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Introduction
Growing at an altitude ranging from 60 to 2200 m (1), 

Echium amoenum Fisch. & C.A. Mey. (Boraginaceae) is a 
biennial or perennial herb indigenous to the narrow zone 
of Northern Iran and Caucasus area. The dried violet- 
-blue petals of E. amoenum, also known in the Iranian tra-
ditional medicine as Gol-e-Gavzaban, have long been 
used as a tonic, tranquillizer, diaphoretic and a remedy 
for cough, sore throat and pneumonia (2,3). The quality of 
freshly harvested E. amoenum petals deteriorates rapidly 
if they are not dried immediately. In Iran E. amoenum pet-
als are traditionally sun-dried and even though this pro-
cess is economical, the mechanical drying would be much 
more time-effi  cient, prevent losses and produce superior 
products compared with sun drying (4).

The fl uidized bed is one of the most preferred tech-
niques with a wide range of applications in diff erent in-

dustries for drying fertilizers, chemicals, pharmaceuticals 
and minerals, for use as simple absorbers, in wastewater 
systems and complex reactors. New designs enable the 
application of fl uidized bed for drying coarse material 
that does not fl uidize easily. Compared with other drying 
methods, fl uidized beds off er some advantages including 
a higher heat capacity, improved rates of heat and mass 
transfer between the phases, and ease of handling and 
transportation of fl uidized solids (5).

The drying kinetics is a complex phenomenon requir-
ing a simple method in order to predict the drying behav-
iour and optimize the drying parameters. Thus, thin-layer 
drying equations have been used for prediction of drying 
time and for generating drying curves (6). While the thin-
-layer drying curves of fruits and vegetables are usually 
modelled using empirical, semi-empirical or analytical 
equations, some of the popular mathematical models 

ISSN 1330-9862 original scientifi c paper
doi: 10.17113/ft b.54.02.16.4304

Development of a New Model for Mass Transfer Kinetics
of Petals of Echium amoenum Fisch. & C.A. Mey. under 

Fluidized Bed Conditions

Fatemeh Nadi*
Department of Agricultural Machinery Mechanics, Azadshahr Branch, Islamic Azad University,

Shahid Rajaee St., 49617-89985 Azadshar, Iran

Received: June 19, 2015
Accepted: December 4, 2015

Summary

A new semi-theoretical thin-layer model of the fl uidized bed drying of Echium amoe-
num Fisch. & C.A. Mey. petals has been developed. Experiments were conducted under 
diff erent conditions: temperatures of 40, 50 and 60 °C, and air velocities of 0.5, 0.75 and 1.0 
m/s, until the moisture content decreased to 0.04.–0.06 kg of water per kg of dry matt er. 
Drying processes in the fl uidized bed were completed in between 55 and 465 min, with 
minimum drying time required at the maximum temperature of 60 °C and air velocity of 1 
m/s. The comparison of the new model developed here with sixteen previously published 
theoretical, semi-empirical or empirical thin-layer drying equations shows that using the 
new model the highest coeffi  cient of correlation, the lowest reduced chi-square and root 
mean square error were obtained. The highest retention of total phenolic compounds in E. 
amoenum petals was achieved when drying at 60 °C and 1.0 m/s.

Key words: new thin-layer drying model, fl uidized bed dryer, Echium amoenum petals, mass 
transfer kinetics, total phenolic content, optimum drying conditions

______________________________

*Corresponding author: Phone: +98 173 5722 223; Fax: +98 173 5724 003; E-mail: F.nadi@iauaz.ac.ir



218 F. NADI: New Drying Model of E. amoenum Petals, Food Technol. Biotechnol. 54 (2) 217–227 (2016)

such as the logarithmic equation are used for pumpkin, 
strawberry and mushroom (7–9), Page equation for green 
chilli, fl ax fi bre, young coconut, sweet potato, carrot and 
kiwifruit (10–15), Henderson-Pabis equation for fruits 
(16), Thompson equation for green peas (17), single-term 
exponential model for onion slices (18) and Midilli equa-
tion for fruits and vegetables (19,20).

The present study aims to develop a new empirical 
model that would be more compatible with the drying ki-
netics. Furthermore, the new empirical model is com-
pared with sixteen empirical or semi-empirical models 
published in the literature and commonly used for fruits 
and vegetables. Although the decoct of E. amoenum dry 
petals is used widely in the folk medicine, very few stud-
ies have focused on their drying (21); therefore, this re-
search has been conducted in an att empt to determine the 
eff ect of drying conditions on total phenolic content.

Materials and Methods

Fluidized bed dryer
A laboratory-scale fl uidized bed dryer (Fig. 1) con-

structed at the Department of Agricultural Machinery En-
gineering of Azadshahr University, Iran, was used to con-
duct drying experiments. It consisted of an air-heating 
device, chamber, and control systems for air and tempera-
ture. The fl uidized bed chamber, made of stainless steel 
with inside dimensions of 250 mm×250 mm×300 mm, is 
connected with a fan, a duct made of stainless steel to 
supply air, while the distributor plate, with thickness of 1 
mm and holes of 3 mm in diameter, was tightly fi xed to 
the bott om of the chamber. The fl uidizing air is supplied 
by a 1.5-kW blower, while an anemometer is used to reg-
ulate the air velocity manually. The heating unit consists 
of three fi n heaters each of 800 W using thermostat-type 
temperature controls in order to adjust the desired drying 
temperature.

