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different coloring properties and the color of the powder also varies. Henna is a tall 
shrub or small tree 2 to 6 m high. It is glabrous, multi-branched with spine tipped branch 
lets. Henna is commercially cultivated in western India, Pakistan, Iran, Yemen, Morocco 
and Sudan. 

Herbal medicines are in great demand in the developed as well as developing 
countries for primary healthcare because of their wide biological and medicinal 
activities, higher safety margins and less cost. Henna has been used for thousands of 
years for its medicinal properties and cosmetic properties. Henna is worldwide known as 
cosmetic agent with anti-carcinogenic, anti-inflammatory, analgesic and antipyretic 
properties [1]. Alcoholic extracts of henna, leaves showed mild antibacterial activity 
against, Micrococcus pyrogenes var Aureus and Eschericia coli [2]. The tannin and the 
gallic acid seem to have a complimentary beneficial effect. Several studies have been 
dedicated to explore the medicinal value of henna leaves. Henna leaves have been 
effective in management of burn wound infections [3], and henna leaves extract can be 
used as sources of natural antioxidants [1]. Researchers studied the stability of henna 
paste for skin decoration, tattooing and hair dyeing [4]. Researchers have also applied 
henna dye on wool fabric to impart antimicrobial characteristics and found the treated 
fabrics were antimicrobial [5, 6]. Henna produces a red-orange dye molecule called laws 
one. This molecule has an affinity for bonding with protein, and thus has been used to 
dye skin, hair, fingernails, leather, silk and wool. The color produced by pure natural 
henna ranges from orange to red, to black cherry and to near black color. The color of 
henna powder depends not only on the variety of the plant, storage conditions, pasting 
method but also on the drying method and dying process parameters. Most of the henna 
is traded in powder form after drying and grinding of dried leaves. So, drying of the 
leaves is an interesting area of the research to ascertain optimized drying conditions of 
the leaves. The presented study evaluates drying kinetics of henna leaves. 

 
 

THEORETICAL CONSIDERATIONS 
 

Mathematical formulation 
 

The moisture contents of henna leaves during the experiments were expressed in 
dimensionless form as moisture ratios (MR) with the help of the following equation [7-
12]. 
  

 
e

e

MM
MM

MR
−
−

=
0

 (1) 

where:  
M [%] - mean henna leaves moisture content, 
Mo [%] - initial moisture content,  
Me [%] - equilibrium moisture content.  
 
Me value is very small compared to those of Mo and M. So, the Me value can be 

neglected and the moisture ratio can be simplified and can be expressed as [10-15]: 
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0M

MMR =  (2) 

 
Table 1. Thin layer drying models considered for the study 

S.No. Name of the model Model equation 
1 Newton MR = Exp(-k*t) 
2 Page MR = Exp(-k * t ** n) 
3 Modified Page 1 MR = Exp(-(k * t) ** n) 
4 Henderson and Pabis MR = a * Exp(- k * t) 
5 Logarithmic MR = a * Exp(- k * t) + c 
6 Two-term MR = a * Exp(-k * t) + b * Exp(-n * t) 
7 Two-term exponential MR = a * Exp(-k * t) + (1-a) * Exp(-k *a* t) 
8 Wang and singh MR = 1 + (a * t) + (b * (t ** 2)) 
9 Diffusion approach MR = a * Exp(-k * t) + (1-a) * Exp(-k *b* t) 

10 Modified Henderson and Pabis MR = a * Exp(-k * t) + b * Exp(-n * t) + c * Exp(-m * t) 
11 Verma et al. MR = a * Exp(-k * t) + (1-a) * Exp(-m* t) 
12 Midilli-Kucuk MR = a * Exp(-k *( t ** n)) + b * t 

 
Data were fit to 12 thin layer drying models to ascertain the best model which can 

describe the drying behavior of the product (Table 1). To determine the best fit model, 
non-linear regression analysis was done using the STATISTICA. The coefficient of 
determination, r2, was one of the primary and main criteria for selecting the best 
equation to account for variation in the drying curves of dried samples [8, 16, 17]. In 
addition to coefficient of determination, the goodness of fit was determined by the 
statistical parameters such as reduced chi-square (χ2), mean bias error (MBE), and root 
mean square error (RMSE). The best fit was evaluated on the basis of highest r2 value, 
and lowest values of χ2, MBE and RMSE [17-20]. The above parameters were calculated 
as per the following relationships: 
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Effective moisture diffusivity (Deff) 
 

