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Abstract
Optimization of microwave and infrared drying processes of nettle leaves was investigated using dependent variables of

drying time and phenolic composition of nettle extracts. The response surface method was selected for design and

optimization of the processes. Experiments were performed at different microwave power levels (180, 360, 540, 720 and

900 W) and infrared lamp distances to samples (4, 5.5, 7, 8.5 and 10 cm). The results showed that the drying time

(t) decreased and the amount of total phenolic contents (TPC) of nettle extracts increased with an increase in microwave

power and also increasing infrared lamp distance to the sample increased the drying time of the samples and decreased the

amount of total phenolic contents of nettle extracts. Based on response surface and desirability functions, the optimum

conditions for nettle leaves drying were: microwave power 900 W and infrared lamp distance 4 cm. At this point, t and

TPC were obtained as 3.014 min and 38.81 mg/g for microwave dryer and 7.73 min and 36.45 mg/g for infrared dryer,

respectively.
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Introduction

Plants form a large part of nature and have long been

considered by humans for food consumption and treatment

of disease. Stinging nettle Urtica dioica L. belongs to the

family of Urticaceae. In the past few years, nettle has been

noted as a healing plant because of its considerable effects

on human health. It is used as an expectorant, purgative,

diuretic, hemostatic and vermifuge and for the treatment of

eczema, rheumatism, hemorrhoids, hyperthyroidism,

bronchitis and cancer [1]. Gallic acid, formic acid, carotene

and vitamin A, potassium, iron, calcium, silicon and vita-

min C are the chemical compounds of this plant [2, 3].

Nettle is one of the most important sources of antioxidants

that reduces stroke and also prevents the development of

cancers [4]. Antioxidant compounds, such as phenolic

compounds, act through various mechanisms, such as

scavenging of free radicals, compound-deactivating

enzymatic activity and the chelation of metal ions [5].

Nettle is a vegetable that quickly fades after harvesting.

Drying is one of the storage methods, which has the

capability of extending the consumption period of nettles.

Different drying methods are used in the drying of fruits

and vegetables. The drying operation could cause browning

in vegetables due to enzymatic and nonenzymatic reac-

tions, which may indicate a negative quality of product. To

preserve the nutritional and sensorial quality of fresh nettle,

choosing the best drying technique and optimization of the

drying conditions are so important. In recent years, new

drying methods such as microwave and infrared drying

have been replaced with traditional drying methods. In

order to prevent quality damage due to long drying time,

microwave drying has been introduced. Microwave drying

creates an effect for moisture transfer, leading to a water

vapor pressure gradient between the bulk and the surface of

the material, as in the conventional drying methods [6].

Ilknur Alibas dried nettle leaves by microwave, convective

and vacuum drying and investigated the energy consump-

tion and color parameters of the dried nettle leaves at these

different drying conditions. The result showed that the

optimum method in drying period, color and energy
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consumption was the microwave drying at 850 W [7].

Therdthai et al investigated the drying of mint leaves by

microwave vacuum dryer and hot air dryer. They under-

stood that microwave vacuum drying could reduce drying

time of mint leaves by 85–90%, compared with the hot air

drying. In addition, their result about color change during

drying showed that lightness, greenness and yellowness of

dried mint leaves by microwave vacuum dryer were higher

than that of the hot air dryer [8]. Ayse Sarimeseli investi-

gated the effect of microwave power output on effective

moisture diffusivity, color parameters and rehydration

characteristics of coriander leaves by using a microwave

dryer. The result showed that there are not significant

differences in the color parameters between the fresh and

dried samples. They found out that microwave drying can

be performed in very short times compared to other

methods [9]. Drying with the infrared system has advan-

tages such as high drying rate, high dry quality products

and strong sterilization ability [10, 11]. The infrared radi-

ation is absorbed directly by the material and does not need

air to transmit heat. Infrared energy is transmitted to the

surface of the product without heating the environment.