Drying experiments
In order to determine the drying kinetics, the Echium 

amoenum petals were dried in a fl uidized bed dryer at 40, 
50 and 60 °C and three diff erent air velocities (0.5, 0.75 
and 1 m/s). Collected from Ali-Abad (Golestan Province, 

Iran), fresh E. amoenum petals used in the drying experi-
ments were stored at (4.0±0.5) °C before the beginning of 
the drying process. Their initial moisture content of about 
8.67 to 10.29 kg of water per kg of dry matt er was deter-
mined by oven drying at 105 °C according to the Polish 
Standard PN-R-87019:1991 (22). Nearly 1.4 kg/m2 of E. amo-
enum petals was uniformly spread in a thin layer on a per-
forated stainless steel tray for drying, and moisture loss 
was recorded at 5-minute intervals by a digital precision 
balance of 0.01 g accuracy (A&D-FX-1200i; A&D Company, 
Ltd, Tokyo, Japan). The experiment was repeated three 
times, and each time the drying continued until there was 
not any change in the moisture content observed.

Mathematical modelling of the drying curve
The proposed equation for the modelling of the dry-

ing curve is as follows:

  /1/

where MR is the moisture ratio, which can be calculated 
as follows:

  /2/

where Mt, M0 and Me are the moisture content at time t, 
the initial and equilibrium points, respectively, expressed in 
percentage on dry matt er basis. During thin-layer drying 
of E. amoenum petals in fl uidized bed dryer, the samples 
were not exposed to uniform relative humidity and tem-
perature continuously; therefore, the moisture ratio was 
simplifi ed according to Doymaz (14) and Pala et al. (23) to:

  /3/

In order to select a suitable model to describe the dry-
ing process of E. amoenum petals, the drying curves were 
fi tt ed with the newly proposed model and sixteen thin- 
-layer drying equations from the literature. The evaluated 
moisture ratio models are shown in Table 1 (13,16,24–37).

Nonlinear regression analyses of these equations 
were applied using MATLAB v. 7.8.0.347 (MATLAB Inc., 
Natick, MA, USA) in order to estimate the parameters k, 
k0, k1, k2, a, a0, b, c, g, h, L and n of empirical and semi-em-
pirical equations in Table 1. The coeffi  cient of correlation, 
R2, is one of the main criteria for selecting the best model, 
and the appropriate fi tt ing status was determined by vari-
ous statistical parameters such as reduced chi-square (χ2) 
and root mean square error (RMSE) values. Higher values 
of R2 with lower χ2  and RMSE values lead to a well-closed 
and suitable fi tt ing. The following equations were used to 
determine the aforementioned parameters:

  /4/
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Fig. 1. Fluidized bed dryer
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  /5/

  /6/

where MRexp, MRpre, N and z are the experimental and 
predicted moisture ratios, number of observations and 
number of drying constants, respectively.

Total phenolic content analysis
Total polyphenol content was estimated using Folin- 

-Ciocalteu’s assay (38,39). A known concentration of E. 
amoenum petal extract (10 mg/mL) was mixed with 1.0 mL 
of Folin-Ciocalteu’s reagent, 0.8 mL of Na2CO3 was added 
and the mixture volume was then increased to 10 mL, us-
ing a water/methanol mixture (4:6). Absorbance was read 
at 740 nm aft er 30 min using a spectrophotometer (type 
108; Systronics, Ahmedabad, Gujarat, India). Using tannic 
acid (0–800 mg/L) to produce a standard calibration curve, 
the total phenolic content was expressed in mg of tannic 
acid equivalents (TAE) per 100 g of sample (40).

Statistical analysis
Two full-factorial experimental designs were used in 

this research, and ANOVA was performed using PASW 
(Predictive Analytics Soft ware) statistics soft ware v. 18.0 
(SPSS Inc., Chicago, IL, USA) to determine the infl uence 
of the contribution of the independent variables (temper-
ature and air velocity) on both the total phenolic content 
loss and drying time using a signifi cance level of 1 %. All 
measurements were done in triplicate, the data were pre-
sented as mean values and compared with others using 

Duncan’s multiple range tests. The linear or non-linear re-
gression procedures were applied to determine the rela-
tionship of independent variables with total phenolic con-
tent loss and drying time, and regression coeffi  cients (R2) 
were given to assess the accuracy of the obtained relation-
ships.

Results and Discussion

Drying curves
An average initial moisture content of E. amoenum 

petals was from 8.67 to 10.29 kg of water per kg of dry 
matt er, which was reduced to 0.04 to 0.06 kg/kg at 40, 50 
and 60 °C and drying air velocities of 0.5, 0.75 and 1 m/s, 
using a fl uidized bed dryer. The time to reduce the mois-
ture ratio to any given level depended on the drying con-
ditions, thus it took 55–465 min in the fl uidized bed dryer, 
and about 2–3 days when sun drying in the open air in 
May and June of 2014.