Fick’s diffusion equation for particles with slab geometry was used for calculation 
of effective moisture diffusivity. The samples were considered of slab geometry [21]. 
The diffusion equation can be expressed as [22]: 
    

 ⎟
⎟
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= 2
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exp8
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MR effπ
π

 (6) 

 
Equation (6) can be rewritten as: 

   

 20
8lnln
π

+= kDMR eff
 (7) 

 where: 
ko [-] - slope, 
is calculated by plotting ln(MR) versus time according to equation (7) to determine 

the effective diffusivity for different temperatures. 
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Activation energy (Ea) 

 
The effective diffusivity can be related with temperature by Arrhenius equation [23] 

as presented in the following equation:  
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where: 
D0 [m2·s-1]  - constant in Arrhenius equation,  
Ea [kJ·mol-1] - activation energy,  
T [ºC]   - temperature,  
R [kJ·mol-1·K-1] - universal gas constant 
 
Equation (9) can be rearranged in the form of : 
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The activation energy can be calculated by plotting a curve between ln(Deff) versus 

1·(T+273.15)-1. 
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MATERIAL AND METHODS 
 

The experiments were conducted at CIPHET, Ludhiana. Henna leaves were dried in 
tunnel dryer to study the drying behavior of henna leave.  

 
Sample Preparation 

 
The henna leaves from CIPHET, Ludhiana farm were harvested in the morning for 

each experiment. Harvested leaves were cleaned and sorted for unwanted stems and 
waste materials before putting them in to drying operation. The known weights of 
samples (300 g) were weighed and spread uniformly in thin layers within the drying 
trays. 

 
Drying Equipment and Procedure 

 
Henna leaves were dried in a tunnel dryer at six drying temperatures viz.; 40, 45, 50, 

55, 60 and 65°C. Tunnel dryer, laboratory model, was a cross flow type dryer (NSW-
600, Narang Scientific Works, New Delhi). Tunnel dryer’s overall dimensions were 3.06 
x 1.10 x 2.15 m. A tunnel, an electrical heater, a fan and a temperature controller (30 to 
110°C) were the main components of the dryer. The speed of the tunnel was fixed at 
0.004 m·s-1 for the experiments. Samples were replicated thrice in each case of drying. 
The weight loss data were observed at an interval of 30 minutes during drying.  

 
Physical Properties 

 
Henna leaves thickness, length and breadth were measured using micrometer with a 

least count of 0.01 mm. Surface temperatures of henna leaves were measured by high 
performance Infrared thermometer (MaxiTemp, SIKA, Germany, Model: IR M x 
4PTDG).  
 

Henna Powder Preparation 
 
Dried henna leave samples were ground to fine particles by using a home mixer and 

the powder was sieved before making paste. Henna powder was analyzed for particle 
size distribution with the help of sieve analysis (Sieve No: 100, 65, 35 and pan).   
 

Statistical Analysis 
 
The experimental data was analyzed as per the procedure of one way/ two way 

classified ANOVA using computer software package AgRes and mathematical modeling 
of convective thin layer drying of henna leaves was done by using STATISTICA 6.0. 
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RESULTS AND DISCUSSION 
 

Physical Dimensions of Fresh Henna Leaves 
 

The physical dimensions of henna leaves are presented in Table 2. The average 
thickness, length and central breadth of leaves were about 0.26 mm, 18.42 mm, and 7.82 
mm, respectively. The surface area of the leaves was ranged from 63.90 to 205.00 mm2 
with an average of 149.42 mm2. 
 

Table 2. Physical dimension of henna leaves (mm) 

Sample Thickness
(mm) 

Length
(mm) 

Breadth
(mm) 

Surface area
(mm2) 

1 0.27 19.63 7.46 146.40 
2 0.26 17.42 7.95 138.49 
3 0.26 22.60 7.36 166.33 
4 0.27 16.80 12.13 203.70 
5 0.27 21.75 7.31 188.99 
6 0.26 14.20 5.14 73.02 
7 0.25 19.20 8.28 158.97 
8 0.26 14.20 4.50 63.90 
9 0.25 20.00 10.25 205.00 

Mean 0.26 18.42 7.82 149.42 
 

Drying Behavior of Henna Leaves 
 

Moisture content of fresh henna leaves was 66.954% (w.b). Table 3. presents the 
drying time at different drying temperature regime in tunnel dryer. Minimum time (270 
min) was recorded at 65°C, whereas maximum time (540 min) was observed for henna 
leaves drying in tunnel dryer at 40°C.  

