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Abstract: Desorption isotherms for white mulberry leaves have been measured. A non-linear regression
program was used to fit four moisture sorption isotherm models to the experimental data. The Modified
Henderson and Modified Halsey models gave the best fit for X  = f(RH , T) and RH  = f(X , T),respectively. Traye e e e

and heat pump dehumidified drying experiments of white mulberry leaves were conducted. The convective
drying curves of tray and heat pump dehumidified drying for white mulberry leaves were determined and fitted
by four models. The Modified Page model was found more effective. The drying constant was fitted to drying
air temperature using Arrhenius model. Effective moisture diffusivities were determined using the drying data.
These values were in the range 1.032E-10 to 2.611E-10 m /s  and 1.496E-10 to 2.705E-10 m /s  for tray and heat2 2

pump dehumidified drying respectively. Heat pump dehumidified drying reduced drying time and retained
higher rutin and Hue angle than tray drying.
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INTRODUCTION reduction of the cost of packaging, storing and

Knowledge of moisture sorption isotherms is final product.
required for the efficient processing and storage of food. Mulberry trees are extensively grown for their leaves
This is especially so when a drying process is used to and fruits as food. Three kinds of mulberry include white
obtain appropriate moisture content levels. The moisture mulberry (Morrus alba L.), black mulberry (Morus nigra
sorption isotherm shows in a graphical form the variation L.) and red mulberry (Morus rubra L.). White mulberry
in water activity (a ) with change in moisture content of a has its origin in Western Asia while red mulberry comesw

sample at a specified temperature. For food system, the from North and South America and black mulberry was
value of water activity is the same as the relative humidity first found in Southern Russia [2].
of the surrounding atmosphere in equilibrium (ERH). Many researchers have performed several numerical

Buranapetch [1] presented an adsorption isotherm and experimental investigations on the heat pump
equations for  Nakornratchasima  60  and  Bureerum  60 dehumidified dryer for drying different biomaterial
white mulberry leaves over a relative humidity range of products. Simulation models of the heat pump
0.01 to 0.90. However, the mentioned work is primarily dehumidified dryer were developed by Alves-Filho et al.
focused on the re-adsorption of air dried products. In this [3] for fruit and root drying and Achariyaviriya et al. [4]
work, desorption isotherms were performed which were for fruit drying. Design of the heat pump dehumidified
more suitable for the drying of white mulberry leaves than dryer were performed by Ogura et al. [5] for a control
the adsorption isotherms of the previous work. strategy for chemical heat pump dryer, Saensabai and

There are various methods for the preservation of Prasertsan [6] for condense coil optimization and
fruits and vegetables but canning and drying are component matching and Pal and Khan [7] for calculation
commonly practiced in industrial processing. Drying is an steps for the design of different components. However,
ancient method for food preservation. Nowadays, these various types of products have been dried in experimental
processes are important to the industry due to their heat pump dehumidified dryers. Dried products include

transportation by reducing both weight and volume of the
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biomaterials [8], sawn rubber, wood and bananas [9], 3. Modified-Chung-Pfost model, MCP 
banana [10], holy basil leaves [11], garlic [12], mangoes
[13], ginger [14], composite food products [15], red pepper
[16], protein [17] and kaffir lime leaves [18]. (5)

Limited data on the drying properties of white
mulberry leaves are found. Khanprom [19] found that the
ninth leaf from top of the Nakornratchasima 60 contains
the highest rutin content of 164.78±4.31 µg/g fresh leaf. (6)
However, the fifth leaf from top of the Bureerum 60
contains the highest rutin content of 92.84±3.03 µg/g 4. Modified Halsey model, MHAL 
fresh leaf. The drying data of Doymaz [20] are applicable
for mulberry fruits. The empirical logarithmic model
showed a better fit for experimental mulberry fruit data in (7)
comparison with Lewis, Page, Modified Page, Henderson
and Perry and two term models. The presented work
investigated a thermal drying process by tray and heat (8)
pump dehumidified drying for white mulberry leaves.
Deschner et al. [21] found that rutin and quercetin are
antioxidants and can inhibit intestinal cancer. Eq. (2), (4), (6) and (8) for RH  are fitted by minimizing the

Drying Models: In this work the general approaches of
Sun and Woods [32] for wheat, Kaur et al. [22] for tomato
peel, Janjai et al. [23] for longan, Busa et al. [24] for
xantan gum and Krupinska et al. [25] for various kinds of (9)
wood were adopted and developed from the review of
isotherm determination in Sun and Woods [26] for wheat where n-1 gives the number of degrees of freedom of the
and  Basu  et  al.  [27,  28]  for  foods. This involved fitting fitted equation. Equations (1), (3), (5) and (7) are all fitted
4 well-established forms for the sorption model to the by minimizing the SEE based on measured and predicted
desorption data for white mulberry leaves in order to values of X.
establish the best fit. The following isotherm models were
selected. Drying  Constant: The  relationship  analogous to

1. Modified Henderson model, MH 

(1)

(2)

2. Modified Oswin model, MO 

(3)

(4)

e

standard error of estimate:

Newton law of cooling is often used in drying analysis in
order to describe the falling rate period. The rate of
moisture loss is assumed to be proportional to the
moisture  remaining  to  be  lost  and  is  shown as
follows:

(10)

By integration, this yields the Newton or exponential
drying model. 

