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Abstract :  The aim of this paper is to establish the importance of a linearly graded profile 
in the drift region of a 4H-SiC Schottky barrier diode (SBD). The power dissipation of the 
device is found to be considerably lower at any given current density as compared to its 
value obtained for a uniformly doped drift region. The corresponding values of breakdown 
voltages obtained are similar to those obtained with uniformly doped wafers of 4H-SiC. 
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Introduction 

Compared to silicon, silicon carbide (SiC) has certain physical properties that put it on a higher 
platform for use in solid-state power devices. A low intrinsic carrier concentration of the order of 10-7 
per cc, a 10x higher breakdown electrical field, typically about 3 MV/cm, and a 3-fold higher thermal 
conductivity coupled with a large saturated drift velocity of 2*107 cm/s [1] are some of the salient 
features of SiC. These devices are extremely attractive in applications requiring blocking voltages 
ranging from 300 V to 3 kV [2]. High-voltage SiC devices are thinner and can be heavily doped if 
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needed. At equivalent breakdown voltages, they offer specific on-resistance (Ron-sp)  which may be  up 
to two orders of magnitude lower compared to silicon devices [3]. 

The forward voltage drop of SiC devices is well below 2.5 V for a 600V Schottky barrier diode 
(SBD) even at a current density of 4000 A/cm2 and Ron-sp of these devices, due to the thinner drift 
region, is 200 times less than that of the silicon counterparts [4].  
 The comparison of 6H-SiC with 4H-SiC would reflect a major advantage which the latter offers 
with respect to the electron mobility, which is twice or 10 times that of the former in the direction 
perpendicular to or along the 6H-SiC c-axis respectively [5].  Obviously 4H-SiC SBD’s have lower 
Ron-sp at high voltages (greater than 200 V) compared to SBD’s made from other semiconductors such 
as Si, GaAs and even 6H-SiC [4-5]. 

Experimentally obtained Ron-sp for 4H-SiC diodes is as low as 1.5 m-cm2  at forward current 
density of 732  A/cm2 at 2 V, with a breakdown voltage of 1400 V , a 10-m-thick epitaxial drift layer 
doped with 7.5x1015 atoms/cc and argon-edge termination [6]. More recent achievements of Ron-sp for 
4H-SiC SBD’s are 2 m-cm2 and 1.4 m-cm2 at breakdown voltages of 1000 V and 800 V 
respectively [7-8]. 
 Ron-sp of a SBD is the sum of the n-type epitaxial drift layer and the n+ substrate resistance 
given by [9] : 
 

nD
spon eN

WR


               (1) 

 
where W  is the thickness of the drift region , ND is the epitaxial layer doping density and  n is the 
electron mobility. The magnitude of ND is set so that the drift layer punch-through occurs at the same 
voltage at which avalanche breakdown takes place. For a constant drift layer thickness W, it is possible 
to reduce Ron-sp of the SBD by either increasing the value of  n in  equation (1) using models similar to 
the ones prepared for 4H- and 6H-SiC [10] or by changing the doping profile in the drift region of the 
device. Doping-dependent mobility as well as high- and low-field mobility models well suited for 
simulation and device design have been proposed by Roschke and Schwierz [11]. However, high-field 
mobility values in 4H-SiC are generally low and somewhat difficult to increase. To date the most 
reliable experimental data for velocity-field profile of 4H-SiC have been reported by Khan and Cooper 
[12]. Accordingly, the reduction of Ron-sp may be done by increasing the magnitude of the drift layer 
doping, i.e. ND or NA. 
 A novel way for reduction of Ron-sp is suggested in this paper which uses a linearly graded 
profile in the drift region with a low doping level near the metal–semiconductor contact at the top of a 
4H-SiC SBD and a higher doping level near the substrate. Such a drift layer would give a moderately 
high mobility as estimated from the effective doping level of the drift region obtained by integrating 
the linear function within its limits. The high doping level near the substrate would provide a low-
series parasitic resistance of the drift layer. The overall effect would result in a reduction of Ron-sp and 
power dissipation of the device. The results of power dissipation reduction at an on-state current 
density of 1000 amperes/cm2 for the uniformly doped drift region of SBD’s are compared with linearly 
graded drift region of SBD’s with comparable levels of carrier concentration. It is estimated that there 
is a drop of 74.4% to 7.74% in power dissipation with linearly graded drift region of the devices. 
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Theory 
 
The common device structure of a 4H-SiC SBD is shown in Figure 1 and it’s equivalent circuit 

is also drawn in Figure 2. The SBD shown in Figure 1 consists of a block of n-type 4H-SiC crystal 
with a given height ‘h’. The metal contact at the top has a cross-sectional area ‘A’ and there is a base 
contact which may be formed using a metal or an alloy. Boron implant is made for edge termination on 
either side of the Schottky contact. An overlap exists between the top metallic contact of width ‘d’ and 
the contact length ‘a’. The current flow from the top contact is considered trapezoidal in shape 
spreading through the drift region by an angle ‘’ with the vertical at the corner edge of the boron 
implant beneath the contact. A standard value of =26O is taken for this model [13], which allows a 
small spread of current from the top contact to uniformly flow into the n+-substrate below. The 
equivalent circuit shown in Figure 2 of the SBD has Ron-sp which is the sum of the series Ron-sp of the 
drift region (RD) and the parasitic series resistance (Rs) with uniform current flow. Beneath this region 
is the n+-type heavily doped substrate region whose resistance may be considered to be zero.  

 
 

 
 
Figure 1.  The structure and regions of a 4H-SiC SBD                         Figure 2.  Equivalent circuit  
                                                                                                                of SBD shown in Figure 1  

 
 
The equation to evaluate Ron-sp of the device can be given by [13] : 
 

'
'
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where d = a for minimum overlap of contact metal considered and 
1

D
N DeN




           (3) 

where ND is the donor density in the n-type epitaxial layer. 
In the model proposed here for the 4H-SiC SBD, the epitaxial layer is not uniformly doped but 

is linearly graded with a gradient . Near the contact, the device has the lowest doping level (No), 
which increases with the gradient to any desired doping level (N) at the substrate. This is shown in 
Figure 3. The equivalent circuit of the device is similar to Figure 2, with RD replaced by RD

′ and the 
new Rs ( Rs) being used. Rs has a lower value than Rs as the doping level is nearer to the substrate 
than the contact at the top of the device. The doping level ND of the epitaxial layer has to be replaced 
by the effective doping level Neff of the linearly graded drift layer.  

 
 

 
 
Figure3.  The 4H-SiC SBD with  linearly graded drift                   Figure 4.  The equivalent circuit 
region doping profile with gradient                                               of the SBD shown in Figure 3     
 
 
Formulation of Neff 
 Consider the cross section of the epitaxial layer of Figure 3 as shown in Figure 5. The 
resistance dR of a thin element of thickness dx at a distance x from the top of this device can be 
expressed as 
 

 '

1dR= 
( )n

dx
eN x A

         (4) 
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Figure 5.  Cross section of drift region of a 4H-SiC SBD with linearly graded profile and gradient  
 
where A is the cross-sectional area in the direction perpendicular to the figure. The total resistance R 
of this layer can be evaluated by writing   N(x)  =  N0 + x   and integrating within limits of x from 0 
to h, where h is the height of the device. This gives 
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Writing Z = N0 + x , then dZ = dx, which gives  
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If the effective concentration of this layer is Neff, then R may also be written as  
 
                (7) 
 
Comparing equations (6) and (7), Neff  may be written as  
 

       
)1ln(

0N
h

hNeff 



             (8) 

 
The magnitude of Ron-sp of the linearly graded drift layer, i.e Ron-sp, can be obtained from equation (2) 
with D replaced by D :          
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 with n being the value of mobility corresponding to doping level Neff of the drift region. 
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Ae Neff  
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Device height ‘h’ 
The height ‘h’ of the device has been set using a specific value of reverse bias voltage as the 

punch-through breakdown voltage. This is also set close to the avalanche breakdown voltage of the 
device using the condition pW = 1, the condition for avalanche breakdown, and has been set equal to 
W, the depletion width at punch-through. The p is the hole impact ionisation coefficient, wherein it is 
assumed that hole in n-type wide depletion region in the drift layer started the ionisation process [14]. 
 
Calculation of  power dissipation (PD) 

The equation for power dissipation PD can be written as [9]: 
 

 BLspononD AVJARJP  
2

2
1        (11) 

 
where Jon is the on-state current density, A is the device cross-sectional area for current flow, VB is the 
reverse blocking voltage and JL is the leakage current density. For a 50% duty cycle, the magnitude of 
JL in SiC devices is too small compared to that in silicon devices and hence the second term in 
equation (11) can be neglected giving :  
       

)(
2
1 2

spononD ARJP            (12)  

 
Evaluation of the on-state current density (Jon) 

The current-voltage equation of the Schottky diode using thermionic emission theory has been 
given by Bethe [15] : 
 
J [exp( / ) 1]F S DJ eV kT           (13) 
 
where  JF is the on-state forward current density and VD is the voltage drop across the Schottky diode 
and  Js is the reverse leakage current density given by  
 
             Js = A T2 exp(-e B/kT)         (14) 
 
where A   is the Richardson constant in amperes cm-2K2, B  is the barrier height in volt and T is the 
device temperature in K. 