Diff erent values of moisture ratio as a function of 
time required for E. amoneum petals to be dried depend 
on the diff erent drying conditions in fl uidized bed dryer 
(Figs. 2 and 3). The infl uence of the drying temperature 
(40, 50 and 60 °C) on moisture ratio is shown in Fig. 2. It 
has been shown that in the temperature range of this ex-
periment, higher temperatures lead to the faster drying 
rate and result in shorter drying time, which is due to the 
increased heat transfer gradient between the air and the 
petals, which facilitates water evaporation from the pet-
als.

Moisture content reduction was faster at the begin-
ning of the process than at the end, due to the slow diff u-
sion process. This can be explained by the fact that the 
petals contained a large quantity of bulk water in the be-
ginning, which was easily transferred to the sur face and 
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Table 1. Mathematical thin-layer drying models

No. Model Equation Reference

  1 Page MR=exp(–kt n) (24)
  2 Modifi ed Page MR=a exp(–(kt) n) (25)
  3 Modifi ed Page equation II MR=exp[–k(t/L 2)n] (26)
  4 Modifi ed Henderson-Pabis MR=a exp(–kt)+b exp(–gt)+c exp(–ht) (16)
  5 Two-term MR=a exp(–k0t)+b exp(–k1t) (27)
  6 Two-term exponential MR=a exp(–kt)+(1–a) exp(–kat) (28)
  7 Thompson t=a ln(MR)+b[ln(MR)] 2 (29)
  8 Weibull distribution MR=a–b exp(–kt n) (30)
  9 Aghbashlo et al. MR=exp(–k1t)/(1+k2t) (31)
10 Logistic MR=a0/(1+a exp(kt)) (32)
11 Simplifi ed Fick’s diff usion MR=a exp[–c(t/L 2)] (13)
12 Demir et al. MR=a exp(–kt) n+c (33)
13 Alibas MR=a exp(–kt n+bt)+g (34)
14 Jena and Das MR=a exp(–kt+b√t) +c (35)
15 Verma et al. MR=a exp(–kt)+(1–a) exp(–gt) (36)
16 Parabolic MR=at2+bt+c (37)
17 New model MR=a exp(–k1tn)+b exp(–k2t)+c this paper

MR=moisture ratio, t=time of drying
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evaporated. As the drying time increased, the bulk water 
content was signifi cantly reduced, while bound water was 
more diffi  cult to transfer and therefore the drying process 
slowed down. This can even lead to the ‘hard shell’ eff ect, 
causing a signifi cant decrease in the diff usion and drying 
rates.

With an increase in the air velocity, the drying rate of 
E. amoenum petals also increased (Fig. 3). The values of 
moisture ratio between the experimental drying curves in 
Fig. 3 are smaller than those in Fig. 2, which means that 
increasing the velocity of the hot air cannot shorten the 
drying time notably; on the contrary, it may only result in 
wast ing energy. The results proved that the process of 
drying E. amoenum petals was controlled by internal mois-
ture diff usion. As the moisture evaporation rate on the 

surface of E. amoenum petals was faster than the moisture 
diff usion within them, internal moisture did not transfer 
to the surface to evaporate, which is the main reason why 
the hot air velocity had less obvious eff ects on the mois-
ture ratio and the drying speed. In the selected tempera-
ture range at a specifi c drying time the diff erence in the 
moisture ratio was smaller at a higher (1.0 m/s) than at a 
lower air velocity (0.5 m/s).

Mathematical modelling
It has been observed that the Page model (model no. 

1 in Table 1) is the best among the diff erent models in-
cluding the models of Lewis, Henderson-Pabis, logarith-
mic, Wang and Singh, diff usion approximation and Mid-

Fig. 2. Comparison of experimental with predicted curves of 
moisture ratio vs. time in a fl uidized bed dryer using the new 
equation (model no. 17, Table 1) at air velocity of: a) 0.5, b) 0.75 
and c) 1 m/s

Fig. 3. Comparison of experimental with predicted curves of 
moisture ratio vs. time in fl uidized bed dryer using the new 
equation (model no. 17, Table 1) at temperatures of: a) 40, b) 50 
and c) 60 °C
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illi–Kucuk for thin layer drying of E. amoenum petals in a 
fl uidized bed dryer (21).