Infrared drying can create more uniform heating and

reduce the gradient of moisture during heating. In infrared

drying, heat is generated inside the material and focuses on

areas with higher humidity and, by increasing the vapor

pressure, causes the moisture to propagate from those

points to the outer layers. Boudhrioua et al compared the

total phenol contents, the color and the moisture rate

removal of fresh and infrared-dried olive leaves. The

infrared drying causes a considerable moisture removal

from the fresh leaves. Total phenol content of dried olive

leaves enhanced if compared to fresh ones. Infrared drying

preserves the greenness color of fresh leaves and increases

their luminosity [12]. Torki Harchegani et al investigated

the drying of saffron stigmas by infrared thin layer. The

quality results showed that the total crocin content

increased, when the temperature increased up to 90 but, in

higher temperatures, the amount of crocin decreased

slightly. Also, the amount of picrocrocin enhanced as the

drying temperature increased from 60 to 100 �C [13].

Therefore, in this drying method, it seems that problems

with the surface layer drying are reduced [14].

Response surface methodology (RSM) is a collection of

statistical and mathematical techniques that has been suc-

cessfully used for developing, improving and optimizing

processes in which a response of interest is influenced by

several variables and the objective is to optimize this

response [15]. On the processes, it defines the effect of the

independent variables, alone or in combination. Some

examples of the RSM applications performed for opti-

mization of food processes include optimization of

microwave drying conditions of banana, processing

parameter optimization for obtaining dry red currants and

optimization of spray-drying process for developing guava

powder [16–18].

The purpose of this study was to investigate the effect of

microwave power and infrared lamp distance from the

samples on drying time and total phenolic content of dried

nettle extract and to find the best method of drying nettle

leaves. In this study, two methods of drying nettle under a

completely identical condition are investigated. Modeling

and optimization of the two drying processes for the pur-

pose of getting functional relationships between input and

output parameters and getting values of input parameters

that will either maximize or minimize the output parame-

ters are necessary. This will ensure better understanding of

the process which can be used as tools for further research

and industrial production of dried nettle leaves. Using of

microwave and infrared dryers in the same chamber to dry

nettle leaves and optimize the process using the Design

Expert software is the innovation of this research.

Materials and methods

Material

The leaves used in the drying experiments were 10 g in

mass and were selected from healthy plants of fresh nettle

provided from Babol (Iran). The moisture content of the

samples was determined by the A & D MX-50 humidity

meter on wet basis. The initial moisture content of all

samples was approximately equal and its value was

83 ± 2% (w.b.).

Drying equipment

As it is shown in Fig. 1, the drying chamber was a 900 W,

2450 MHz microwave oven (Butan, M245, Iran) having an

inside chamber with dimensions of 45(W)* 40(D)*

28(H) cm3. The microwave oven was operated by a control

panel, which could control both microwave input power

level and emission time (1 s–100 h). One dish, containing

the sample, was placed on the center of a turntable fitted

inside (bottom) the microwave cavity. Moisture loss was

recorded at 1-min interval during drying by measuring and

weighing the dish on the digital balance (AND EK-6000i,

± 0.01 g). To create the same conditions, a hole equipped

with a movable metal cap was created at the top of the

microwave with laser cutting. To use the infrared system,

the metal cap was removed and an infrared lamp (250 W)

was installed in the microwave. This system was able to

adjust the infrared lamp distances to the samples by wire.

The microwave or infrared was applied until the mass of
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the sample reduced to a level corresponding to moisture

content of about 12 ± 2% (w.b.).

In order to calculate uncertainty analysis, Schultz and

Cole method has been utilized [19]:

UR ¼
Xn

i¼1

oR

oVi

UVi

� �2
" #1=2

ð1Þ

where UVi
and UR are error of each parameter and total

error, respectively. Table 1 shows the accuracy of mea-

surement devices.