The basic current–voltage equation for such a diode has been derived by Bhatnagar et al. [16]. 
The diode forward voltage drop (including drift layer) VF can be expressed as  
 
         VF  =    VD + JF Ron-sp           (15) 
 
Combining equations (13)  through (15) and writing Jon for JF, the voltage VF may be expressed as 
 

       2ln( )on
F B F on sp

JkTV J R
e A T


             (16) 

Values of Jon for different values of VF  in the on state of the diode can be obtained by iteration 
with a simple technique and C++ program [17]. Under forward bias and in the on state, the magnitude 
of VD and VF  is small, and thus the effect of barrier height lowering, , has not been included in 
equations (14) and (16) above. 
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The calculation of power dissipation has been performed, knowing ND, Neff, Ron-sp, Ron-sp and 
the magnitude of Jon and VF, for both uniformly doped and linearly graded drift layers of the 4H-SiC 
SBD’s. 
 
Calculation of breakdown voltages   
 The punch-through breakdown voltage (VPBV) is determined at a high reverse bias voltage (VR) 
for a uniformly doped semiconductor of 4H-SiC SBD and the depletion region width (W) at this 
voltage is set equal to the device height (h). The avalanche breakdown voltage is obtained using the 
condition p W = 1, to give the magnitude of p.The critical field (Ec) corresponding to this value of p 
is obtained from [18]. The magnitude of the avalanche breakdown voltage (VAvBV) is then obtained 
using the equations: 
 

      WEV cAvBV 2
1

 , for uniformly doped drift region of SBD, and              (17) 
 

      '

3
2 WEV cAvBV   , for linearly graded drift region of SBD    (18) 

 
The depletion region width in the two cases is calculated using the formula: 
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 , for uniformly doped drift region of SBD,  (19) 

 
where Vbi is the built-in potential and Vbi<< VR, the applied reverse voltage which is equal to the 
avalanche breakdown voltage, and  
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 , for linearly graded drift region of SBD,  (20) 
 
where Vg is the gradient voltage and Vg<<VR, the applied reverse voltage which is equal to the 
avalanche breakdown voltage. In the two equations, s denotes the permittivity of 4H-SiC and α in 
equation (20) is the concentration gradient which is 1014 near the top of the device, and increases 
linearly to 1015, 1016 ------, near the substrate over the device height (h). 

The calculation of Ec for avalanche breakdown in a linearly graded profile is made using  
equation [20]: 
 

S
C

WeE



8

2
                     (21) 

 
where W′ is the depletion region width at breakdown.  
 
 
Calculations and related graphs 
  The device height ‘h’ is set equal to the maximum depletion region width ‘W’ corresponding to 
a breakdown voltage of 5 kV for the uniformly doped epitaxial layer with the lowest doping level of 
1014 per cc using equation (19). This gives a value of 231µm for the device height ‘h’ taking εs = 9.7 
for 4H-SiC. The doping-dependent mobility value is obtained from Roschke and Schwierz [11]. The 
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magnitude of Ron-sp is calculated using equation (2) with angle ′ = 26 and Schottky contact of length 
‘a’ equal to 100 µm. The contact width is equal to 78.5 µm. The device cross-sectional area ‘A’ is then 
78.5 x 10-6 cm2. Specific values of the on-state current density (Jon) ranging from 100 to 1000 amps/ 
cm2 are used and the corresponding values of power dissipation (PD) are calculated using equation 
(12). This is repeated for doping levels of 1015, 1016 and 1017 per cc. The results are shown in Table 
1(A). 
 
Table 1(A). Calculation of power dissipation (PD) of 4H-SiC SBD with uniformly doped drift region 
  

Nd = 1x 1014 

atoms/cc 
Nd = 1x 1015 atoms 
/cc 

Nd = 1x 1016 
atoms/cc 

Nd = 1x 1017 
atoms/cc 

µn= 960 cm2 per 
Vs 

µn= 950 cm2 per Vs µn= 900 cm2 per Vs µn= 600 cm2 per 
Vs 

Ron-sp =1.577 -
cm2 

Ron-sp =159.38x10-3 

-cm2 
Ron-sp =16.82x10-3   

-cm2        
Ron-sp =2.52 x 10-3   

-cm2 

Current 
density 
(amps 
/cm2) 

Jon 
PD(1)        Watts PD(2)       Watts PD(3)            Watts PD(4)      Watts 

100 0.6195 62.55x10-3 6.601 x 10-3 989.1 x 10-6 
200 2.478 0.2502 26.40 x 10-3 3.956 x 10-3 
400 9.912 1.0008 0.1056 15.82 x 10-3 
600 22.302 2.2518 0.2376 35.607 x 10-3 
800 39.649 4.0032 0.4225 63.30 x 10-3 
1000 61.95 6.255 0.660 98.91 x 10-3 

 
In the case of linearly graded profiles, the device height ‘h’ is kept the same as in the case of 

the uniformly doped epitaxial layers (i.e 231 μm). The concentration gradients selected arbitrarily are 
1014-1015, 1014-1016, 1014-1017 and 1014-1018 over the device height of 231µm. This gives the 
concentration gradient ‘’ in each case. The effective carrier concentration ‘Neff’ for linearly graded 
epitaxial layer is calculated using equation (8). The value of the average doping dependent carrier 
mobility (n

′) for any specific concentration gradient is obtained from Roschkc and Schwierz [11]. 
Ron-sp is then calculated using equation (9), treating the medium doping level as equal to Neff. The 
depletion region width ‘W’ for a reverse bias voltage of 5 kV is calculated using equation (20). The 
power dissipation for a given concentration gradient at the same current density levels in the case of 
the uniformly doped epitaxial layer device above is calculated using equation (12) with the same value 
of the device cross-sectional  area ‘A’ and the corresponding values of Ron-sp. The results are shown in 
Table 1(B). 

The plots of power dissipation versus current density for uniformly doped and linearly graded 
epitaxial layers of 4H-SiC SBD are obtained from the data given in Tables 1(A) and 1(B) and are 
shown in Figure 6 . 
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Table 1(B).  Calculation of power dissipation (PD) of 4H-SiC SBD with linearly graded drift region 
 

Neff = 3.905 x 10 14 
atoms/cc 

Neff = 2.148 x1015 
atoms/cc 

Neff = 1.446 x1016 
atoms/cc 

Neff = 1.085 x1017 
atoms/cc 

µn′= 960 cm2 per 
Vs 

µn′= 950 cm2 per 
Vs 

µn′= 900 cm2 per Vs µn′= 600 cm2 per Vs 

Ron-sp =0.04038      
-cm2        

Ron-sp =0.07418    
-cm2        

Ron-sp = 11.63 x10-3 

-cm2        
Ron-sp =2.325 x10-3 

-cm2        

Current 
density 
(amps 
/cm2) 

Jon 
PD(1)         Watts PD(2)         Watts PD(3)         Watts PD(4)         Watts 

100 0.15849 29.115e-3 4.565e-3 912.56e-6 
200 0.63396 0.1164 

 
18.260e-3 3.650e-3 

400 2.5358 0.4658 73.042e-3 14.60e-3 
600 5.7056 1.048 164.34e-3 32.85e-3 
800 10.143 1.863 0.29217 58.40e-3 
1000 15.849 2.9115 0.4565 91.25e-3 
                         
 

It is seen that linearly graded profiles give theoretically a much lower power dissipation (PD) 
than do the uniformly doped profiles in 4H-SiC SBD’s.  The percentage fall in power dissipation 
between two adjacent graphs of linearly doped and uniformly doped profiles in Figure 6 ranges from 
7.74% to 74.4% for Jon of 1000 amps/cm2. This is shown in Figure 7. 

The punch-through breakdown voltage (VPBV) is set at 5 kV for the case of uniformly doped 
epitaxial layer with a doping level of 1014 per cc and a depletion region width ‘W’ of 231μm. The 
condition for avalanche breakdown represented by  pW = 1 gives the value of  p. The magnitude of 
the electrical field for avalanche breakdown (Ec) is obtained from Ayalew [18] from the plot of p  
versus E for 4H-SiC. The value of VAvBV, the avalanche breakdown voltage, is then obtained from 
equation (17). This is repeated for doping levels of 1015, 1016 and 1017 per cc,  as shown in Table 2(A).  