(11)

A modified form of Page’s drying model was
employed to describe the experimental data. 

(12)
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Phoungchandang and Woods [29] proposed the fat and carbohydrate were determined [30]. White
Zero model because the equilibrium moisture content of mulberry leaves were blanched in boiling water for one
banana was close to 0. minute to eliminate peroxidase [31].

(13) a pan which was placed on a water bath to control

The movement of moisture occurred by diffusion and a pre-weight drying tray in order to proceed to the drying
analogous to that of heat conduction in solid. The process using a tray dryer (Armfield limited, England) at
following equation was used to describe drying was in the 60°C to obtain seven different levels of moisture content
falling rate period. [29]. The dried leaves of 0.5 g were measured for

using Novasina manometer (TH 2/TRD-33/BS,
(14) Swisszerland) that is specially designed for temperature

The drying constant, K, can be related to temperature humidity at equilibrium state. The temperature of the
using the Arrhenius model. measurement chamber is regulated to set point by a

(15) Air Drying Procedure: The tray dryer (Armfield limited,

The drying exponent, N, can be related to relative the operator. Air is drawn into the duct through a mesh
humidity and temperature. guard by a motor driven axial flow fan impeller whose

(16) up to 1.5 m/s in the duct. The air passes over an

The drying data can be used to determine effective to provide a variation in air temperature up to a maximum
moisture diffusivity, D , from diffusion model. of 80oC at low air velocities. eff

where four trays of material to be dried are suspended in
(17) the air stream. The trays are carried on a support frame

The objectives of this work were to establish the 0.01 gm mounted above the duct and on which the total
equilibrium moisture content and equilibrium relative weight is continuously indicated. The trays are inserted
humidity (desorption isotherms) for white mulberry or removed from the duct through a latched side door with
leaves. This work was also focused on the measurement a glass panel for viewing purposes. 
of drying constant, drying exponent as well as effective The effect of drying air temperature on the drying
moisture diffusivity in the drying models over a range of process of white mulberry leaves was investigated at a
temperature and humidity for white mulberry leaves by load of 34 gm and were dried in thin layer at 40, 50 and
tray and heat pump dehumidified drying. Rutin content 60°C in a tray dryer (TD) (Armfield limited, England) and
was also determined before and after drying. a heat pump dehumidified dryer (HPD) [11]. An

MATERIALS AND METHODS accuracy of 0.01 m/s was used to measure air velocity.

White mulberry leaves, Bureerum 60, (Morrus alba at 0.5 m/s [32]. A relative humidity meter (VAISALA
L.) were used in the process. The fifth leaf from top of MODEL HMP-5D) with an accuracy of 0.01% RH was
each mulberry tree was harvested [19] and stored at 5°C. used to measure the relative humidity (RH) of drying air.
The  leaves  were cut into pieces with dimension of An average relative humidity of air throughout the drying
0.5×4.0 centimeter. Moisture content, protein, fiber, ash, was  used.  The  weight  loss of the sample was recorded

The blanched white mulberry leaves were roasted in

temperature at 48°C for 5 min. Then they were placed on

equilibrium relative humidity at 20, 34.9 and 49.7°C by

controlled measurement of water activity or relative

controller with accuracy to 0.2°C and its range is 0-50°C.

England) comprises an air duct mounted on a floor
standing frame to give a comfortable working height for

speed can be controlled to produce a range of air velocity

electrically heated element controlled by a power regulator

The air passes into the central section of the duct

which is attached to a digital balance with an accuracy of

anemometer (MODEL 3K-27V No.7680-00) with an

The air velocity of both dryers was maintained constant
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every 5 minutes by using a data logger (DT 800 Data RESULTS AND DISCUSSION
Taker, America). The drying was terminated when the
moisture  content  of  the sample was reduced to 7.5% Chemical Composition: The mean moisture content of
w.b. mulberry leaves was 81.15% w.b. (SD = ±0.49). Protein,