In this study, seven additional models have been eval-
uated including a new model and sixteen thin-layer drying 

models defi ned by various researchers presented in Table 
1. The coeffi  cient of correlation (R2), root mean square error 
(RMSE) and chi-square (χ2) obtained in the thin-layer fl uid-
ized bed drying are shown in Tables 2–4. A special empha-

Table 2. Statistical results of the diff erent equations for thin-layer fl uidized bed drying of Echium amoenum petals at 40 °C

No.

v(air)/(m/s)

0.5 0.75 1 

R2 RMSE χ2 R2 RMSE χ2 R2 RMSE χ2 

  1 0.9996 0.0089 0.00000 0.9989 0.0082 0.00000 0.9996 0.0053 0.00000
  2 0.2608 0.2967 0.97700 0.4693 0.2341 0.06170 0.4377 0.2638 0.08060
  3 0.9997 0.0056 0.00003 0.9993 0.0082 0.000075 0.9998 0.0052 0.000030
  4 0.6425 0.2070 0.05270 0.6580 0.1829 0.04300 0.4021 0.2417 0.93460
  5 0.9997 0.0046 0.00057 0.9996 0.0047 0.00056 0.9989 0.0094 0.00023
  6 0.9984 0.0140 0.00021 0.9904 0.0306 0.00100 0.9884 0.0370 0.00150
  7 0.9968 847.05 765320 0.9911 1196.9 1547.10 0.9953 707.06 547540
  8 0.8526 0.1329 0.02020 0.9995 0.0070 0.00006 0.9028 0.1073 0.0139
  9 0.9952 0.0182 0.00965 0.9955 0.1628 0.00716 0.9895 0.0280 0.01641
10 0.6218 0.2129 0.05000 0.6790 0.1772 0.03530 0.6568 0.2016 0.04670
11 0.2608 0.2976 0.09770 0.3789 0.2464 0.06830 0.3672 0.2737 0.08620
12 0.9999 0.0039 0.00002 0.6790 0.1772 0.03680 0.7117 0.1847 0.04130
13 0.6218 0.2129 0.05370 0.9092 0.0942 0.01090 0.6568 0.2016 0.05190
14 0.6246 0.2121 0.05140 0.5328 0.2137 0.05360 0.7575 0.1694 0.03480
15 0.9998 0.0043 0.00002 0.9998 0.0047 0.00002 0.9994 0.0088 0.00009
16 0.9552 0.0732 0.00590 0.9008 0.0985 0.01090 0.9061 0.1055 0.01280
17 0.9999 0.0031 0.00001 0.9999 0.0025 0.00000 0.9998 0.0046 0.00003

R2=coeffi  cient of correlation, RMSE=root mean square error, χ2 =chi-square

Table 3. Statistical results of the diff erent equations for thin-layer fl uidized bed drying of Echium amoenum petals at 50 °C

No.

v(air)/(m/s)

0.5 0.75 1

R2 RMSE χ2 R2 RMSE χ2 R2 RMSE χ2 

1 0.9956 0.0406 0.00190 0.9996 0.0077 0.00000 0.9997 0.0049 0.00000
2 0.4392 0.2890 0.10150 0.7223 0.179 0.04270 0.5176 0.2414 0.07170
3 0.9990 0.0121 0.00020 0.9996 0.0067 0.00006 0.9998 0.0050 0.00003
4 0.7501 0.1929 0.05750 0.9869 0.0389 0.00300 0.5176 0.2414 0.09320
5 0.9988 0.0028 0.00067 0.9999 0.0035 0.00051 0.9999 0.0024 0.00007
6 0.9987 0. 0140 0.00022 0.9995 0.0073 0.00006 0.9971 0.0188 0.00040
7 0.9977 229.97 59937.0 0.9988 165.67 329360 0.9946 319.33 116540
8 0.8627 0.1430 0.02670 0.9999 0.0030 0.00001 0.8456 0.1365 0.02490
9 0.9984 0.0118 0.00223 0.9980 0.0138 0.00171 0.9961 0.01761 0.00433
10 0.6966 0.2126 0.05490 0.8624 0.1260 0.02120 0.7494 0.1739 0.03720
11 0.3949 0.3002 0.10950 0.7223 0.1790 0.04270 0.5176 0.2414 0.07170
12 0.9992 0.0109 0.00016 0.9999 0.0030 0.00001 0.9999 0.0038 0.00001
13 0.6966 0.2126 0.06400 0.8624 0.1260 0.02720 0.7494 0.1739 0.04400
14 0.6966 0.2126 0.05910 0.8624 0.1260 0.02380 0.9997 0.0060 0.00004
15 0.9992 0.0109 0.00014 0.9999 0.0029 0.00001 1.0000 0.0019 0.00000
16 0.9855 0.0464 0.0026 0.9427 0.0813 0.00880 0.9368 0.0874 0.00940
17 0.9992 0.0108 0.00018 1.0000 0.0019 0.00000 1.0000 0.0024 0.00000

For abbreviations see Table 2
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sis is put on the R2 as one of the primary criteria for select-
ing the best model for defi ning the hot-air drying curves of 
the petals. Thin-layer drying model in which the R2 is 

mostly close to 1.0000 and RMSE and χ2  values are mostly 
near 0.0000 was the optimum model. The new model pro-
posed here has the highest R2 and the lowest RMSE and χ2  

Table 4. Statistical results of the diff erent equations for thin-layer fl uidized bed drying of Echium amoenum petals at 60 °C

No.

v(air)/(m/s)