The punch-through breakdown voltage for the linearly graded epitaxial layer is obtained from 
the depletion region width ‘W’ at 5 kV for a given concentration gradient ‘’ of 3.88 x 1016cm-4. The 
value of the critical field (Ec) for linearly graded profile is calculated using equation (21) and the value 
of W obtained at 5 kV is treated as the depletion width for avalanche breakdown. The magnitude of 
VAvBV is then calculated using equation (18).This is repeated for other values of  and the results are 
shown in Table 2(B). 
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Figure 6.  Plots of power dissipation versus on-state current density for uniformly doped and linearly 
graded drift region in 4H-SiC SBD 
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Figure 7. Percentage drop in power dissipation versus concentration gradient in 4H-SiC SBD 
compared to SBD with uniformly doped drift region 
 
 
Table 2(A).  Breakdown voltages of 4H-SiC SBD for uniformly doped epitaxial layer  
                                           (Device height = h = W = 231 μm) 
 

Doping level  (ND per 
cc) 

W (m) p (cm-1) Ec (V per cm) 
x 106 

VAvBV (kV) VPBV (kV) 

1014 227 44.05 1.33 14.94 5 
1015 71.78 139.31 1.66 5.95 5 
1016 22.7 440.05 1.82 2.06 5 
1017 7.17 1394.7 2.12 0.7575 5 
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Table 2(B).  Breakdown voltages of 4H-SiC SBD for linearly graded epitaxial layer 
                                (Device height = h = W = 231 μm) 
 

Gradient  
 (cm-4) 

W (µm) 












S
C

WeE



8

2'

 

 

VAvBV (kV) VPBV (kV) 

3.88 x 1016 201.07 3.72 x 105 4.986 5 
4.27 x 1017 90.3 8.25 x 105 4.966 5 
4.31 x 1018 41.8 2.86 x 106 4.966 5 
4.31 x 1019 19.4 3.84 x 106 4.966 5 
4.4   x  1019 22.7 5.26 x 106 7.960 8 

                                                          
 

Discussion and Conclusions 

  The curves shown in Figure 6 show that the linearly graded epitaxial drift region of 4H-SiC 
SBDs have consistently lower power dissipation than the uniformly doped epitaxial layer devices. A 
tally of such an effect can be verified by comparing the power dissipation of the devices when 
evaluated at a current density of 1000 amps/cm2. The comparison between the curve for the uniformly 
doped epitaxial layer device with a doping level of 1014 per cc and that for the linearly graded profile 
with a gradient of 3.88 x 1016 cm-4  at Neff of 3.905 x 1014 shows that there is a 74.4% drop in power 
dissipation. When the drop in power dissipation is evaluated at other current density levels, it is found 
that the drop in per cent power dissipation remains at the same level. This is, however, not so for other 
sets of curves, where this type of tally shows a constant decline in per cent power dissipation for a 
given Neff compared to nearly similar levels of doping in the uniformly doped profiles. In other words, 
compared to the uniformly doped epitaxial layers, the linearly graded profiles show a significantly 
lower power dissipation. Figure 7 shows this in a different perspective where the percentage fall in 
power dissipation is found to increase with a decrease in concentration gradient from 74.4% at a 
gradient of 3.88 x 1016 cm-4 to 7.74% at a gradient of 4.316 x 1019 cm-4   

Calculation of breakdown voltages shown in Table 2(A) shows that for uniformly doped 
epitaxial layer devices doped to a level of 1015 per cc, the punch-through and avalanche breakdown 
voltages are almost equal to 5 kV. Linearly graded epitaxial layer devices show a similar avalanche 
breakdown at 7.96 kV for a gradient of 4.4 x 1019 cm-4 for which the punch-through breakdown 
voltage is 8 kV. This device can therefore have a breakdown voltage of 7.96 kV which is almost equal 
to the punch-through breakdown voltage of 8 kV. 

An analysis of the results shown in Tables 2(A) and 2(B) shows that the critical field ‘Ec’ 
increases with doping level in the case of uniformly doped epitaxial layer devices while it does with 
gradient  in the case of linearly graded epitaxial layer devices. However, the magnitude of Ec in the 
former case is somewhat higher than that in the latter case. The depletion region width in devices with 
uniformly doped profiles is normally larger than that with linearly graded ones. 

In conclusion it may be said that the 4H-SiC  SBD's with  linearly graded epitaxial layers have 
considerably lower power dissipation but need not necessarily provide a higher avalanche breakdown 
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voltage. Lastly, the device height ‘h’ of 231µm used in this work may be difficult to grow in 4H-SiC 
using epitaxial technology. However, wafers with better crystalline perfection may be selected for 
making these devices. 
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Abstract: A rapid route for acetylation of 2-methyl-5-hydroxy-1,4-naphthoquinone (plumbagin) using 
acetic anhydride and iodine under irradiation in a modified commercial domestic microwave is 
reported. The acetate was obtained in high yield after a short reaction time compared to conventional 
method and ultrasonic method.  
 

Key words:  microwave reaction, plumbagin, acetylation, plumbagin acetate 

 

Introduction 

Quinones, notably anthraquinones and naphthoquinones, occur widely in natural products and 
are of considerable interest due to their varied biological properties, e.g. as an antimalarial [1-2], 
anticancer [3-6] and antimicrobial [2,7]. Moreover, they are also useful as dyes and pigments [8]. 
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Plumbagin (2-Methyl-5-hydroxy-1,4-naphthoquinone) is well distributed among the Plumbago spp. 
This compound has been described in the literature and is known to possess various pharmaceutical 
activities [7, 9-11].  

The protection of the phenols as their acetates is a commonly-used transformation in organic 
synthesis as the acetate group is easily installed and removed [12]. Acetylation of the hydroxyl group 
of plumbagin is usually required for its synthetic utility.  It has been shown that iodine is an effective 
catalyst in the activation of acetic anhydride for promoting the acetylation reaction [13]. Recently, 
acetylation of deactivated and hindered phenols using microwave irradiation coupled with the use of 
iodine as catalyst was reported by Deak et al. [14]. The  resulting substantial reduction of reaction time 
and appreciably increased yields obtained by these researchers prompted us to investigate the 
acetylation of plumbagin by a similar method using our modified domestic microwave oven, in 
comparison with conventional and ultrasonic-bath methods.  

 

Materials and Methods 

Chemicals 

Plumbagin was procured from natural source by a method adapted from that of Chairungsi et al. 
[15]. Briefly, fresh roots of Plumbago rosea Linn. were washed, cut, and repeatedly macerated in 50% 
aqueous ethanol at room temperature for 24 h to obtain a combined aqueous alcoholic extract, the 
major part of which was then distilled. The yellow distillate obtained was partitioned with 
dichloromethane:water (4:1). The organic layer was separated and dried over Na2SO4. After 
evaporation of the solvent it gave 0.4 %  yield of  pure plumbagin. The identity of the compound was 
confirmed by m.p., TLC,  IR and GC-MS. All other chemicals and solvents used were of AR grade.  

 

Acetylation of plumbagin  

For microwave-induced acetylation, a mixture of plumbagin (0.5 g), iodine (0.0067 g) and 
acetic anhydride (5 mL) was heated in our modified domestic microwave oven [16-17] at 62-65 C 
(450 W) for 4 min. For conventional acetylation, a mixture of plumbagin (0.5 g), acetic anhydride (5 
mL) and iodine (0.0067 g) or pyridine (5 mL) was stirred at room temperature overnight. For ultrasonic 
bath acetylation, a mixture of plumbagin (0.5 g), acetic anhydride (5 mL) and iodine (0.0067 g) or 
pyridine (5 mL) was sonicated in an ultrasonic bath (Decon, FS300B) at 27-28o C for 4 min [18]. Each 
acetylated mixture was then worked up by addition of dichloromethane. The resulting mixture was 
successively washed with water, saturated NaHCO3 and water. The organic extract was dried over 
Na2SO4 and the solvent removed by evaporation under reduced pressure. The crude product was 
purified by crystallisation in hexane and characterised by m.p. determination and spectroscopic 
methods (IR, NMR, GC-MS). 
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Results and Discussion 

The acetylation of plumbagin (Figure 1) was carried out by three methods in order to compare 
the respective yields and reaction times. The results are shown in Table 1. Acetylation using the 
adapted microwave oven at 450 W and a temperature of 62-65o C for 4 min gave a high yield (98%) of 
the acetate, while acetylation using conventional method with acetic anhydride-iodine or acetic 
anhydride-pyridine mixture gave moderate yields (70% and 66% respectively). Acetylation by 
ultrasonic bath method for 4 min with acetic anhydride-iodine or acetic anhydride-pyridine mixture 
gave the acetate in 38% and 83% yields respectively. Increasing the sonication time to 8 and 12 min 
decreased the yield to 35% and 30% respectively for iodine-catalysed reaction, and to 67% and 50% 
respectively for pyridine-catalysed reaction. Thus, the acetylation of plumbagin, an important natural 
product used as starting material for the synthesis of many plumbagin-based compounds, employing a 
microwave irradiation in the presence of iodine as catalyst seems to be a more efficient and 
enviromentally friendly method compared to the conventional or ultrasonic acetylation.  
 