Extraction of Rutin: Fresh white mulbery leaves (0.14 g) (SD = ±0.04),   21.68%   d.b.   (SD   = ±0.06), 0.14%  d.b.
or dried white mulberry leaves (0.1 g) were extracted with (SD  = ±0.2),  10.34%  d.b.  (SD  = ±0.64) and 48.69% d.b.
5 ml of 1.2 M HCl in 50% methanol. The samples were (SD = ±5.21), respectively.
ground into small pieces before extraction. Eight
milligrams of ascorbic acid was added. The mixture was Desorption Isotherms: Results within the range 20 to
digested at 80°C for 30 min and adjust volume to 5 ml with 49.7°C in temperature and 0.30 to 0.90 in RH for white
methanol. Then it was degassed for 5 min before filtered mulberry leaves are presented in Fig. 1. Equations (1) to
through 0.45 µm membrane. (8) were fitted to the data using SPSS 16.0 for Windows.

Determination of Rutin in White Mulberry Leaves by generated different constants in the fitted model.
High Performance Liquid Chromatography: Reversed- The Modified Henderson model showed the best fit
phase high performance liquid chromatography (HPLC) to X  = f(RH , T) equation form (Fig. 1). Constant in
was used for the determination of rutin in the extract of equation (1) and standard error of estimate and R  are as
white mulberry leaves. The extract was filtered through a follows:
0.45 µm membrane and 20 µl of the extract was injected C  = 0.0004; C  = 122.1615; C  = 0.7796; SEE = 3.4137%
into the HPLC. The water HPLC system was used. The d.b.; R  = 0.9708
column was a reversed-phase HI5C  (150 mm × 4.6 mm, id The  SEE  for  the  Modified  Oswin,  Modified18

5 µm) (HiChrom Co.) with Nova-Pak® C  pre-column Chung-Pfost and Modified Halsey models (Equations (3),18

(Water Co.) The mobile phase was methanol : H O : (5) and (7)) were 3.6616, 4.1285 and 4.0044% d.b.,2

phosphoric acid (80:20:0.6 v/v). The solvent flow rate was respectively. R  are 0.9664, 0.9573 and 0.9599, respectively.
1.0 ml/min. and the column temperature was set at 25°C. The  Modified  Halsey  model  gave the best fit to
The UV detector (Water™ 480) was monitored at 254 nm RH  = f(X , T) equation form. The constant in equation (8)
(Modified from Zhishen) [33]. and standard error of estimate and R  are as follows:

Data Analysis Procedure: Desorption isotherm data were 0.0218% d.b.; R  = 0.9738
fitted to four sorption isotherm models in equations 1-8. The SEE for the Modified Henderson, Modified
Drying experiments were performed in duplicate and the Oswin and Modified Chung-Pfost model (Equations (2),
average values were reported. Drying data were performed (4) and (6)) were 0.0252, 0.0229 and 0.0272% d.b.,
in duplicate and the average values were fitted to the respectively. R  were 0.9650, 0.9712 and 0.9593 d.b.,
drying  models  (NT  =  Newton,  MP  =  Modified Page, respectively.
HP = Henderson and Pabis, ZR = Zero). The model Modified Henderson model was the best fit for high
parameters were processed by non-linear regression fiber content plants [11, 34]. White mulberry leaves
technique using SPSS 16.0 for Windows (SPSS, Inc., contained high fiber content [35] of 21.68±0.06 d.b. Many
Chicago; IL). The quality of fit of the tested models was researchers found that Modified Halsey model was the
evaluated using the coefficient of determination (R ) and best fit for tropical, medicinal and volatile plants [36] and2

standard error of estimate (SEE). A completely randomized high fat content [37].
2x3 factorial experiment was used to study the main
factors of drying process ; tray, heat pump dehumidified Modeling of Drying Kinetics for White Mulberry Leaves:
dryers and drying temperatures and interactions between The drying data obtained were fitted by four drying
main factors. Two replications were used to determine models. The X  of white mulberry leaves predicted from
each parameter. SPSS 16.0 for Windows was used to the Modified Henderson model was used to determine
calculate analysis of variance (ANOVA). Duncan’s drying constant, K and also drying exponent, N. However,
multiple range test was used to determine the significant the “Zero model” used the simplified moisture ratio as
treatments at a 95% confidence interval. X/X instead  of  (X-X )/(X -X ).  The  R   values  for  the

fiber,    ash,   fat   and  carbohydrate  were  19.5 %  d.b.