Determination of total phenolic contents

The total phenolic contents (TPC) of nettle leaves were

determined by using the Folin–Ciocalteu method [20]. For

the purpose of preparation of extracts, the 0.1 g of raw

material was weighed and about 10 mL of an 20% (v/v)

aqueous solution of ethanol was added. The samples were

shook for 20 h at 70 rpm. The extract was filtered into a

volumetric flask. Further, the total phenolic content in

prepared extracts was determined with Folin–Ciocalteu’s

reagent. For this purpose, a 10 mL of distilled water,

0.5 mL of herbal extract and 0.25 mL of Folin–Ciocalteu’s

reagent were transferred into a 15-mL volumetric flask.

After 5 min, a 2 mL of sodium carbonate solution

(6% w/w) was added. Solution was mixed and left in the

darkness for 1 h at a room temperature. The absorbance of

every solution was measured in a spectrophotometer at

750 nm against a reagent blank (without extract). Gallic

acid was used as a standard. The results were expressed as

milligram gallic acid equivalent in 1 g of herbal extract.

The TPC was obtained in mg/g of dry matter (d.m.).

Experimental

Response surface method (RSM) was applied to study the

effects of microwave powers (P) in microwave drying and

infrared lamp distances (d) from samples in infrared drying

on the dependent variables drying time (t) and total phe-

nolic contents (TPC) of extracts. The experiments were

established based on the one-factor design due to having

only one independent variable in each dryer. The P levels

are 180–900 w, and the d levels are 4–10 cm. The Design

Expert software (Version 7) was used for experimental

design matrix, data analysis and optimization procedure.

First step in RSM is to find a suitable approximation for the

true functional relationship between response and the set of

independent variables. Designed experiments and their

results are presented in Tables 2 and 3 for microwave and

infrared dryers, respectively. According to R2, the behavior

of the response surface was studied for the response

function (y) using the polynomial (Eq. 2) and cubic (Eq. 3)

regression equation. The generalized response surface

models are given as follows:

y ¼ b0 þ b1x1 þ b2x2 þ b12x1x2 þ b11x
2
1 þ b22x

2
2 ð2Þ

y ¼ b0 þ b1x1 þ b2x2 þ b12x1x2 þ b11x
2
1 þ b22x

2
2

þ b112x
2
1x2 þ b122x1x

2
2 þ b111x

3
1 þ b222x

3
2 ð3Þ

where y is response calculated by the model; b0 is a con-

stant; bi, bii, biii and (bij bijk) are linear, squared, cubic and

Infrared lamp

Metal cap

Samples

Electric cable

Microwave

Rotating table

Fig. 1 The drying equipment

Table 1 Uncertainties of the

experimental parameters
Parameter Absolute uncertainty Relative uncertainty

Mass ± 0.01 g –

Moisture – ± 2%

Infrared distance to samples ± 0.1 cm –

TPC absorbance – ± 5%
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interaction coefficient, respectively. x1 and x2 are inde-

pendent variables.

To calculate the sum of square error and the lack of

fitness for the developed regression equation between the

dependent and independent variables, replications are

performed.

Results and discussion

The effect of drying methods on drying time

Results of analysis of variance (ANOVA) related to the

drying time of the microwave and infrared dryers are

presented in Tables 4 and 5, respectively. The coefficient

of determination, R2, is the proportion of variation in the

response attributed to the model rather than to random

error. When R2 is close to unity, the model is suitable for

fitting the actual data. A lower value of R2 indicates that the

model is inappropriate for explaining the relation between

variables. According to R2, a quadratic model was selected

for this response in microwave dryer (R2 = 0.9998) and

cubic model in infrared dryer (R2 = 0.9996). The F value

indicates the effect of the variable on the response and the

more it is, the greater the effect of that variable on the

response. For any of the terms in the model, a large

regression coefficient and a small p value would indicate a

more significant effect on the respective response variables.

The p value of less than 0.05 represents that the variables

are significant.

