6.51 0.02521 0.95666
IR: 4500 W/m2, V: 1 m/s, D: 15 cm k: 0.006598 5.96 0.02412 0.99701
IR: 4500 W/m2, V: 1 m/s, D: 20 cm k: 0.006463 5.36 0.02287 0.99734
IR: 4500 W/m2, V: 1.5 m/s, D: 10 cm k: 0.005101 5.65 0.02355 0.99761
IR: 4500 W/m2, V: 1.5 m/s, D: 15 cm k: 0.004985 5.57 0.02338 0.96772
IR: 4500 W/m2, V: 1.5 m/s, D: 20 cm k: 0.004863 5.43 0.02309 0.99780

2 IR: 1500 W/m2, V: 0.5 m/s, D: 10 cm k: 0.008948, a: 0.953805, c: 0.067667 0.88 0.00901 0.99938
IR: 1500 W/m2, V: 0.5 m/s, D: 15 cm k: 0.008790, a: 0.953048, c: 0.067575 0.75 0.00829 0.99948
IR: 1500 W/m2, V: 0.5 m/s, D: 20 cm k: 0.008644, a: 0.950038, c: 0.070136 0.65 0.00772 0.99954
IR: 1500 W/m2, V: 1 m/s, D: 10 cm k: 0.006848, a: 0.938365, c: 0.071762 0.17 0.00399 0.99987
IR: 1500 W/m2, V: 1 m/s, D: 15 cm k: 0.006693, a: 0.938707, c: 0.070128 0.18 0.00407 0.98987
IR: 1500 W/m2, V: 1 m/s, D: 20 cm k: 0.006567, a: 0.936673, c: 0.071098 0.19 0.00421 0.99986
IR: 1500 W/m2, V: 1.5 m/s, D: 10 cm k: 0.005242, a: 0.942251, c: 0.067798 0.18 0.00419 0.99986
IR: 1500 W/m2, V: 1.5 m/s, D: 15 cm k: 0.005126, a: 0.939167, c: 0.068723 0.11 0.00322 0.99992
IR: 1500 W/m2, V: 1.5 m/s, D: 20 cm k: 0.005041, a: 0.935969, c: 0.070885 0.11 0.00330 0.98991
IR: 3000 W/m2, V: 0.5 m/s, D: 10 cm k: 0.009714, a: 0.961651, c: 0.064736 1.82 0.01291 0.99876
IR: 3000 W/m2, V: 0.5 m/s, D: 15 cm k: 0.009526, a: 0.961336, c: 0.063544 1.51 0.01176 0.99897
IR: 3000 W/m2, V: 0.5 m/s, D: 20 cm k: 0.009321, a: 0.960434, c: 0.063350 1.21 0.01054 0.99917
IR: 3000 W/m2, V: 1 m/s, D: 10 cm k: 0.007567, a: 0.939287, c: 0.074503 0.28 0.00511 0.99979
IR: 3000 W/m2, V: 1 m/s, D: 15 cm k: 0.007418, a: 0.939239, c: 0.073709 0.24 0.00472 0.99982
IR: 3000 W/m2, V: 1 m/s, D: 20 cm k: 0.007283, a: 0.938040, c: 0.074640 0.23 0.00462 0.99983
IR: 3000 W/m2, V: 1.5 m/s, D: 10 cm k: 0.005606, a: 0.934554, c: 0.070046 0.17 0.00399 0.99987
IR: 3000 W/m2, V: 1.5 m/s, D: 15 cm k: 0.005483, a: 0.935450, c: 0.069245 0.16 0.00384 0.99988
IR: 3000 W/m2, V: 1.5 m/s, D: 20 cm k: 0.005365, a: 0.936495, c: 0.068891 0.17 0.00407 0.99987
IR: 4500 W/m2, V: 0.5 m/s, D: 10 cm k: 0.009932, a: 0.980582, c: 0.044741 2.14 0.01392 0.99862
IR: 4500 W/m2, V: 0.5 m/s, D: 15 cm k: 0.009951, a: 0.974771, c: 0.051562 2.07 0.01369 0.97865
IR: 4500 W/m2, V: 0.5 m/s, D: 20 cm k: 0.009742, a: 0.975297, c: 0.049787 1.68 0.01274 0.99883
IR: 4500 W/m2, V: 1 m/s, D: 10 cm k: 0.008421, a: 0.939049, c: 0.080582 0.55 0.00714 0.99960
IR: 4500 W/m2, V: 1 m/s, D: 15 cm k: 0.008228, a: 0.937678, c: 0.079778 0.42 0.00622 0.99969
IR: 4500 W/m2, V: 1 m/s, D: 20 cm k: 0.008002, a: 0.937150, c: 0.078600 0.33 0.00553 0.99976
IR: 4500 W/m2, V: 1.5 m/s, D: 10 cm k: 0.006261, a: 0.929643, c: 0.077781 0.20 0.00439 0.99984
IR: 4500 W/m2, V: 1.5 m/s, D: 15 cm k: 0.006127, a: 0.926091, c: 0.079703 0.13 0.00353 0.99990
IR: 4500 W/m2, V: 1.5 m/s, D: 20 cm k: 0.005971, a: 0.923569, c: 0.080789 0.18 0.00409 0.99986
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Table 3 – (continued)