 

 

 

 

 

Figure 1.  Acetylation of plumbagin 

 

 

              Table 1.  Comparison of different  methods of acetylation of plumbagin  
 

Method Reaction 

time  

Reaction 

temperature (C)   

% Yield of 

plumbagin acetate 

(catalyst: I2) 

% Yield of 

plumbagin acetate 

(catalyst: pyridine)   

Microwave        4 min  62-65 98 - 

Conventional 24 h room 70 66 

Ultrasonic bath  

                         

4 min 

8 min 

12 min 

27-28 38 

35 

30 

83 

67 

50 
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Abstract: Mango canning by-products (seed and  peel) together with ensiled mango peel were 

subjected to analysis of dry matter (DM), ash, crude protein (CP), crude fibre (CF), ether extract (EE), 
nitrogen-free extract (NFE), gross energy (GE), neutral detergent fibre (NDF) and acid detergent fibre 
(ADF). In vitro digestibility of DM (IVDMD), ADF (IVADFD) and NDF (IVNDFD) was determined 
after digesting the by-products in buffered rumen fluid for 24 or 48 h in an incubator. CP content in 
peel, seed and peel silage is 4.68, 4.19 and 5.27% respectively. As expected, mango seed has a higher 
fibre content than mango peel and peel silage as indicated by NDF (53.01 vs 25.87 and 27.56% 
respectively) and ADF (31.02 vs 19.14 and 17.68% respectively). However, mango seed also has 
greater GE than mango peel and peel silage (4,070 vs 3,827 and 3,984 kcal/g DM respectively), 
probably due partly to its high fat content. 

Four head of male native cattle were used to determine nutrient digestibility of ensiled mango 
by-products by randomly allowing them to receive ensiled mango peel with rice straw  (EMPR) and 
different levels of Leucaena leaves. Treatments consisted of: 1) ensiled mango peel + rice straw 
(90:10); 2) ensiled mango peel + rice straw + Leucaena leaves (85:10:5); 3) ensiled mango peel + rice 
straw + Leucaena leaves (80:10:10); and  4) ensiled mango peel + rice straw + Leucaena leaves 
(75:10:15). Addition of  Leucaena leaves to silage increased apparent digestibility of DM (53.84, 
55.43, 59.04 and 58.69% for the four formulations above respectively), probably because of increasing 
amounts of CP from Leucaena leaves, resulting in greater digestibility of NDF (39.11, 44.47, 47.12 and 
43.32% for the four formulations above respectively). Total digestible nutrients (TDN) and digestible 
energy (DE) showed the same trends as apparent digestibility of DM. 

Key words:  mango by-products, mango peel, mango seed, apparent digestibility, energy value  
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Introduction 
 

Mango is considered as one of the most delicious fruits in Thailand. Its  harvesting time is 
between January and May, which is in the dry season when green forage is in shortage. Mango is an 
excellent source of vitamin A and C, as well as a good source of potassium, beta-carotene and fibre. 
Normally, it is produced for human consumption as raw or ripe mango products. During the processing 
of ripe mango, its peel and seed are generated as waste, which is approximately 40-50 % of the total 
fruit weight. Mango peel is a good source of dietary fibre and its chemical composition may be 
comparable to that of citrus fibre. The peel has a high value of antioxidant activity and glucose 
retardation index while its aroma and flavour is pleasant [1]. The peel is thus palatable to cattle but 
very few farmers use it for animal feed because of the high moisture and acidity content.  

During the processing of ripe mango, the waste (peel and seed) is a problem for canning 
factories. Its disposal may appreciably increase environmental pollution due to its rapid decay, thus 
becoming a good source of house fly multiplication. However, Omole et al. [2], Govinda Naik et al. [3] 
and Naveen et al. [4]  reported that fruit waste and by-products may be used as alternative feed in 
livestock rations either as dry product or as silage. Therefore, the ensiling of mango by-products 
especially mango peel may be an economical way to reduce the problem of waste disposal from mango 
production as well as increase their utilisation as animal feed.  

To produce good silage from mango peel, it would be desirable to mix it with dry materials 
such as rice straw to adjust moisture and with Leucaena leaves to increase  protein content for proper 
fermentation of the ensiled products. This study was conducted to determine the nutritive value of 
mango by-products and evaluate the digestible nutrients of ensiled mango by-products with rice straw 
and Leucaena leaves (Figure 1). The feed could possibly be used to set up a feeding strategy for Thai 
native beef cattle fed with low quality roughage.  
 
Materials and Methods  

Composition 
 Ripe mango (Mangifera indica) by-products  were obtained from a cannery plant in Sarapee 
district, Chiang Mai province. The by-products were dried on the truck overnight before ensiling and 
sampling for analysis. Peel and seed were hand- separated and the separated products were mixed 
thoroughly. Random samples of peel and seed were taken for analysis of dry matter (DM), ash, crude 
protein (CP), crude fibre (CF), ether extract (EE), nitrogen free extract (NFE) and  gross energy (GE) 
according to the methods described in AOAC [5]. Organic matter (OM) was  calculated from DM (OM 
=DM – ash). The analysis of neutral detergent fibre (NDF) and acid detergent fibre (ADF) was carried 
out according to the methods of Goering and Van Soest [6]. 
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mango peel     mango seed 

 

            
                  EMPR+0%LL    EMPR+5%LL 
    (peel : rice straw  =90:10)            (peel : rice straw : LL=85:10:5) 
 

            
EMPR+10%LL    EMPR+15%LL 

     (peel : rice straw: LL=80:10:10)   (peel : rice straw: LL=75:10:15) 
 
                   
                   Figure 1.  By-products from mango and ensiled mango by-products 
 
 
In vitro digestibility 
 In vitro digestibility of  DM (IVDMD), NDF (IVNDFD) and ADF (IVADFD) of mango peel, 
mango seed and mango peel silage was determined using ANCOMII Daisy Incubators (ANKOM 
Technology, Macedon, NY). Samples were ground (1mm) and incubated in buffered rumen fluid for 24 
h and 48 h. Rumen fluid was obtained from 2 fistulated native bulls before ad libitum feeding with 
guinea grass. The experimental design was Completely Randomised Design. 
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Apparent digestibility 
Four head of male native beef cattle at four years of age with average body weight of 236 + 

13.3 kg were randomly allocated to one of the four dietary treatments according to Latin Square 
Design. The treatments consisted of  (1) 90:10 ensiled mango peel + rice straw  (EMPR, 90:10), (2) 
85:10:5 ensiled mango peel + rice straw + Leucaena leaves  (EMPR+5%LL=85:10:5),  (3) 80:10:10 
ensiled mango peel + rice straw + Leucaena leaves (EMPR+10%LL= 80:10:10), and (4) 75:10:15 
ensiled mango peel + rice straw + Leucaena leaves (EMPR+15%LL= 75:10:15). The diets were fed to 
the animal twice daily at 2.0 % of the body weight (DM basis). Water and mineral blocks were freely 
available throughout the experimental periods. Total collection method was assigned for the 
determination of apparent total tract digestibility of nutrients. The experiment was conducted at Maejo 
University during July - October 2008.  

The experiment consisted of four periods with each digestibility period lasting 19 days and 
preliminary period taking place in the first 14 days while collection period was in the last 5 days. Feed 
intake was recorded daily throughout the entire experiment. Dietary DM intake was calculated on DM 
basis. Feed, feces and leftover feed were individually collected and used for the calculation of nutrient 
digestibility. Total digestible nutrients (TDN) were calculated using the equation: TDN = digestible CP 
+ digestible CF + digestible NFE + digestible EE  2.25 [7]. Gross energy of feed and feces was 
determined using an adiabatic bomb calorimetre (IKA calorimetre system C 5000). Digestible energy 
was then calculated. The data were analysed according to 4x4 Latin Square Design [8]. The significant 
differences between treatments were analysed based on Duncan’s new multiple range test [9]. 