Equations 4 and 5 are obtained to predict the drying

time of samples in microwave and infrared dryers,

respectively.

t ¼ 26:56522 � 0:045894 � Pþ 2:19181E � 5ð Þ � P2 ð4Þ

t ¼ 73:6285 � 34:537 � d þ 5:5040 � d2 � 0:2469 � d3

ð5Þ

Figure 2a and b represents the predicted values of the

drying time by the model at the experimental design points

in terms of the actual drying time, in microwave and

infrared dryers, respectively.

As seen in Fig. 2, the model has a good ability to predict

the drying time of samples, and it is clear that the experi-

mental results of drying time and the predicted values

obtained using Eqs. (4) and (5) are not significantly dif-

ferent. Figure 3a shows the effect of microwave power on

the drying time of the samples. The increase in microwave

power led to the decrease in drying time. The time required

to dry nettle samples from the initial moisture content of

83 ± 2% (w.b.) to the final moisture content of 12 ± 2%

(w.b.) was 19 min at 180 W, which reduced to 3 min at

900 W. Microwave power had an important effect on

drying time. The results indicated that mass transfer within

the sample was more rapid during higher microwave power

heating because more heat was generated within the sample

creating a large vapor pressure difference between the

center and the surface of the product due to characteristic

microwave volumetric heating [21]. The effect of infrared

lamp distance from sample (d) on drying time is shown in

Fig. 4b. With the increase in d, the drying time of the

samples also increases. Using infrared heating, the radia-

tion penetrated the processed material and converted into

heat, energy is transferred to the product without heating

the air surrounding the material. Therefore, the moisture

removal efficiency of infrared drying is higher than that of

experienced conventional drying methods [22]. In our

experiments, the drying time to achieve 12 ± 2% final

moisture content of nettle can be reduced to approximately

75% when infrared intensity was applied in d = 4 cm

instead of d = 10 cm. As expected at higher microwave

power and lower infrared distance, the higher heat

absorption resulted in higher product temperatures, higher

mass transfer and faster drying rates with less drying time

[23–26]. By comparing microwave and infrared drying

methods, it can be concluded that the effects of power

intensity in microwave drying process were stronger than

Table 2 One factor and experimental data obtained for the response

variables in microwave dryer

Number P/W t/min TPC/mg/g d.m.

1 900 3 38.87

2 360 13 32.58

3 720 5 37.90

4 180 19 29.24

5 180 19 29.43

6 540 8 35.58

7 900 3 38.75

Table 3 One factor and experimental data obtained for the response

variables in infrared dryer

Number d/cm t/min TPC/mg/g d.m.

1 10 32.0 27.92

2 10 31.5 28.01

3 5.5 9.0 34.14

4 7 17.0 31.65

5 8.5 26.0 29.43

6 4 8.0 36.43

7 4 7.5 36.46
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t P
re

d/
m

in

7.50 13.63 19.75 25.88 32.00
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3.00 7.00 11.01 15.01 19.01

t Act/min

Predicted vs. Actual Predicted vs. Actual

20.00

15.75

11.50

7.25

3.00

t P
re

d/
m

in

2

2

(a) (b)

Fig. 2 Predicted versus actual drying time values in a microwave and b infrared dryers

Table 4 ANOVA for drying

time of samples in microwave

dryer

Source Sum of squares df Mean square F value p value

Prob[F

Model 297.94 2 148.97 10,279 \ 0.0001 s

P 288.00 1 288.00 19,872 \ 0.0001 s

P2 9.94 1 9.94 686 \ 0.0001 s

Residual 0.06 4 0.01 – –

Lack of fit 0.06 2 – – –

ns not significant, s significant

Table 5 ANOVA for drying

time of samples in infrared

dryer

Source Sum of squares df Mean square F value p value

Prob[F

Model 730.65 3 243.55 2585.36 \ 0.0001 s

d 97.24 1 97.24 1032.24 \ 0.0001 s

d2 10.15 1 10.15 107.70 0.0019 s

d3 11.11 1 11.11 117.95 0.0017 s

Residual 0.28 3 0.09 – –

Lack of fit 0.03 1 0.03 0.26 0.6603 ns

ns not significant, s significant

(a) (b)