Models Drying conditions Estimated parameters v2 � 10�4 RMSE R2

3 IR: 1500 W/m2, V: 0.5 m/s, D: 10 cm k: 0.005171, a: 0.994660, b: 0.000239, n: 1.100865 0.06 0.00234 0.99996
IR: 1500 W/m2, V: 0.5 m/s, D: 15 cm k: 0.005281, a: 0.995883, b: 0.000233, n: 1.092799 0.06 0.00226 0.99996
IR: 1500 W/m2, V: 0.5 m/s, D: 20 cm k: 0.005427, a: 0.997352, b: 0.000226, n: 1.082351 0.07 0.00255 0.99995
IR: 1500 W/m2, V: 1 m/s, D: 10 cm k: 0.006044, a: 1.004100, b: 0.000142, n: 1.010095 0.15 0.00371 0.99989
IR: 1500 W/m2, V: 1 m/s, D: 15 cm k: 0.006276, a: 1.005902, b: 0.000129, n: 0.998369 0.18 0.00407 0.99987
IR: 1500 W/m2, V: 1 m/s, D: 20 cm k: 0.006460, a: 1.007265, b: 0.000122, n: 0.988614 0.19 0.00415 0.99986
IR: 1500 W/m2, V: 1.5 m/s, D: 10 cm k: 0.004182, a: 0.999057, b: 0.000113, n: 1.029654 0.04 0.00196 0.99997
IR: 1500 W/m2, V: 1.5 m/s, D: 15 cm k: 0.004569, a: 1.002442, b: 0.000103, n: 1.008464 0.08 0.00267 0.99994
IR: 1500 W/m2, V: 1.5 m/s, D: 20 cm k: 0.004898, a: 1.005630, b: 0.000095, n: 0.991534 0.12 0.00329 0.99991
IR: 3000 W/m2, V: 0.5 m/s, D: 10 cm k: 0.004522, a: 0.989216, b: 0.000277, n: 1.148830 0.19 0.00415 0.99987
IR: 3000 W/m2, V: 0.5 m/s, D: 15 cm k: 0.004706, a: 0.990746, b: 0.000267, n: 1.136529 0.14 0.00358 0.99991
IR: 3000 W/m2, V: 0.5 m/s, D: 20 cm k: 0.004896, a: 0.992807, b: 0.000258, n: 1.123641 0.09 0.00288 0.99994
IR: 3000 W/m2, V: 1 m/s, D: 10 cm k: 0.005849, a: 1.000817, b: 0.000175, n: 1.036234 0.10 0.00299 0.99993
IR: 3000 W/m2, V: 1 m/s, D: 15 cm k: 0.005954, a: 1.002005, b: 0.000168, n: 1.028877 0.12 0.00326 0.99992
IR: 3000 W/m2, V: 1 m/s, D: 20 cm k: 0.006050, a: 1.003374, b: 0.000161, n: 1.021525 0.15 0.00372 0.99989
IR: 3000 W/m2, V: 1.5 m/s, D: 10 cm k: 0.005550, a: 1.004393, b: 0.000102, n: 0.987866 0.17 0.00394 0.99987
IR: 3000 W/m2, V: 1.5 m/s, D: 15 cm k: 0.005601, a: 1.006071, b: 0.000096, n: 0.982072 0.16 0.00384 0.99988
IR: 3000 W/m2, V: 1.5 m/s, D: 20 cm k: 0.005440, a: 1.006356, b: 0.000094, n: 0.983654 0.18 0.00406 0.99987
IR: 4500 W/m2, V: 0.5 m/s, D: 10 cm k: 0.004378, a: 0.987373, b: 0.000277, n: 1.169912 0.39 0.00585 0.99976
IR: 4500 W/m2, V: 0.5 m/s, D: 15 cm k: 0.004425, a: 0.988239, b: 0.000281, n: 1.165152 0.31 0.00519 0.99981
IR: 4500 W/m2, V: 0.5 m/s, D: 20 cm k: 0.004531, a: 0.989318, b: 0.000271, n: 1.155899 0.25 0.00468 0.99984
IR: 4500 W/m2, V: 1 m/s, D: 10 cm k: 0.005661, a: 0.999120, b: 0.000218, n: 1.063486 0.10 0.00299 0.99993
IR: 4500 W/m2, V: 1 m/s, D: 15 cm k: 0.005939, a: 1.000729, b: 0.000206, n: 1.049218 0.13 0.00342 0.99991
IR: 4500 W/m2, V: 1 m/s, D: 20 cm k: 0.006093, a: 1.001957, b: 0.000194, n: 1.038684 0.15 0.00366 0.99989
IR: 4500 W/m2, V: 1.5 m/s, D: 10 cm k: 0.005903, a: 1.004416, b: 0.000127, n: 0.995053 0.18 0.00403 0.99987
IR: 4500 W/m2, V: 1.5 m/s, D: 15 cm k: 0.006194, a: 1.006460, b: 0.000121, n: 0.981139 0.13 0.00353 0.99990
IR: 4500 W/m2, V: 1.5 m/s, D: 20 cm k: 0.006430, a: 1.008330, b: 0.000113, n: 0.968744 0.16 0.00390 0.99987