 
Table 3. Drying time for henna leaves in tunnel dryer 

S. No. 
Drying air  

temperature 
(°C) 

Henna leaves  
drying time 

(min) 
1 65 270 
2 60 300 
3 55 360 
4 50 420 
5 45 510 
6 40 540 

 
Drying of the leaves mainly occurred in falling rate period. Figure 1. shows the plot 

between moisture losses with respect to time for the samples dried in tunnel dryer at 
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Table 4. Mathematical models statistical analyses results  
of thin layer tunnel drying of Henna leaves 

S.no. Model 
name  

Model
equation

Drying 
temp.(°C) R2 Chi sq MBE RMSE 

1 Newton 
 MR = Exp(-k t) 65 0.97042 0.00369 -0.00396 0.01824 
  60 0.95016 0.00664 -0.00039 0.02343 
  55 0.98806 0.00127 -0.00340 0.00950 
  50 0.99000 0.00089 -0.00605 0.00742 
  45 0.97141 0.00315 -0.00078 0.01285 
  40 0.94089 0.00737 0.00146 0.01918 
2 Page 
 MR = Exp(-k t n) 65 0.45550 0.07650 0.00000 0.07823 
  60 0.32056 0.10065 0.00000 0.08652 
  55 0.37623 0.07245 0.00000 0.06867 
  50 0.38350 0.05879 0.00000 0.05828 
  45 0.23870 0.08901 0.00000 0.06630 
  40 0.18953 0.10705 0.00000 0.07100 
3 Modified Page 1 
 MR = Exp (-(k t)n) 65 0.99157 0.00118 0.00248 0.00973 
  60 0.99558 0.00066 0.00124 0.00698 
  55 0.99736 0.00031 -0.00204 0.00447 
  50 0.99010 0.00094 -0.00608 0.00739 
  45 0.99855 0.00017 0.00040 0.00289 
  40 0.99580 0.00055 0.00256 0.00511 
4 Henderson and Pabis 
 MR = a Exp(- k t) 65 0.97440 0.00360 -0.01045 0.01696 
  60 0.96452 0.00526 -0.01457 0.01977 
  55 0.99081 0.00107 -0.00783 0.00834 
  50 0.99017 0.00094 -0.00514 0.00736 
  45 0.98280 0.00201 -0.01015 0.00997 
  40 0.96479 0.00465 -0.01436 0.01480 
5 Logarithmic 
 MR = a Exp(- k t) + c 65 0.98137 0.00299 0.00000 0.01447 
  60 0.98520 0.00247 0.00000 0.01277 
  55 0.99711 0.00037 0.00000 0.00467 
  50 0.99462 0.00056 0.00000 0.00544 
  45 0.99369 0.00079 0.00000 0.00604 
  40 0.98359 0.00230 0.00000 0.01010 
6 Two-term
 MR = a Exp(-k t) +b Exp(-n t) 65 0.98737 0.00237 -0.00421 0.01191 
  60 0.99308 0.00132 -0.00762 0.00873 
  55 0.99563 0.00062 -0.00486 0.00575 
  50 0.99039 0.00108 -0.00561 0.00728 
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  45 0.99388 0.00082 -0.00667 0.00594 
  40 0.98529 0.00220 -0.01007 0.00956 
7 Two-term exponential 
 MR = a Exp (-k t) +(1 - a) Exp(-k a t) 65 0.97017 0.00419 -0.00472 0.01831 
  60 0.94983 0.00743 -0.00089 0.02351 
  55 0.98784 0.00141 -0.00382 0.00959 
  50 0.99039 0.00092 -0.00561 0.00728 
  45 0.97107 0.00338 -0.00166 0.01292 
  40 0.94048 0.00786 0.00038 0.01924 
8 Wang and Singh 
 MR = 1 + a t + b t 2 65 0.98693 0.00184 0.00187 0.01212 
  60 0.98570 0.00212 0.00966 0.01255 
  55 0.99518 0.00056 0.00961 0.00604 
  50 0.97962 0.00194 -0.01054 0.01060 
  45 0.99476 0.00061 0.00509 0.00550 
  40 0.98129 0.00247 0.01265 0.01079 
9 Diffusion approach 
 MR = a Exp(-k t)+ (1- a) Exp(-k b t) 65 0.99176 0.00132 0.00051 0.00962 
  60 0.99602 0.00066 -0.00215 0.00662 
  55 0.99723 0.00035 -0.00176 0.00458 
  50 0.99039 0.00099 -0.00562 0.00728 
  45 0.99845 0.00019 -0.00078 0.00299 
  40 0.99586 0.00058 -0.00244 0.00507 