0.5 0.75 1

R2 RMSE χ2 R2 RMSE χ2 R2 RMSE χ2

  1 0.9993 0.0083 0.00001 0.9991 0.0097 0.00010 0.9994 0.0079 0.00001
  2 0.5081 0.2480 0.10753 0.5821 0.2555 0.08970 0.6369 0.2517 0.09500
  3 0.9995 0.0089 0.00010 0.9994 0.0097 0.00013 0.9996 0.0079 0.00009
  4 0.9979 0.0183 0.00067 0.9999 0.0048 0.00005 0.6805 0.3685 0.27161
  5 0.9997 0.0063 0.00032 0.9998 0.0052 0.00022 0.9998 0.0058 0.00016
  6 0.9998 0.0050 0.00003 0.9995 0.0085 0.00008 0.9995 0.0091 0.00010
  7 0.9984 100.85 122062 0.9993 65.002 5164.20 0.9952 130.296 21828.0
  8 0.9814 0.0553 0.00461 0.9798 0.0971 0.01480 0.8954 0.1351 0.03280
  9 0.9973 0.0167 0.00279 0.9966 0.0160 0.00368 0.9971 0.01881 0.00248
10 0.7583 0.1991 0.05283 0.7751 0.1874 0.04830 0.8282 0.1731 0.04500
11 0.5081 0.2840 0.10751 0.5821 0.2555 0.08970 0.6369 0.2517 0.09500
12 0.9999 0.0040 0.00002 0.9998 0.0058 0.00005 1.0000 0.0018 0.00001
13 0.7583 0.1991 0.06792 0.7751 0.1874 0.06440 0.8282 0.1731 0.06740
14 0.9998 0.0043 0.00002 0.9998 0.0047 0.00002 0.9994 0.0088 0.00009
15 0.9999 0.0049 0.00003 0.9999 0.0048 0.00003 0.9999 0.0050 0.00004
16 0.9719 0.0679 0.00611 0.9583 0.0807 0.00890 0.9634 0.0799 0.00960
17 0.9999 0.0032 0.00002 0.9999 0.0040 0.00003 1.0000 0.0023 0.00001

For abbreviations see Table 2

Table 5. Coeffi  cients (see Table 1) obtained from diff erent thin-layer drying models at 40 °C

No.
v(air)/(m/s)

0.5 0.75 1 

  1 k=0.9366 n=0.7310 k=1.5023 n=0.9156 k=3.4225 n=0.8725

  2 a=1.0000 k=–8.2373 n=5.6308 a=0.2868 k=0.0861 n=0.0000 a=0.3071 k=0.0848 n=0.0000

  3 k=0.0461 L=–8.9575 n=0.7739 k=0.1112 L=–9.9878 n=0.6703 k=0.1416 L=–9.9834 n=0.6507

  4 a=0.0932 k=0.0001 b=0.0932
g=0.0001 c=0.0932 h=0.0001

a=0.0951 k=0.0001 b=0.0946
g=0.0001 c=0.0950 h=0.0001

a=0.8170 k=0.357 b=0.0027
g=0.7533 c=0.2954 h=0.1145

  5 a=0.6974 k0=–0.0001 b=0.2999 k1=–0.0009 a=0.5485 k0=–0.0009 b=0.4465 k1=–0.0001 a=0.4305 k0=–0.0018 b=0.5604 k1=–0.0002

  6 a=0.2172 k=0.0008 a=0.2434 k=0.0011 a=0.2124 k=0.0017

  7 a=–5205.3 b=0.0815 a=–3067.1 b=0.5173 a=–2528.7 b=0.2978

  8 a=13.5519 b=12.9917 k=–0.0008 n=0.3831 a=0.0111 b=–0.9945 k=0.0045 n=0.6900 a=10.5990 b=9.9447 k=–0.0012 n=0.4091

  9 k1=0.0003 k2=4.187·10–5 k1=0.0005 k2=0.0001 k1=0.0007 k2=0.0001

10 a0=0.2113 a=–0.7887 k=–0.1827 a0=0.1745 a=–0.8255 k=–0.0714 a0=0.1893 a=–0.8107 k=–6.5737

11 a=1.0000 c=0.0001 L=0.0001 a=1.0000 c=0.0000 L=0.0000 a=1.0000 c=0.1000 L=0.1000

12 a=1.0170 k=0.0002 n=0.7475 c=–0.0132 a=0.8255 k=9.8271 n=1.8407 c=0.1745 a=0.8616 k=13.0200 n=0.0791 c=0.1166

13 a=0.7887 k=10.0007 n=0.4276
b=0.0100 g=0.2113

a=0.8264 k=–0.0025 n=0.0000
b=–0.0006 g=0.1734

a=0.8107 k=0.0000 n=0.0000
b=–0.4936 g=0.1893

14 a=0.7888 k=–0.0010 b=–0.2138 c=0.2116 a=0.0695 k=0.0003 b=0.0105 c=0.1945 a=0.3666 k=0.0001 b=–0.0166 c=0.1084

15 a=0.2999 k=0.0009 g=0.0002 a=0.5488 k=0.009 g=0.002 a=0.4344 k=0.0019 g=0.002

16 a=0.000 b=–0.0001 c=0.7363 a=0.0000 b=–0.0001 c=0.6427 a=0.0000 b=–0.0001 c=0.6595

17
a=1.0715 k1=0.0029 n=0.7000 b=–0.0509

k2=–0.0596 c=–0.0207
a=1.2861 k1=0.0188 n=0.5332 b=–0.2780 

k2=–0.0790 c=–0.0078
a=1.0423 k1=0.0095 n=0.6155 b=–0.0333 

k2=–0.1027 c=–0.0089
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values among all drying tests (Tables 2–4), so it can fi t suit-
ably to the data, compared to the other models investigat-
ed in this paper and our previous study (21).