IR, V, D, v2, RMSE and R2 are infrared radiation intensity, air velocity, distance between emitter and sample, reduced chi-square, root mean

square error and coefficient of determination, respectively.
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selected as the model that has best results in predicting the

drying behavior of peppermint leaves. Accordingly, values of

R2, v2 and RMSE of the Logarithmic model varied between

0.99967 to 0.99976, 0.000030 to 0.000043 and 0.00541 to

0.00641, respectively. The accuracy of the hot-air drying

model was examined by comparing the predicted and exper-

imental MR values. Fig. 4 compares experimental MR values

with the values from the Logarithmic model for the pepper-

mint leaves dried by different drying strategies. According

to this figure, most of the predicted data were focused around

a straight line. This shows the suitability of the Logarithmic

model for explaining the kinetics of drying peppermint leaves

using the hot-air drying method. This is in agreement with

the previously published research results showing the capa-

bility of the Logarithmic model in explaining the drying

behavior of different natural materials, for example jujube

slices [16], betel leaves [35] and banana slices [38].

In infrared drying process, these three mathematical mod-

els, shown in Table 1, were also fitted into the drying data.

Estimation results for different parameters as well as statisti-

cal data are given in Table 3. The R2 values for the models

under all conditions were greater than 0.96. This shows the

capability of the models in explaining the behavior of pepper-

mint leaves in infrared drying. Statistical analysis results

indicated that R2, v2 and RMSE variations were between

0.95666 and 0.99997, 0.000004 and 0.000651, and 0.00196 and

0.02521, respectively. Midilli model had best results in terms

of R2 (highest) and v2 and RMSE (lowest) between all thin-

layer drying models. Therefore, the Midilli model was found
to explain best the infrared drying of peppermint leaves. As

shown, R2, v2 and RMSE for this model ranged between

0.99976 and 0.99997, 0.000004 and 0.000039, and 0.00196 and

0.00585, respectively. The model was validated using charts

indicating experimental and the model predicted moisture

ratios as shown in Fig. 5. MR values both from experiments

and model predictions had a very good agreement. As shown

in the figure, data are mainly placed around a 45�-straight
line. This shows that Midilli model is the best model for

describing the infrared drying kinetics of peppermint leaves.

Midilli model has been used by other researchers to explain

infrared drying of sea cucumber [9] and peach slices [12].