 
 
Results and Discussion 
 
Composition 

The composition of ripe mango by-products are shown in Table 1. The dry matter content of 
mango peel was lower than that of mango seed. At present the price (0.20 Baht per kg) of mango by-
products may be economical as a source of roughage, even though their CP content is low. Crude 
protein content of mango peel in this experiment (4.68%) was lower than the value reported by Ojokoh 
(8.64%) [10], but higher than that reported by Naveen et al. (3.9%) [4] and Buwjoom and 
Maneewan.(3.18%) [11]. This might be due to differences in varieties, cultivation and method of by-
product collection. However, mango peel in this experiment was higher in CP and NFE (4.68 and 
76.13% of DM) but lower in CF and ADF (10.10 and 19.14 % of DM), when compared to mango seed. 
Mango seed was higher in GE and CF, mainly because the kernel is usually a good source of starch, fat 
and protein. This agreed with Elegbede et al [12] who reported that mango kernel was high in fat and 
starch (12.8 and 32.8% respectively). 
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         Table 1.  Composition of ripe mango by-products 
 

% of DM By-product DM 
(%) CP CF EE NFE NDF ADF 

GE 
(kcal/g DM) 

Mango peel 20.10 4.68 10.10 1.21 76.13 25.87 19.14 3,827 
Mango seed 23.88 4.19 30.84 2.72 47.79 53.01 31.20 4,070 
Ensiled mango peel  18.27 5.27 9.02 1.63 75.87 27.56 17.68 3,984 

 
Ensiled mango peel was highest in CP but lower in CF and ADF.  This might be due to the fact 

that during fermentation process carbohydrates including cellulose, pectin, lignocellulose, starch and 
sugar are broken down by microorganisms to produce microbial biomass, and therefore the fibre 
content decreased but CP content increased. Results from this experiment agreed with those of Ojokoh 
[10], who reported that fermentation of mango peel increased protein content of the fermented product 
while there was a decrease in fibre content. 
 
In vitro digestibility 
  Compared with mango seed, mango peel and mango peel silage were higher in IVDMD, 
IVNDFD and IVADFD at 24 h and 48 h (Tables 2-3). However, the in vitro digestibility of DM, ADF 
and NDF in mango seed suggests that it might be acceptable for feeding ruminants if it was ground, as 
performed for this laboratory analysis. The high NDF (53.01%, Table 1) of the hard outer shell is 
compensated by the highly digestible, high energy content inside the shell. Feeding trials are needed to 
determine if ground mango seed is acceptable as ruminant feed. Also, methods for separation of the 
seed shell from the kernel should be investigated. 
 
           Table 2.  In vitro DM and fibre digestibility (%) of mango by-products at 24 h  
 

Item IVDMD** IVNDFD** IVADFD* 
Mango peel                   69.28A ±  2.3 40.63B ±  1.8 37.88a ±  2.2 
Mango seed  55.77B ±  1.9 36.24C ±  1.6 30.14b ±  1.7 
Mango peel silage 74.11A ±  2.1 48.33A ±  2.1 40.17a ±  2.1 

           * Means with different superscripts significantly differ (P<0.05). 
           ** Means with different superscripts highly differ (P<0.01). 
 

           Table 3.  In vitro DM and fibre digestibility (%) of mango by-products at 48 h 
 

Item IVDMD** IVNDFD** IVADFD* 
Mango peel                   75.95B ±  3.2 48.51A ±  1.8 41.29a ±  1.6 
Mango seed  45.12C ±  2.1 40.27B ±  1.3 34.06b ±  1.1 
Mango peel silage 79.89A ±  1.4 52.71A ±  1.6 43.54a ±  1.4 

           * Means with different superscripts significantly differ (P<0.05). 
           ** Means with different superscripts highly differ (P<0.01).    
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Apparent digestibility  
From Table 4, it can be seen that increasing Leucaena leaves in the silage tended to increase 

DM, CP, EE, CF and GE but NFE tended to decrease with increasing Leucaena leaves in the silage. 
The positive effect of Leucaena leaves was due to the nutritive value of this legume, which is high in 
protein, DM and GE [13,14]. Furthermore, the physical characteristics of ensiled mango peel and rice 
straw with or without Leucaena leaves were good although their DM was slightly lower than the 
optimal range for good ensiling products. This should be due to the high moisture content in the peel as 
well as to its sugar being converted to lactic acid by lactic acid bacteria. The physical characteristics of 
rice straw were better after  the ensiling process. Its structure was softer with a light yellow colour and 
lactic acid odour from the fermentation process.  
 
          Table 4.  Composition of ensiled mango peel + rice straw with or without Leucaena leaves 
 

% of DM Item DM 
(%) CP CF EE NFE NDF ADF 

GE (kcal/g 
DM) 

EMPR(90:10:0) 18.76 4.91 29.25 1.96 55.49 46.22 31.28 3,632 
EMPR+LL(85:10:5) 19.24 5.97 32.19 2.49 49.62 52.64 33.54 3,733 
EMPR+LL(80:10:10) 20.42 6.88 33.16 2.68 48.74 52.88 35.43 3,818 
EMPR+LL(75:10:15) 21.65 8.47 34.22 2.91 45.26 53.23 36.36 3,869 

 
Table 5 shows that the values for the apparent digestibility of the nutrients (DM, OM, CP, CF, 

EE, NFE and ADF) in EMPR with different amounts of Leucaena leaves were higher than those in 
EMPR alone. The apparent digestibility figures for CP, CF and NFE were highly different (P<0.01) 
while those for EE, NDF and ADF were significantly different (P<0.05). No significant difference was 
found on the apparent digestibility of DM and OM (P>0.05). Supplementation of Leucaena leaves in 
the silage thus increased the apparent digestibility,  which agrees with results of Geerts et al. [15], who 
found that nutrient digestibility of the diet increased with increasing crude protein content but 
decreased with increasing fibre content.  

 
Table 5.  Apparent digestibility of ensiled mango peel + rice straw with or without Leucaena leaves 
 

                  EMPR EMPR 
+ 5%LL 

EMPR 
+10%LL 

EMPR 
+15%LL 

DM 53.84 ±  4.6 55.43  ±  2.3 59.04  ±  3.5 58.69  ±  2.8 
OM 56.81  ± 3.3 58.56  ±  2.1 61.30  ±  3.1 60.18  ±  3.4 
CP** 39.44C ± 2.0 45.18B ±  4.4 56.55A ±  5.1 54.32A ± 2.2 
CF** 41.64C ±  3.6 46.86B ±  3.2 50.41A ±  4.3 50.06A ± 2.9 
EE* 46.51b ± 2.2 52.10a ±  0.9 53.21a ±  4.5 53.36a ±  4.6 
NFE** 47.25C ± 3.5 58.15A ± 3.6 59.30A ±  1.8 54.67B ±  5.1 
NDF* 39.11b ±  3.5 44.47a ±  1.8 47.12a ±  4.4 43.32a ±  4.0 
ADF* 29.82c ± 4.3 37.37a ±  2.0 36.61a ±  5.3 34.04b ±  5.3 

         * Means with different superscripts significantly differ (P<0.05). 
         ** Means with different superscripts highly differ (P<0.01).  

Apparent   
digestibility,   
         %     Nutrient 
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Calculation of total digestible nutrients (TDN) from digestibility of nutrients  shows that EMPR 
with different percentages of Leucaena leaves had higher average values of TDN than that of EMPR 
alone (Table 6) and thus the former can be used as roughage source for ruminants especially in the dry 
season. The variation of DE of   the silages followed the same pattern as that of TDN. 
 
            Table 6. Total digestible nutrients (TDN) and digestible energy (DE) of ensiled mango peel +  
             rice straw (EMPR) with or without Leucaena leaves 
 

Item TDN (% DM) 
 

DE (Mcal / kg DM) 

EMPR 45.63 + 4.0 1.91 + 0.5 

EMPR + 5%LL 53.45 + 3.2 2.08 + 0.4 

EMPR + 10%LL 56.53 + 2.7 2.33 + 0.6 

EMPR + 15%LL 54.67 + 3.6 2.16 + 0.4 

 
 
 
Conclusions 
 
 Mango by-products (peel and seed) from canning plants are found to be low in CP and DM 
content, while mango peel silage is higher in CP but lower in CF and ADF than fresh mango peel. The 
digestibility of nutrients (DM, OM, CP, CF, NFE, NDF and ADF) of ensiled mango peel with rice 
straw increases with increasing admixture of Leucaena leaves. Calculation of TDN from digestibility of 
nutrients shows that ensiled mango peel with different levels of Leucaena leaves has a higher average 
value of TDN than silage without Leucaena leaves.  

In vitro digestibility shows that all forms of mango peel by-products can be used as cattle feed. 
Further study in cattle is needed to determine if ground mango seed is also acceptable as feed as in 
vitro results suggest. 
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Abstract: The cyanobacterium Spirulina platensis is an attractive source of valuable protein 
for both human and animal consumption. The conventional nitrogen source for S. platensis 
is nitrate. However, recent research has evaluated the potential of using animal waste as a 
low-cost nitrogen source. In this work, the cultivation of S. platensis was done using dry 
chicken manure (DCM), collected from a closed-system poultry house, as nitrogen source. 
The experiment was carried out in open concrete tanks with 100 litres of culture medium 
and an initial biomass concentration of 0.5 g/L. The culture media were prepared to test the 
effect of unsupplemented DCM, DCM supplemented with 2.0 mg/L of urea (DCM+U), 
and/or 40 mg/L of sodium bicarbonate (DCM+U+B or DCM+B). The best cellular growth 
and highest protein production were observed for S. platensis in the biomass harvested from 
the culture medium containing DCM supplemented with 2.0 mg/L of urea (DCM+U). 