The fl uidized bed drying constants and the coeffi  -
cients of the thin-layer drying models are shown in Tables 
5–7.

Table 6. Coeffi  cients (see Table 1) obtained from diff erent thin-layer drying models at 50 °C

No.
v(air)/(m/s)

0.5 0.75 1

  1 k=1.2163 n=0.6487 a=2.1620 n=0.7989 a=3.6850 n=0.8150
  2 a=0.3096 k=0.08557 n=0.0000 a=1.0000 k=–9.7343 n=1.7047 a=1.0000 k=–9.7326 n=1.7020
  3 k=0.0004 L=0.0100 n=1.0475 k=0.0021 L=0.0100 n=0.8018 k=0.0037 L=0.1000 n=0.7346

  4 a=0.1382 k=0.0002 b=0.1341 g=0.0002 
c=0.1408 h=0.0002

a=0.2893 k=0.0004 b=0.5509 g=0.0008 
c=0.0277 h=0.0007

a=0.3333 k=0.1000 b=0.3333 g=0.1000 
c=0.3333 h=0.1000

  5 a=0.1425 k0=0.0001 b=0.1549 k1=0.0001 a=0.2517 k0=–0.00042 b=0.7483 k1=–0.00052 a=0.6180 k0=–0.00052 b=0.3892 k1=–0.00273
  6 a=0.0033 k=0.1520 a=0.2496 k=0.0021 a=0.2410 k=0.0027
  7 a=–2099.1 b=–0.0959 a=–1668.9 b=–0.0011 a=–1418.4 b=0.0447
  8 a=9.1412 b=8.5296 k=–0.0014 n=0.4253 a=–0.0232 b=–1.0230 k=0.0045 n=0.7429 a=17.0276 b=16.4812 k=–0.0009 n=0.3968
  9 k1=0.0005 k2=–2.009·10–5 k1=0.0008 k2=9.049·10–5 k1=0.0011 k2=0.0002
10 a0=0.2185 a=–0.7815 k=–0.0308 a0=0.1328 a=–0.8672 k=–0.2437 a0=0.1728 a=–0.2493 k=–0.0586
11 a=1.0000 c=0.0100 L=0.0100 a=1.0000 c=0.1000 L=0.1000 a=1.0000 c=0.0100 L=0.0100
12 a=1.0162 k=0.0005 n=1.0102 c=–0.0152 a=1.0230 k=0.0007 n=0.7429 c=–0.0232 a=1.0124 k=0.0009 n=0.7110 c=–0.0112

13 a=0.7815 k=0.0000 n=0.0000
b=–0.4872 g=0.2185

a=0.8672 k=0.0003 n=0.0001
b=–0.3211 g=0.1328

a=0.8272 k=0.0000 n=0.0000
b=–0.3210 g=0.1728

14 a=0.7815 k=0.3614 b=–9.9866 c=0.2185 a=0.8672 k=0.0609 b=–0.5979 c=0.1328 a=1.0015 k=0.0004 b=–0.0170 c=0.0006
15 a=0.0686 k=0.00001 g=0.0005 a=–0.7503 k=0.0005 g=0.0044 a=0.6109 k=0.0005 g=0.0027
16 a=0.0000 b=–0.0003 c=0.8858 a=0.0000 b=–0.0003 c=0.8275 a=0.0000 b=–0.0003 c=0.7505

17 a=1.0578 k1=0.0007 n=0.9656 b=–0.0390
k2=–0.4695 c=–0.0188

a=0.7753 k1=0.0007 n=0.9638 b=0.2322 
k2=–0.0790 c=–0.0073

a=1.1349 k1=0.0128 n=0.6322 b=–0.1127 
k2=–0.0676 c=–0.0218

Table 7. Coeffi  cients (see Table 1) obtained from diff erent thin-layer drying models at 60 °C

No.
v(air)/(m/s)

0.5 0.75 1 

1 k=1.4571 n=0.6487 k=2.5977 n=0.6392 k=5.334 n=0.7055
2 a=1.0000 k=–9.7044 n=1.8457 a=1.0000 k=–9.6902 n=1.9356 a=1.0000 k=–9.6711 n=2.0316
3 k=0.0021 L=0.1000 n=0.8719 k=0.0033 L=0.1000 n=0.8169 k=0.0043 L=0.1000 n=0.8007