10 Modified Henderson and Pabis 
 MR = a Exp(-k t) + bExp(-n t) + c Exp(-mt) 65 0.97440 0.00719 -0.01045 0.01696 
  60 0.96452 0.00946 -0.01457 0.01977 
  55 0.99081 0.00168 -0.00783 0.00834 
  50 0.99017 0.00135 -0.00514 0.00736 
  45 0.98280 0.00268 -0.01015 0.00997 
  40 0.96479 0.00608 -0.01436 0.01480 

11 Verma et al. 
 MR = a Exp(-k t)+ (1 - a) Exp(-m t) 65 0.98737 0.00203 -0.00421 0.01191 
  60 0.99308 0.00115 -0.00762 0.00873 
  55 0.99563 0.00056 -0.00486 0.00575 
  50 0.99039 0.00099 -0.00561 0.00728 
  45 0.99388 0.00076 -0.00667 0.00594 
  40 0.98529 0.00206 -0.01007 0.00956 

12 Midilli-Kucuk 
 MR = a Exp(-k t n)+ b t 65 0.06939 0.17434 0.13295 0.10228 
  60 0.99598 0.00077 0.00001 0.00665 
  55 0.99805 0.00028 0.00001 0.00384 
  50 0.99690 0.00035 -0.00004 0.00414 
  45 0.99874 0.00017 0.00003 0.00270 
  40 0.99623 0.00056 -0.00011 0.00484 
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Table 5a. Mathematical models statistical analyses constants  

and standard errors of thin layer tunnel drying of Henna leaves 

S. 
no. 

Model 
name  

Model 
equation 

Drying  
temp. 
(°C) 

Constant Std Error 

K N A K N A 

1 Newton 

 MR = Exp(-k t) 65 0.011828   0.000873   
   60 0.008577   0.000745   
   55 0.008234   0.000300   
   50 0.006917   0.000194   
   45 0.005400   0.000254   
   40 0.004861   0.000335   

2 Page 
 MR = Exp(-k t n) 65 1.403437 0.000000  0.375025 0.000000  
   60 1.157232 0.000000  0.319137 0.000000  
   55 1.278839 0.000000  0.279142 0.000000  
   50 1.250749 0.000000  0.226350 0.000000  
   45 1.163550 0.000000  0.231642 0.000000  
   40 1.109421 0.000000  0.233868 0.000000  

3 Modified Page 1 
 MR = Exp (-(k t)n) 65 0.011312 1.397826  0.000398 0.102615  
   60 0.008219 1.563206  0.000173 0.076078  
   55 0.007991 1.206282  0.000131 0.036930  
   50 0.006893 1.018002  0.000204 0.050701  
   45 0.005201 1.378942  0.000047 0.026223  
   40 0.004658 1.625569  0.000067 0.055497  

4 Henderson and Pabis 
 MR = a Exp(- k t) 65 0.012430  1.057635 0.001064  0.052995 
   60 0.009437  1.110480 0.000856  0.060281 
   55 0.008601  1.046831 0.000355  0.026411 
   50 0.006842  0.989086 0.000259  0.023182 
   45 0.005917  1.101172 0.000275  0.032313 
   40 0.005552  1.154763 0.000364  0.048090 
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Sažetak: Listovi kane su dobro poznati po svojim kozmetičkim agensima sa anti-
kancerogenim, anti-inflamatornim, analgetskim i anti-piretičkim svojstvima. 
Laboratorijski modeli tunelske sušare su korišćeni za sušenje listova na 40, 45, 50, 55, 
60 i 65°C i ispitivanje uticaja različitih uslova kinetiku sušenja listova kane. Period 
sušenja listova kane se skraćivao i sušenje je bilo brže pri višoj temperature. Dvanaest 
modela sušenja tankog sloja je poređeno sa eksperimentalnim podacima o odnosima 
vlage. Među matematičkim modelima koji su ispitivani, model Midilli-Kucuk je na 
zadovoljavajući način opisao ponašanje pri sušenju sa najvišim vrednostima r2. 
Efektivna difuzija vlage (Deff) listova povećala se sa povećanjem temperature vazduha za 
sušenje. Efektivna difuzija vlage listova kane iznosila je od 2.24·10-10 do 4.31·10-10 m2·s-1, 
a energija aktivacije 27.03 kJ·mol-1. Osušeni listovi su mleveni u prah sa prosečnim 
dimenzijama čestica od 0.2069 mm i modulom finoće 1.3685. 

Ključne reči: kana, matematičko modeliranje, sušenje, difuzija vlage, energija 
aktivacije  
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