3.3. Effective moisture diffusivity

The effective moisture diffusivity (Deff) of foods represents

their intrinsic moisture mass transfer characteristics consist-

ing of different parameters like liquid diffusion, molecular

diffusion, hydrodynamic flow, vapor diffusion and other mass

transport mechanisms [10,13]. Fig. 6 presents Deff values cal-

culated from Eq. (8) under different temperatures and airflow

velocities. Deff for hot-air-dried peppermint leaves was

between 1.096 � 10�11 and 2.486 � 10�11 m2/s. This range is

consistent with other hot-air-dried products particularly leafy

material (e.g. 0.196 � 10�11 to 1.362 � 10�11 m2/s for avishan

leaves [20] and 0.91 � 10�11 to 10.41 � 10�11 m2/s for mint

leaves [39]). According to Torki-Harchegani et al. [21], Deff of

hot-air-dried peppermint leaves (at 50–70 �C) ranges from

1.809 � 10�9 to 4.649 � 10�9 m2/s. They showed that Deff



Fig. 5 – Experimental vs. predicted moisture ratios using Midilli model for infrared drying at different infrared intensities, air

velocities and (a) 10 cm, (b) 15 cm and (c) 20 cm emitter-sample distances.
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values for microwave-dried peppermint leaves were from

39.555 � 10�9 to 110.552 � 10�9 m2/s. In a study by Arslan

et al. [2], Deff values for peppermint leaves under both solar

and oven drying processes were 3.10 � 10�12 m2/s and

2.68 � 10�12 m2/s, respectively. These differences can be

caused by the different properties of biomaterials (e.g. variety,

composition and dimensions), different dryer conditions, dry-

ing techniques, physical or chemical pretreatment, initial

MCs, and Deff computation model [19,31]. Expectedly, values

of Deff increased as the drying temperature rose. This was

due to the increase in vapor pressure of samples that acceler-

ated moisture transfer at higher temperatures. By drying pep-

permint leaves at a higher temperature, the heating energy

increases leading to increased activity among water mole-

cules. As a result, higher Deff values can be obtained [19].

Using higher airflow velocities at all drying temperatures

leads to higher Deff values. This might be due to lower vapor

pressure as a result of higher airflow velocity, which in turn

reduces the resistance to evaporation. These are in agreement

with the literature findings that reported Deff increases with

increasing the drying temperature and airflow velocity [31].

The lowest Deff occurred when using an airflow velocity of
Fig. 6 – Interaction between air velocity and temperature on

the effective diffusivity in hot-air drying of peppermint

leaves.
0.5 m/s at 30 �C; whereas its largest value was reported when

using 50 �C drying air flowing at 1.5 m/s. These results

showed that higher air temperatures and velocities are pre-

ferred for drying peppermint leaves when using hot-air drying

under given experimental settings. This is mainly due to the

fact that Deff values are relatively higher. The air temperature

effect on Deff of peppermint leaves was more than that airflow

velocity. Using multiple regression, Deff values were correlated

to air temperature (T) and airflow velocity (V) through the fol-

lowing model:

Deff ¼ 10�12 � ð0:1127Tþ 6:197V þ 0:0052T2 � 1:3V2 þ 0:2633Þ;
R2 ¼ 0:9977 ð12Þ

The calculated Deff values for peppermint leaves under

infrared drying process are shown in Fig. 7. As shown, these

values range between 3.312 � 10�11 and 5.928 � 10�11 m2/s. It

can be seen from Fig. 7 that, Deff increased when infrared

intensity increased at a constant airflow velocity and a con-

stant distance between emitter and sample. This can be

caused by increased infrared radiation intensity levels that

rapidly raised sample temperature. As a result, vapor pres-

sure also increased, bringing about faster drying [12].

Research on button mushroom slices [5] also showed the

similar effects of infrared intensity on Deff. As shown in

Fig. 7, Deff was enhanced at lower emitter-sample distances

under constant airflow velocity and infrared radiation inten-

sity. Findings suggested that increasing airflow velocity under

constant infrared radiation intensity and emitter-sample

distance would lessen Deff. This is due to the fact that faster

airflow cools down the sample surface while sample’s inside

temperature remained relatively higher than the surface

and surrounding air. This results in negative temperature gra-

dient [13]. Airflow velocity has been reported to have a similar

effect on Deff during infrared drying of longans [37]. For infra-

red drying, the lowest Deff was recorded at airflow velocity of

1.5 m/s, radiation intensity of 1500 W/m2 and distance

between emitter and sample of 20 cm, whereas the largest

Deff was recorded at 0.5 m/s airflow velocity, 4500 W/m2

illumination intensity and a gap of 10 cm between the emitter

and samples. Using multiple regression, Deff values were cor-

related to airflow velocity (V), infrared radiation intensity (IR)

and emitter-sample distance (D) through the following model:



Fig. 7 – Variations of effective diffusivity from the effects of

infrared radiation intensity, air velocity and (a) 10 cm, (b)

15 cm and (c) 20 cm emitter-sample distances.