Both the X  = f(RH , T) and RH  = f(X , T) equation formse e e e

e e
2
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2
TD

4686.48783K 104844.520exp (R =0.9986)
T 273.15

 = − + 

2
HPD

2997.58832K 664.62996exp (R =0.9997)
T 273.15

 = − + 

0.0101 2
TDN 0.9519 RH exp( 2.1443/T) (R =1.00)= × × −

0.2711 2
HPDN 0.3439 RH exp(23.8925 /T) (R =1.00)−= × ×
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Table 1: Results of statistical analysis on the modelling of white mulberry leaves

R SEE (% d.b.)2

------------------------------------------------------------------------- ------------------------------------------------------------------

Dryer Temp (°C) NT MP HP ZR NT MP HP ZR

TD 40 0.9869 0.9913 0.9896 0.9830 7.9292 6.4759 7.0790 9.0311

50 0.9919 0.9950 0.9934 0.9888 6.5911 5.2143 6.0017 7.7715

60 0.9915 0.9935 0.9915 0.9884 7.2282 6.3159 7.2034 8.4241

HPD 40 0.9936 0.9959 0.9940 0.9885 5.8807 4.6803 5.7011 7.8787

50 0.9945 0.9960 0.9947 0.9924 5.7638 4.9156 5.6822 6.7926

60 0.9967 0.9971 0.9967 0.9961 4.8715 4.5749 4.8648 5.2874

Table 2 Drying time, K and N values obtained from the Modified Page model, D , Hue angle and rutin content of white mulberry leaveseff

Temp Drying RH K D Hue angle Rutineff

Dryer (°C) time (min) (decimal) (min-1) N (m /s ) R (degree) (mg/g dry weight)2 2

TD 40 150 0.2720 ±0.01 0.0324 0.8904 1.032E-10 0.9676 117.07 335.75 ±0.35f a a

50 100 0.2385 ±0.01 0.0538 0.8988 1.722E-10 0.9673 117.18 335.70 ±0.62d a a

60 70 0.1451 ±0.01 0.0812 0.9007 2.611E-10 0.9547 116.87 337.98 ±0.29b a b

HPD 40 110 0.2480 ±0.01 0.0465 0.9120 1.496E-10 0.9629 121.04 375.29 ±0.15e c c

50 80 0.1521 ±0.01 0.0619 0.9240 2.003E-10 0.9587 117.70 375.95 ±0.49c b c

60 55 0.0995 ±0.01 0.0823 0.9573 2.704E-10 0.9539 117.68 374.57 ±0.32a b c

Fresh white mulberry leaves 122.26 384.58 ±0.42d d

a, b…..superscripts are significantly different (p 0.05)

model were greater than 0.98 with low SEE indicating a The relationship of the drying exponent, N, RH and
good fit. The high R  values and low SEE values were temperature of drying air for TD and HPD are shown in2

obtained from the Modified Page model both in TD and equation (20) and (21),respectively.
HPD (Fig. 2 and 3, Table 1).

All drying was in the falling rate period (Fig. 2 and 3). (20)
The exponent N was added to drying constant and drying
time of the Newton model to increase the dependence of (21)
temperature and relative humidity of drying air. The K and
N values increasing with temperature obtained from HPD The effective moisture diffusivities (D ) were
were higher than that from TD because of the lower RH of calculated by using the method of slopes (equation (17)
drying air at the same drying temperature (Table 2). The N and Table 2). They were determined by plotting
values of HPD were higher than that of TD. This can be experimental data in term of ln(MR) versus t [13, 20]. The
noted that the RH and temperature of drying air effective moisture diffusivities from this work were in the
influenced K and N values. range of 1.032E-10 to 2.611E-10 m /s  and 1.496E-10 to

Fitting the Arrhenius relationship to the results for K 2.705E-10 m /s  for TD and HPD,respectively. These
and  drying  air temperature, calculated over the full values were slightly less than Doymaz [20] because his
drying period (Table 2), gave the equation for TD and samples were white mulberry fruits instead of white
HPD. mulberry leaves of this work. Rutin content was

(18) dried product. The results revealed that higher drying air

drying air temperatures. Low drying air temperature at
(19) 40°C in HPD displayed the highest Hue angle of dried

eff

2

2

determined to compare the antioxidant remaining in the

temperature provided higher D  in both TD and HPD. Hueeff

angle represented greenness of mulberry leaves. The Hue
angle of dried mulberry leaves increased with decreased

mulberry leaves (Table 2). The HPD retained higher rutin
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Fig. 1: Desorption isotherms at 20, 34.9 and 49.7°C as predicted using the fitted Modified Henderson model for white 
mulberry leaves compared with the observed experimental data

Fig. 2: Moisture content of white mulberry leaves predicted from the Modified Page model compared with the observed 
experimental data from TD

Fig. 3: Moisture content of white mulberry leaves predicted from the Modified Page model compared with the observed 
experimental  data from HPD
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content and Hue angle than TD (p  0.05) because of the REFERENCES
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