4 a=0.3216 k=0.0011 b=0.3267 g=0.0011 
c=0.3205 h=0.0011

a=0.1808 k=0.3209 b=0.1979 g=0.0011 
c=0.6213 h=0.0011

a=0.8068 k=0.3592 b=0.005126 g=0.7523 
c=0.2948 h=0.1145

5 a=0.8706 k0=–0.00096 b=0.1294 k1=–0.0086 a=0.2916 k0=–0.0098 b=0.8084 k1=–0.00105 a=0.7658 k0=–0.001184 b=0.2342 k1=–0.00795
6 a=0.1359 k=0.0070 a=0.1942 k=0.0055 a=0.2177 k=0.0057
7 a=1009.4 b=–0.0254 a=–828.7881 b=3.4995 a=–800.5050 b=–24.5709

8
a=10.3679 b=9.4232
k=–0.0051 n=0.3567

a=10.0469 b=15.0012
k=–0.0016 n=0.4636

a=31.6363 b=31.0013
k=–0.0007 n=0.4216

9 k1=0.0012 k2=9.073·10–5 k1=0.0015 k2=0.0002 k1=0.0019 k2=0.0002
10 a0=0.2116 a=–0.7884 k=–0.1552 a0=0.1820 a=–0.8180 k=–0.1558 a0=0.1938 a=–0.8062 k=–0.1484
11 a=1.0000 c=0.1000 L=0.1000 a=1.0000 c=0.0000 L=0.0000 a=1.0000 c=0.1000 L=0.1000
12 a=1.0258 k=0.0011 n=0.8225 c=–0.0267 a=1.0235 k=0.0013 n=0.7660 c=–0.0246 a=1.0321 k=0.0015 n=0.7393 c=–0.0322

13 a=0.7884 k=0.0001 n=0.0000
b=–0.4859 g=0.2116

a=0.8180 k=0.0001 n=0.0001
b=–0.1890 g=0.1820

a=0.8062 k=0.0002 n=0.0001
b=–0.2915 g=0.1938

14 a=0.7884 k=0.3311 b=0.1507 c=0.2116 a=0.8180 k=0.0598 b=–9.9964 c=0.1820 a=0.8062 k=0.3000 b=–2.4331 c=0.1938
15 a=0.1302 k=0.0085 g=0.001 a=0.1767 k=0.1572 g=0.0011 a=0.1976 k=0.1572 g=0.0012
16 a=0.0000 b=–0.0005 c=0.8454 a=0.0000 b=–0.0005 c=0.8191 a=0.0000 b=–0.0007 c=0.8517

17 a=0.9348 k1=0.0017 n=0.9228 k2=0.0803 
b=–0.4680 c=–0.0150

a=0.8588 k1=0.0016 n=0.9434 b=0.1487 
k2=–0.1663 c=–0.0075

a=0.9229 k1=0.0040 n=0.8348 b=0.0962 
k2=–0.2602 c=–0.0191
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Fig. 4 shows the predicted moisture ratio of the new 
model compared to the experimental results. The predict-
ed moisture values distributed along the straight line, 
with a slope of 45°, demonstrate the appropriateness of 
the selected model regarding the thin-layer drying behav-
iour of E. amoenum petals.

The eff ect of drying conditions on total phenolic 
content

Several scientifi c works have focused on the study of 
the eff ects of drying process on vegetable phenolic com-
pounds and concluded that it can vary from having no 
eff ect at all (41), to causing signifi cant losses (42–46) or en-
hancement of total phenolic content (TPC) (47–49). There-
fore, TPC was evaluated in dried E. amoenum petals to ob-
tain the percentage losses, and thus determine the eff ect 
of drying conditions on TPC change.

The results of the statistical analysis of variance 
(ANOVA) and Duncan’s test of the data obtained from the 
experiment are presented in Table 8, and they show that 
there are signifi cant diff erences among the TPC values 
(p<0.01), and also that the eff ect of drying air velocity and 
drying temperature on TPC losses is highly signifi cant 
(p<0.01) in a way that at 60 °C, the highest drying tem-
perature, degradation of total phenolics is the slowest. 
High drying temperatures could be the result of inactiva-
tion of enzymes responsible for the oxidation of polyphe-
nols such as polyphenol oxidases and peroxidases, pres-
ent in plant materials (43,49), while the formation of 
phenolic compounds at high temperatures might be 
caused by the availability of phenolic precursor molecules 
through nonenzymatic interconversion between phenolic 
molecules (50), which is probably due to high convective 
forces acting at the air–solid interface, and retarding heat 
diff usion into the petals. Being localised in hydrophilic 
regions of cells such as vacuoles and apoplasts or as other 
soluble phenols in the cytoplasm and in the cell nuclei 
(51), the phenolic glycosides are protected from heat by 
the cell wall material. Internal resistance to heat diff usion 
is therefore an important parameter to be considered that 
aff ects the quality of the product during heat treatment.