Keywords:  Spirulina, chicken manure, urea, bicarbonate, nitrogen source  
 

Introduction 

        Egg-laying chicken production is the top farm commodity in many areas of Thailand. Poultry 
producers must periodically clean their poultry houses to promote the animals’ health and limit the 
build-up of wet manure [1]. It is well known that poultry manure can be used as an alternative source 
of fertiliser in fish ponds. It is economically beneficial to use chicken manure rather than chemical 
fertiliser, and this also reduces the environmental pollution of manure caused by inappropriate disposal 
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[2]. Many chicken producers have integrated poultry houses with fish ponds to grow fish using poultry 
litter (manure plus spilled feed) without additional cost. Unfortunately, after the crisis of bird flu the 
Thai government has promoted the closed-system poultry house and discouraged integrated farming 
with chickens above fish ponds.   

         One of the possible acceptable ways to utilise farm manure is in the production of microalgae. 
The cyanobacterium Spirulina platensis is an attractive source of valuable proteins for both human and 
animal consumption. The conventional nitrogen source for S. platensis is nitrate. However, recent 
research has evaluated the potential of using animal waste as a low-cost nitrogen source [3-5]. These 
studies were focused mainly on the production of Spirulina from swine manure and waste, and there is 
only limited information available on utilisation of poultry manure. More recently, Ungsethaphand et 
al.[6] has shown that dry chicken manure (DCM) can supply the necessary nutrients for the culture of  S. 
platensis. Costa et al. [7] reported that the addition of 1.125 mg/L of urea to Mangueira Lagoon water 
is beneficial to the growth of S. platensis. In the alkaline culture medium, urea is hydrolysed to 
ammonia, which can be toxic to microalgae in high concentration. However, urea addition by fed-
batch process makes it possible to replace KNO3 as nitrogen source in the culture media. On the other 
hand, the work on an industrial scale with addition of a constant  amount of urea should be simpler [8]. 
The use of urea as a cheap source of ammonia could then be an interesting alternative to the traditional 
nitrate-based S. platensis culture.  

      Binaghi et al. [9] reported that S. platensis is a filamentous cyanobacterium able to form large 
colonies in surface water containing a high level of carbonates and bicarbonates. Among the nutrients 
of cultivation media, the inorganic carbon source is primarily responsible for the alkaline condition and 
is preferentially assimilated by cyanobacteria in the form of bicarbonate [10]. A concentration of 
bicarbonate lower than 0.1 M decreases the growth rate of S. platensis [11].  

       The aim of this work is to study the production of S. platensis using DCM supplemented with 
urea and sodium bicarbonate by fed-batch addition. The chemical composition of the S. platensis 
biomass is also investigated. 

 
Materials and Methods 

Microorganism 
 Spirulina platensis was obtained from the Faculty of Fisheries Technology and Aquatic 
Resources, Maejo University. The culture was routinely maintained in modified Zarrouk liquid 
medium [12]. 
 
Culture medium 
 The culture medium used was 2.0 kg of dry egg-laying chicken manure (DCM) collected from 
a closed-system house. The manure was suspended in 100 L of aerated tap water for 7 days before 
being sieved through a 30-mesh Tylor net. Sodium metabisulfite (5 mg/L) was added to prevent 
microbial contamination. After 24 h, 8.5 g/L of  sodium bicarbonate was added before the beginning of 
the experiment. 
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Experiment 
 The addition of urea and sodium bicarbonate to the culture was done by a fed-batch process. 
The nutrients were added in an aqueous solution to replace daily water evaporation using the following 
protocol: 
 (i) DCM (control): tab water was added every 24 h; 
 (ii) DCM+U: urea (2.0 mg/L) was added every 24 h; 
 (iii) DCM+B: sodium bicarbonate (40 mg/L) was every 24 h; 
 (iv) DCM+U+B: urea (2.0 mg/L) and sodium bicarbonate (40 mg/L) were added every 24 h. 
 
Culture conditions 
 The experiment was carried out in open concrete tanks under daylight in a greenhouse and 
27.8-34.3 oC temperature range. The depth of the cultures was always 15 cm with 100 L of culture 
medium. Each culture was agitated by aeration at a flux of 20 L/h provided by a diaphragm pump. The 
initial pH was adjusted to 9.5 ± 0.2 with 6M NaOH. 
 
Inoculation 
 The inoculum was obtained by liquid culturing using a modified Zarrouk medium [12] at 32oC 
with initial pH of 9.2. Cultivation was done in 500-ml Erlenmeyer flasks subjected to a moderate 
mixing provided by a small air pump operating at a rate of 0.023 L/min and illuminated by fluorescent 
lamps (36 w) in cycle of 12 h of light and 12 h of darkness. After seven days, the culture reached it 
exponential phase and the cells were harvested by filtration through a 62-µm mesh and washed thrice 
with a 0.8% NaCl solution to completely remove sodium nitrate. The cells were resuspended in the 
modified Zarrouk medium without nitrate and used as inoculum (500 mg/L concentration).  
 
Analytical methods 
 The culture pH and temperature were monitored daily with a pH metre. Ammonia-nitrogen was 
determined by using standard phenate method described by APHA [13] and chlorophyll a was 
determined by measuring absorbances at 665 and 750 nm [13]. 

Biomass concentration was determined on alternate days by optical density (OD) determination 
at 560 nm (Hach instrument, Model DR2000) to produce a standard curve relating dry weight of S. 
platensis biomass to OD. This standard curve was subsequently used to determine the biomass of 
individual samples [14].  

The dry weight of biomass was determined by filtration of sample (25 ml) through Whatman 
filter paper No.4 after washing with 3.0 N acetic acid to eliminate salt precipitate. The biomass 
obtained was then washed twice with 0.8% saline solution and dried at 80oC for 4 h according to 
Olguin et al. [5].  

The chemical composition of the dried biomass was determined according to AOAC methods 
[15]. Crude protein was determined by micro Kjeldahl method; total lipid by Soxhlet solvent 
extraction; and ash by combustion at 550oC for 12 h.  
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Statistical analysis 
 One-way ANOVA was used to test the effect of the culture media. Tukey’s test was also 

applied to compare the means when a significance difference (p < 0.05) was detected by ANOVA. 
 

Results and Discussion 

The maximum cell concentration and chlorophyll a content were significantly different among 
treatments. The growth results (Tables 1-2) showed  highest cellular concentration, chlorophyll a 
content and protein content of S. platensis when DCM+U medium was used. The addition of 
bicarbonate (DCM+B) gave only a slight increase in biomass while in DCM+U+B (added urea and 
bicarbonate) medium, there was actually a decrease in biomass. These results agree with those of Costa 
et al. [7], who found that the addition of urea and bicarbonate in Mangueira Lagoon water caused a 
decrease of biomass of Spirulina. Urea utilisation as a nitrogen source provides an energetic gain due 
to its spontaneous hydrolysis in the alkaline medium to ammonia, which is easily assimilated by 
Spirulina [8]. Costa et al. [7] reported that the highest biomass values were obtained in the treatment 
with 1.125 mg/l of added urea without addition of sodium bicarbonate. Danesi et al. [8] has shown that 
the use of urea as nitrogen source in S. platensis cultivation causes an increase in the biomass 
production as well as chlorophyll content. The DCM+U medium thus seems to be more appropriate to 
S. platensis cultivation for high-protein biomass utilisation in food and feed [16]. 
 
     Table 1.  Results of the cultivation of S. platensis grown on different media containing DCM  
 

 DCM DCM+U DCM+B DCM+U+B 
Cells (mg/L dw) a 414.2±2.5 a 457.5±6.2 b 429.7±4.2 ab 409.7±2.9 a 

Time (days) b 18 20 18 18 
Chlorophyll a (mg/g)  3.02±0.04 a 3.33±0.08 b 3.07±0.07 ab 3.33±0.12 b 

          a Maximum cell concentration 
          b Time of achieving maximum cell concentration 
       Note:  Means ± se in row with  different superscripts are statistically different at  significant level of 0.05 when 
                  compared by Tukey’s test.   
 