180.00 360.00 640.00 720.00 900.00

P/W

20

15.5

11

6.5

2

t/m
in

t /
m

in

One Factor
One Factor

33.0

26.5

20.0

13.5

7.0

4.00 5.50 7.00 8.50 10.00

d/cm

Fig. 3 Model graph of drying time in a microwave and b infrared dryers
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that of experienced in infrared drying. By increasing the P,

the rate of dehydration was higher, and the time demand

for drying has been reduced in a larger extent than

observed in under infrared drying.

The effect of drying methods on the amount
of total phenolic contents (TPC)

Phenolic compounds, which are part of the plant’s

antioxidant activities, were affected by drying methods.

The results of the ANOVA related to TPC of the dried

samples extracted under microwave and infrared drying are

shown in Tables 6 and 7, respectively. The cubic model

with high R2 ([ 0.99) was selected for TPC in microwave

and infrared dryers. Nonsignificant lack of fit is good as

this strengthens the fitness of the models.

Regression models relating TPC and independent vari-

ables are presented in Eqs. 6 and 7.

TPC ¼ 26:48566 þ 0:013730 � Pþ 1:47093E � 005ð Þ
� P2 � 1:63855E � 008ð Þ � P3

ð6Þ

TPC ¼ 38:11840 þ 0:90314 � d � 0:42218 � d2

þ 0:023036 � d3 ð7Þ

Predicted versus actual values of TPC are shown in

Fig. 4 for microwave and infrared dryers. As seen in Fig. 4,

the model has a good ability to predict the values of TPC,

and it is clear that the experimental results of TPC and the

predicted values obtained using Eqs. (6) and (7) are not

significantly different.

Response surface plots of the variability of TPC with the

change in microwave power levels and infrared lamp dis-

tances from sample are shown in Fig. 5a and b.

As it is shown in Fig. 5a, by increasing the power of the

microwave from 180 to 900 w, the amount of TPC extracts

increases from about 29–38 mg/g d.m. By increasing the

drying time in the microwave power spectrum, the TPC of

the samples decreased dramatically. This decrease is

probably due to increased activity of enzymes proportional

to the drying time, and the degradation of polyphenols. The

(a) (b)

29.24 31.65 34.06 36.47 38.88

TPC Act/mg/g

29.20

31.63

34.05

36.48

38.90

T
P

C
 P

re
d/

m
g/

g

Predicted vs. Actual Predicted vs. Actual

36.50

34.35

32.20

30.05

27.90

27.92 30.06 32.19 34.33 36.46

TPC Act/mg/g

T
P

C
 P

re
d/

m
g/

g

Fig. 4 Predicted versus actual drying time values in a microwave and b infrared dryers

Table 6 ANOVA for TPC of

samples in microwave dryer
Source Sum of squares df Mean square F value p value

Prob[F

Model 106.76 3 35.59 3938.57 \ 0.0001 s

P 8.45 1 8.45 934.84 \ 0.0001 s

P2 2.90 1 2.90 320.83 0.0004 s

P3 0.15 1 0.15 16.17 0.0276 s

Residual 0.027 3 9.036E-003 –

Lack of fit 1.575E-003 1 1.575E-003 0.12 0.7590

ns not significant, s significant
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results of this study are consistent with the results of other

researchers who have worked on the effect of microwave

power on antioxidant activity. They considered the increase

in the TPC by increasing microwave power due to the

shortening of the drying time, as well as the increase in the

propagation of polyphenolic components from cell walls

due to increased microwave heating [27–29]. Figure 5b

shows that with the increase in the infrared lamp distance

(a) (b)