Fig. 8 – The influence of air velocity and distance between

emitter and sample on energy activation value for infrared

drying of peppermint leaves.
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Deff ¼ 10�10 � ð0:6177þ ð1:14� 10�5IR� VÞ þ ð�0:2162VÞ
þ ð�1:248� 10�7Þ � expð�6:875DÞÞ; R2 ¼ 0:9665 ð13Þ

The Deff values from this research were within the overall

range of 10�12 to 10�8 m2/s for drying biological materials

[18]. Deff was reduced as the drying time was extended.
Accordingly, the largest Deff values belonged to infrared drying

experiments. This is mainly because drying is completed in

much shorter time in an infrared dryer than in a hot-air dry-

ing system. Therefore, the infrared drying method performed

more efficiently in drying peppermint leaves than hot-air dry-

ing. This finding is in agreement with the results obtained

from previous research on sea cucumber [9] and jujube slices

[16].

3.4. Activation energy

In hot-air drying, the activation energy was found to be

27.784, 24.122 and 21.476 kJ/mol for drying air velocity of 0.5,

1 and 1.5 m/s, respectively. These values are lower than the

activation energies of 38.6–51.1 kJ/mol for avishan leaves

[20], 46.80–52.68 kJ/mol for rosy garlic leaves [31], 79.873–

109.003 kJ/mol for nettle leaves [36] and 32.65 kJ/mol for

banana slices [38]. On the other hand, the values of activation

energy were found to be greater than those of 13.48–16.50 kJ/-

mol for sweet potatoes slices [26] and 12.50 kJ/mol for drum-

stick leaves [40]; and around the same values as those of

30.64 kJ/mol for persimmon slices [18], 30.00 kJ/mol for yacon

slices [19] and 22.01–30.99 kJ/mol for green peas [41]. In gen-

eral, the activation energy, when drying food and agricultural

products, ranges between 12.7–110 kJ/mol [42].

The computation results showed that in the infrared dry-

ing, the values of activation energy for peppermint leaves var-

ied from 0.206 to 0.439 W/g for different air velocities and

emitter-sample distances (Fig. 8). It is clearly seen that, unlike

in the hot-air drying, activation energy values generally

decreased with increasing air velocity in the infrared drying.

In Fig. 8, the values of activation energy were plotted versus

air velocities and distances between emitter and sample.

The multiple regression analysis was used and the equation

of fitted model and corresponding R2 were found to be as

follows:
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Ea ¼ �3:594þ ð15:769VÞ þ ð�17:912V2Þ þ ð6:107V3Þ
þ ð�0:024DÞ þ ð0:001D2Þ; R2 ¼ 0:9697 ð14Þ

In our research, it was found that the activation energy for

infrared drying was noticeably lower as opposed to hot-air

drying. This indicates that the energy requirement for sam-

ples dried by infrared drying is significantly less than those

dried by hot-air drying.

4. Conclusions

The drying kinetics of peppermint leaves in two drying meth-

ods of hot-air and infrared were analyzed and modeled. In

both drying methods, moisture removal was observed during

the lessening-rate period and not during the constant-rate

period. This implies that internal diffusion controls the mois-

ture removal from the samples. The efficiency of infrared dry-

ing was better than that of hot-air drying thanks to the higher

drying rate of the former. The drying data was fitted into dif-

ferent models, namely; Lewis, Logarithmic and Midilli. Statis-

tical analyses showed that the Logarithmic and Midilli

models, which had higher R2 values and lower v2 and RMSE

values, were the best models for predicting the drying charac-

teristics of hot-air- and infrared-dried peppermint leaves,

respectively. To gain a deeper insight about the mass transfer

mechanism of peppermint leaves during drying process, the

effective moisture diffusivity (Deff) was also determined. It

was found that the Deff values ranged from 1.096 � 10�11 to

2.486 � 10�11 m2/s and 3.312 � 10�11 to 5.928 � 10�11 m2/s for

hot-air and infrared drying, respectively. In hot-air drying,

the value of Deff was obtained to be larger at hotter tempera-

tures and higher airflow velocities. In infrared drying, how-

ever, increasing infrared intensity and decreasing airflow

velocity and emitter-sample distance led to higher Deff values.

The energy required to activate the moisture transfer from

the inside of the leaves throughout the infrared and hot-air

drying processes were in the range of 0.206 to 0.439 W/g and

21.476 to 27.784 kJ/mol, respectively. This study contributed

to the literature by presenting useful insights on industrial

drying of peppermint leaves. Before commercialization, fur-

ther research is required to analyze the drying kinetics in

the combined system of hot air and infrared drying within

the experimental range of this research.
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