 

     Table 2. Chemical composition (% dry weight) of S. platensis grown on different DCM media 
 

 DCM DCM+U DCM+B DCM+U+B 
Protein 35.55±2.26 a 53.32±2.24 b 37.84±1.59 a 52.23±0.83 b 

Lipid 4.86±0.99 4.53±0.20 2.64±0.50 3.92±1.07 
Carbohydrate 38.89±3.44 a 20.77±3.91 b 40.87±0.86 a 25.04±2.05 b 

Mineral 18.67±1.27 19.49±1.73 17.57±1.30 16.73±1.06 
Fibre 2.02±0.67 1.89±0.10 1.08±0.02 2.07±0.50 
Moisture 11.53±1.38 11.22±0.37 13.58±0.86 11.73±1.05 

Note: Means ± se in row with the different superscripts are statistically different at a significant level of 0.05 when 
compared by Tukey’s test. 
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Figure 1 shows an apparent relationship between biomass concentration and chlorophyll a 
content. This observation is in agreement with the results reported by Rangel-Yagui et al. [17] who 
also observed similar relationship between urea addition and the production of biomass with higher 
chlorophyll content. Piorreck et al. [18] reported lower concentration of chlorophyll obtained from 
cultivation carried out with limited nitrogen concentration. The shading effect [17] on the other hand 
may have contributed to a higher concentration of chlorophyll a observed in the biomass obtained from 
cultivation with higher added nitrogen at a fixed light intensity. This yields higher a cellular 
concentration, which can generate a higher chlorophyll a biosynthesis rate in order to increase the 
efficiency of photon capture and thus compensate for the reduction of light intensity for the cells not 
located at the surface [19]. 

The significantly higher protein content was observed in the biomass of DCM+U and 
DCM+U+B media (Table 2). The increase in  protein content was apparently due to the nitrogen level 
in the medium. Piorreck et al. [18] reported that increasing the nitrogen level in the nutrient medium 
leads to an increase in the biomass and protein content of Spirulina. Nitrogen is required for the 
synthesis of amino acids which make up proteins and other cellular components. Therefore, a lower 
urea concentration correspondingly gave a lower value of cellular proteins [20]. 

The lipid content was not significantly influenced by the different treatments (Table 2). 
According to Piorreck et al.[18], blue-green algae do not show any significant change in the percentage 
and composition of their lipids and fatty acids when grown at different concentrations of nitrogen. 
Danesi et al. [8] also verified that the lipid content in the S. platensis biomass is not influenced by the 
nitrogen source used. 
 According to Walach et al. [21], higher quantities of carbohydrates are synthesised when 
nitrogen availability is decreased while carbon availability is constant. These two factors together may 
explain the significantly higher production of carbohydrate in DCM and DCM+B treatments. Nitrogen 
deficiency has been found to stimulate the synthesis of all carbohydrate fractions (intracellular, 
capsular and soluble) in a cyanobacterium [22]. 

The temperature variation in this experiment (Figure 2) during the cultivation was close to the 
optimum range reported for S. platensis cultivation [8,23]. The pH change (Figure 3) did not show 
significant differences between the treatments. The cyanobacterium grew effectively in the medium 
leading to a progressive pH increase, in agreement with many authors [9,16,17]. This observation can 
be correlated with the carbon-source consumption. The bicarbonate ions, for example, are assimilated 
by the cyanobacteria and subsequently converted into carbon dioxide and carbonate. The carbon 
dioxide is utilised in photosynthesis and the carbonate  is excreted into the medium. The increase in the 
pH of the system is due to the shift of the bicarbonate-carbonate equilibrium towards the carbonate 
[17]. No external contamination was detected, most likely because of the high alkalinity of the culture 
medium. 
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Figure 1.  Profiles of biomass concentration (a) and chlorophyll a content (b) during the cultivation of S. 
platensis grown in different DCM media  
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Figure 2. Temperature variation during the 
cultivation of S. platensis grown on different 
DCM media  
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Figure 3. pH of culture during the cultivation of 
S. platensis grown on different DCM media 

 
 
Conclusions 

The fed-batch cultivation of S. platensis is feasible using dry chicken manure (2.0 kg/100 L) in 
the culture medium supplemented with urea (2.0 mg/L). This culture medium resulted in the best 
cellular growth and highest protein content. The potential of reducing production cost with the medium 
in a large-scale cultivation is also apparent. 
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Abstract:  Job’s tears ice cream recipe was developed by varying proportions of Job’s tears, 
sucrose, salt and coconut milk.   Product positioning mapping was used to identify the 
sensory attributes that were drivers of preference, which appeared to be sweetness, 
smoothness, richness, and coconut milk and Job's-tears flavours of the product.  Cluster 
analysis was used to differentiate consumers by their preference direction.  Nutritional 
composition, antioxidant capacity and total phenolic content of the final product were also 
determined.   

Key words:  Job’s-tears, ice cream, antioxidant capacity, product positioning map,                
cluster analysis 

 

Introduction  

Ice cream is a frozen product made from a combination of dairy products and one or more of the 
following ingredients: eggs, sugar, dextrose, corn syrup and honey, with or without flavouring and 
colouring, and with or without edible gelatin or vegetable stabiliser, and in the manufacture of which 
freezing has been accomplished by agitation of the ingredients [1].  The body and texture of ice cream is 
affected by many factors such as fat content, milk solid not fat content, type and relative amount of 
sweetening agent, total solid content, type and amount of stabiliser, temperature history of the 
ingredients, heat treatment of the mixture, temperature and pressure of homogenisation, rate of freezing 
and hardening, amount of overrun, and temperature fluctuation during storage and delivery [2].  The 
quantity of ingredients, including fat, milk solid not fat, sweeteners, stabilisers, and emulsifiers, is used 
for general classification of ice cream and related products [1, 3-5]. In many countries non-dairy fat is 
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not permitted in ice cream and products made with non-dairy fat must be described by an alternative 
name. European Community countries permit the use of non-dairy fat but they apply the term “dairy” 
ice cream where all the fat is milk fat [4].  

 In Thailand, commercial ice cream products are now legally controlled by Ministry of Public Health 
Announcements Issue 222 (2001) and 257 (2002), which classify products into 5 categories, viz. dairy 
ice cream, modified fat ice cream, mixed ice cream, ice cream in liquid or dried or powder forms, and 
sweet and cold ice cream from non-dairy products [6-7].   Ice cream produced from non-dairy products 
is easily available in both commercialised and home-made styles. Coconut milk, obtained by squeezing 
coconut flesh that has been soaked in water, is a well-known raw material used for replacing dairy 
products in ice cream production [8].   Ice cream made from other liquid foods has been developed such 
as soy milk ice cream, brown rice ice cream [9-10] and fruit ice cream [11].     

Job's-tears (Coix lacryma-jobi) is a kind of cereal used for both food [12-13] and Chinese and Indian 
medicine [14-16], although it is not widely consumed in Thailand.  The potential to develop Job’s-tears-
based ice cream has been investigated by us [17].  Thus, this work is aimed to develop Job’s-tears-based 
ice cream recipe which is accepted by the consumers as well as potentially healthful. 

 
Materials and Methods  

Ingredients 
All ingredients used were commercial products.   These were Job’s-tears (Rai Tip brand), sucrose 

(Mitr Phol brand), salt (Prung Thip brand), coconut milk (Chaokoh brand) and glucose syrup (5 Star 
Elephant brand). 
  
Study on optimal Job’s-tears content 

Job’s-tears seeds were washed, soaked in water for 2 hours, boiled for 40 minutes and blended with 
water in a ratio of 1:2 (boiled seeds:water) by means of a blender.  The blended mixture contained 13-
15 % (w/w) of initial total solid (dry weight), which was subsequently adjusted by water addition to 
four concentrations, i.e. 6, 8, 10 and 12 % (w/w), used for preparing ice cream. Coconut milk, glucose 
syrup, sucrose and salt at 50, 32, 12 and 0.8 % (w/w) respectively of each diluted mixture were added. 
The concoction was mixed with the blender and heated at 80 C for 15 min, then cooled rapidly and 
stored overnight in the refrigerator. It was made into ice cream by means of a compressor ice cream 
maker (JCS Technic Line Co., Ltd.).  The ice cream was packed and kept in the freezer at least 1 week 
before testing.    
 
Study on concentration of sucrose and salt  

The concentration of sucrose in the ice cream was varied at 12 and 20 % of the blended Job’s-tears 
mixture while that of salt was varied at 0.4 and 0.8 %. 
 
Study on quantity of coconut milk  

The coconut milk quantity in the ice cream was varied at 50, 55, 60 and 65 % of the blended Job’s-
tears mixture. 
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Sensory property measurement 
One hundred consumers were requested to evaluate the sensory attributes of the products, viz. 

hardness, sweetness, saltiness, Job’s-tears flavour, coconut milk flavour, richness, smoothness and 
aftertaste, together with their overall preference on each product by scoring each item on a scale of 1 to 
10 (least to most). 