180.00 360.00 540.00 720.00 900.00

P/W

28

31

34

37

40

T
P

C
/m

g/
g

One Factor

36.60

34.43

32.25

30.08

27.90

T
P

C
/m

g/
g

4.00 5.50 7.00 8.50 10.00

d/cm

One Factor

2

2

Fig. 5 Model graph of TPC in a microwave and b infrared dryers

Table 7 ANOVA for TPC of

samples in infrared dryer
Source Sum of squares df Mean square F value p value

Prob[F

Model 83.42 3 27.81 17,092.10 \ 0.0001 s

d 6.60 1 6.60 4057.32 \ 0.0001 s

d2 0.38 1 0.38 232.54 0.0006 s

d3 0.097 1 0.097 59.44 0.0045 s

Residual 4.881E-003 3 1.627E-003 –

Lack of fit 2.109E-005 1 2.109E-005 8.681E-003 0.9343 ns

ns not significant, s significant

(a) (b)

38.8729.24

TPC = 38.8769

P = 900.00

900.00180.00

Desirability = 1.000

t = 3.0145

3 19 4.00 10.00

d = 4.00

27.92 36.46

TPC = 36.44

7.5 32.0

t = 7.7

Desirability = 0.994

Fig. 6 Optimum values to achieve minimum t and maximum TPC in a microwave and b infrared dryers
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to the sample, the amount of TPC decreases. This decrease

is probably due to increased activity of enzymes propor-

tional to the drying time, and the degradation of polyphe-

nols [30].

Process optimization

Optimum conditions for microwave and infrared drying of

nettle were determined to obtain minimum t and maximum

TPC. By applying desirability function method, the solu-

tions were proposed for the optimum covering the criteria.

It was 900 W for microwave power in microwave drying

and 4 cm for infrared lamp distance in infrared drying. At

this point, t and TPC were obtained as 3.0145 min and

38.8769 mg/g for microwave and 7.7 min and 36.44 mg/g

for infrared, respectively. The software-generated values

were close to the experimental values, hence confirming

the validity of the optimized results and consistency of the

regression models generated by the RSM software. Desir-

ability of the obtained optimum conditions was 1.000 and

0.994 for microwave and infrared, respectively. The opti-

mization results are shown in Fig. 6a and b.

Conclusions

This study characterized the influence of drying conditions

on the drying time and amount of total phenolic contents

(TPC) of nettle using microwave drying and infrared

radiation. In microwave drying, as the microwave drying

power increased the drying time decreased and TPC

increased. The same results were obtained in infrared dryer

by reducing the distance between infrared lamp and sam-

ples. The response surface method (RSM) was applied for

optimization of the process. Regression models were

developed to effectively predict quality parameters at any

given microwave power and infrared distance in micro-

wave and infrared dryers, respectively. Optimal condition

in microwave dryer at desirability parameter of 1.000 was

microwave power of 900 W, while generated model pre-

dicted obtaining of dried nettle with following properties:

drying time 3.0145 min and TPC 38.8769 mg/g. And also

for infrared dryer, the optimal distance was obtained 4 cm

at desirability parameter of 0.994. The predicted drying

time and TPC in this condition were 7.7 min and

36.44 mg/g, respectively. Response surface methodology

was effective in optimizing process parameters for micro-

wave and infrared drying of nettle. By comparing these

two dryers, it was concluded that the lowest drying

time (3.0145 min) and the highest amount of TPC

(38.8769 mg/g) were related to microwave treatment with

the power of 900 W.
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of convective and vacuum–microwave drying on the bioactive

compounds, color, and antioxidant capacity of sour cherries.

Food Bioprocess Technol. 2014;7(3):829–41.

28. Kubra IR, Jagan Mohan Rao L. Microwave drying of ginger

(Zingiber officinaleRoscoe) and its effects on polyphenolic con-

tent and antioxidant activity. Int J Food Sci Technol.

2012;47(11):2311–7.

29. Chan E, Lim Y, Wong S, Lim K, Tan S, Lianto F, et al. Effects of

different drying methods on the antioxidant properties of leaves

and tea of ginger species. Food Chem. 2009;113(1):166–72.
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