Similarly, maximum reduction in TPC was seen in 
onion dried at 50 °C, whereas a lower reduction was seen 
when drying at 70 °C (52). According to Gupta et al. (49) 

and Garau et al. (53), who concluded that longer drying 
times would result in higher reduction of TPC in orange 
by-products, important losses of TPC at lower drying 
temperature could also be att ributed to the longer dura-
tion of drying.

It has been reported by Martín-Cabrejas et al. (54) and 
Mrad et al. (55) that TPC reduction might also be caused 
by the binding of polyphenols with other compounds or 
by the modifi cation of their chemical structure following 
heat treatment, which would prevent their extraction and 
determination by the adopted methods.

The following equation was derived from the experi-
mental data in order to express the relationship between 
the TPC and the independent variables. Statistical results 
show that 97.7 % of TPC variability can be explained by 
this equation, with independent and identical distribu-
tion:

  /7/

where T and v are drying temperature and air velocity, 
respectively.

Eff ect of drying conditions on drying time
Drying time is the time required to reduce the mois-

ture content of E. amoenum petals to 5 % on dry mass 
basis . The ANOVA of drying time with respect to temper-
ature and air velocity was analyzed (Table 9) and the F- 
-values of temperature and air velocities were signifi cant 
(p<0.05).

The results of modelling of the interaction eff ects of 
air velocity and temperature on drying time of the sam-
ples are shown in Fig. 5. It can be seen that the maximum 
drying time (465 min) was exhausted at the lowest tem-
perature and air velocity (40 °C and 0.5 m/s, respectively) 
and the minimum drying time (55 min) was spent at the 
highest temperature and air velocity (60 °C and of 1.0 

2 2
TPC 0.143 0.02197 1.609
0.0003633 0.006 · 0.7787

T v
T T v v

   
  

Fig. 4. Experimental vs. predicted moisture ratio (MR)

Table 8. Total phenolic content (TPC) of fresh and dried Echium 
amoenum petals under diff erent drying conditions

Air drying conditions w(TPC)
mg/g dry matt er

TPC loss
%v/(m/s) Temperature/°C

Fresh   – 0.81 –
40 (0.322±0.002)f 60.49

0.5 50 (0.427±0.003)e 46.91
60 (0.563±0.005)b 30.86
40  (0.444±0.001)de 45.68

0.75 50 (0.506±0.004)c 37.04
60 (0.614±0.007)a 24.69
40  (0.441±0.002)ed 45.68

1 50 (0.461±0.003)d 43.21
60 (0.622±0.009)a 23.46

Mean values with diff erent lett ers indicate signifi cant diff erences 
(α=0.01) at diff erent drying conditions according to the Duncan’s 
multiple range test
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m/s, respectively). For comparison, the longest drying 
time is 8.29 times longer than the shortest. While drying 
at higher temperature and higher velocity of air circula-
tion intensifi es the drying rate of the E. amoenum petals 
and leads to a shorter drying time, it has also been ob-
served that within certain ranges of air velocity (0.5–1.0 
m/s) and temperature (40–60 °C), the temperature had 
stronger eff ect than air velocity, which was also observed 
by Kumar et al. (56) during the thin-layer drying of carrot 
pomace, rice fl our and production of pulse powder.

Drying time is signifi cantly aff ected by the linear 
terms of all the independent variables. Both drying tem-
perature and air velocity have a negative linear eff ect on 
total drying time (Fig. 5). The following equation was ob-
tained from the experimental data to express the relation-
ship between the total drying time and process variables.

  /8/

The statistical results show that 99.2 % of drying time 
(DT) variability is explained by this equation. The distri-
bution was independent and identical.

Therefore, an optimum combination of drying tem-
perature and air velocity should be established for each 
product polyphenolic profi le to minimize the degrada-
tion of these bioactive compounds during the dehydra-
tion, leading to the recovery of phenolic compounds and 
derivatives (57). It was concluded from the obtained re-
sults that the optimum drying conditions to reach the 
maximum TPC with the minimum drying time of dried E. 
amoenum petals is the temperature of 60 °C and air veloci-
ty of 1.0 m/s.

Conclusions
The eff ects of diff erent air velocities and tempera-

tures on the drying of Echium amoenum petals was evalu-
ated based on the drying parameters such as drying time 
and moisture ratio. Drying period was completed be-
tween 55 and 465 min at diff erent temperatures (40–60 
°C) and air velocities (0. 5, 0.75 and 1.0 m/s). Using seven-
teen diff erent drying models in this study, the statistical 
parameters including the coeffi  cient of correlation, root 
mean square error and chi-square values, as well as the 
constant and coeffi  cients of these models were calculated. 
Drawing a comparison between the new model and six-
teen previous ones, it has been shown that the newly pro-
posed model gives the best results that are mostly in 
agreement with the experimental data, including the thin-
-layer drying process. On the other hand, the highest total 
phenolic content (TPC) was preserved at 60 °C and 1.0 
m/s, probably due to the short drying time and therefore, 
shorter exposure of the phenolics to the thermal eff ect. 
The optimum drying conditions of E. amoenum petals to ex-
tract the maximum TPC are the minimum drying time of 
55 min at temperature of 60 °C and air velocity of 1.0 m/s.
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