      
Chemical analysis of the final product 

Nutritional data, antioxidant capacity and total phenolic content of the final product were 
determined.   Moisture, protein, fat, ash and crude fibre content were determined in accordance with 
AOAC methods [18], and carbohydrate content was calculated by subtraction. Antioxidant capacity was 
evaluated by 3 different methods, namely  ferric reducing/antioxidative power (FRAP) assay [19], 
improved ABTS radical cation decolorisation assay [20] and DPPH free radical scavenging activity 
[21].  Total phenolic content was analysed by Folin-Ciocalteau micro method [22].     

For the analysis of antioxidant capacity and total phenolic content, 2 grams of sample was added 
with 10 ml of 57% ethanol. The extraction was done by using a vortex mixer for 60 s.   The mixture 
was filtered by Whatman No 1 filter paper and the filtrate was used as the extract sample. 

Briefly of FRAP assay, 6 ml of working FRAP reagent (0.1 M acetate buffer:0.02 M FeCl3:0.01 M 
TPTZ = 10:1:1) prepared daily was mixed with 20 l of the extract sample.  The absorbance at 593 nm 
was recorded after a 30-min incubation at 37 °C.   

For ABTS assay, the ABTS+ was produced by reacting 7 mM ABTS stock solution with 2.45 mM 
postassium persulphate (final concentration) and allowing the mixture to stand in the dark at room 
temperature for 12-16 hours before use.    The ABTS+ solution was diluted with deionised water and 95 
% ethanol (1:1) to an absorbance of 0.70 (+ 0.02) at 734 nm.  Twenty l of the extract sample was 
mixed with 6 ml of the diluted ABTS+ solution.  The decrease of absorbance was recorded at 1 min 
after mixing.    

In the case of DPPH assay, 400 l of the extract sample was diluted to 5.4 ml using deionised water 
and 95 % ethanol (1:1) before 0.6 ml of 0.8 mM DPPH solution was added and the mixture shaken 
vigorously.    The decrease of absorbance was recorded at 1 min after mixing.    Vitamin C (0-40 µg) 
were used as standard, and results were reported as mg vitamin C equivalent per 100 grams of product. 

To determine total phenolic content, 60 l of the extract sample was diluted with deionised water to 
4.8 ml before 300 l of Folin-Ciocalteau reagent was added with shaking.  After that, 900 l of 20% 
sodium carbonate was added with mixing.   The mixture was left at 40° C for 30 min before reading of 
the absorbance at 765 nm.  Gallic acid (0-50 µg) was used as standard and results were reported as mg 
gallic acid equivalent per 100 grams of product. 

 
Statistical analysis 

Sensory-attribute rating scores of products in each step were reduced by principal component 
analysis (PCA) and its result was used to create the product positioning map for identifying sensory 
attributes that were drivers of preference.   Overall preference data were analysed by cluster analysis to 
find out the different directions of consumer preference.   Analysis of variance and Duncan’s new 
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multiple range test were applied to differentiate products by consumer preference.   All statistical 
analysis was done by SPSS 16.0 Family. 

Results and Discussion 

Study on optimal Job’s-tears content 
Sensory attributes of ice cream produced from Job’s-tears at 6, 8, 10, and 12 % are reduced to 3 

principal components (PCs) with 52.1% variance explained (Figure 1). Product positioning maps 
created from 3 PCs show that products with more Job’s-tears total solid were harder and stronger in 
Job’s-tears flavour and aftertaste while those with less total solid were smoother. In addition, 
smoothness, richness, coconut milk flavour, sweetness and saltiness can be considered as drivers of 
preference for this step because their vectors are in the same direction of the overall preference vector, 
especially for smoothness (Figure 1). The smoothness of ice cream is not only due to ingredients but 
also to the process used in the manufacture [1]. Fats, sweeteners and stabilisers are ingredients 
influencing the texture of ice cream [2,4,5]. Temperature and pressure of homogenisation should be 
optimised while freezing and hardening processes have to be very rapid to provide small ice crystals and 
a smooth body of ice cream [2,3,5]. However, only used ingredients were studied to improve product 
acceptance in this experiment. The amounts of sugar, salt and coconut milk therefore were varied in 
further steps.  

From 100 consumers, the mean overall preference scores of products with 6 and 8 % Job’s-tears 
were significantly higher than those with 10 and 12 %. However, cluster analysis result show two 
different directions of consumer preference. Sixty consumers preferred the product with 8 % Job’s- 
tears while forty preferred that with 12 % (Table 1). Thus, the former composition of Job’s-tears was 
selected for producing the ice cream in the next step.  

Table 1.  Overall preference scores (mean + standard deviation) of ice cream produced from                      
6, 8, 10, and 12 % Job’s-tears 

Content of Job's tears 
total solid Whole consumer Consumer group 1 Consumer group 2 

 (n = 100) (n1 = 60) (n2 = 40) 

  6 % Total solid    5.31a + 2.13 5.65b + 1.99 4.80b + 2.25 

  8 % Total solid   5.59a + 2.13 6.58a + 1.79 4.10b + 1.69 

10 % Total solid  4.34b + 2.07 3.89c + 1.94 5.03b + 2.10 

12 % Total solid  4.66b + 2.02 3.62c + 1.57 6.20a + 1.59 

Note : Means with different letters in the same column were significantly different (p<0.05). 
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Figure 1.   Product positioning maps of ice cream produced from 6, 8, 10 and 12 % Job’s tears 
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Study on concentration of sucrose and salt  
Sucrose and salt were studied together because both of them affect the taste of the products.  

Sensory attributes from sucrose and salt were reduced to 3 PCs with 55.0 % variance explained.  From 
their product positioning maps (Figure 2), the sweetness of products with 12 and 20 % sucrose was 
reduced by increasing the quantity of salt, while the saltiness of products with 0.8% salt was also 
reduced by the amount of sucrose added.  This interaction is a physiological factor called suppression 
[23].  Drivers of product preference in this step seem to be smoothness, richness, coconut milk flavour 
and sweetness because their vectors are in the same direction of the overall preference vector.   In this 
step, saltiness was not the driver of preference anymore because saltiness perception was suppressed by 
sweetness, and sweetness is one of the desired tastes for ice cream [5].  

The mean overall preference scores from 100 consumers show that the products with 20%  sucrose 
were preferred to the ones with 12 % sucrose (Table 2).  However, different directions of consumer 
preference were found by cluster analysis.  Sixty-five consumers preferred sweet products (20% sucrose 
+ 0.4% salt > 20% sucrose + 0.8% salt > 12% sucrose + 0.4% salt > 12% sucrose + 0.8% salt), while 
35 consumers preferred salty products (20% sucrose + 0.8% salt  12% sucrose + 0.8% salt  12% 
sucrose + 0.4% salt > 20% sucrose + 0.4% salt).  Therefore, 20% sucrose and 0.4% salt were selected 
for producing Job’s-tears ice cream in the next step. 

 
Table 2.    Overall preference scores (mean + standard deviation) of ice cream produced from 12 and 

20 % sucrose and 0.4 and 0.8 % salt 

Sugar and salt concentration 
of product Whole consumer Consumer group 1 Consumer group 2 

 (n = 100) (n1 = 65) (n2 = 35) 

12 % Sucrose + 0.4 % Salt 4.85b + 2.27 4.86c + 2.15 4.83b + 2.51 

12 % Sucrose + 0.8 % Salt 4.58b + 2.21 4.31d + 2.19 5.09ab + 2.23 

20 % Sucrose + 0.4 % Salt 5.90a + 2.33 7.13a + 1.68 3.63c + 1.52 

20 % Sucrose + 0.8 % Salt 5.61a + 2.18 5.49b + 2.16 5.83a + 2.23 

Note :   Means with different letters in the same column were significantly different (p<0.05). 
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Figure 2.  Product positioning maps of ice cream produced from 12 and 20% sucrose and 0.4 and 0.8%   
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Study on quantity of coconut milk  
Sensory attributes of products with different quantities of coconut milk were reduced to 2 PCs with 

43.2 % variance explained.    The product positioning map (Figure 3) shows that products with high 
coconut milk quantity were richer, sweeter, smoother and stronger in coconut milk and Job’s-tears 
flavours.  Drivers of preference of products in this step seem to be smoothness, richness, coconut milk 
flavour, sweetness and Job’s-tears flavour because their vectors are in the same direction of the overall 
preference vector.  The mean overall preference scores of products from 100 consumers in this step are 
not significantly different (p>0.05), but cluster analysis could separate 100 consumers into two different 
groups (Table 3).  Sixty-nine from 100 consumers preferred the product with 50% coconut milk while 
the rest preferred products with 60-65% coconut milk.    This result agrees with the previous work [17] 
which found that only 36 from 100 consumers wanted more coconut milk in Job’s-tears ice cream.     
Therefore, the product with 50% coconut milk was selected as the final product in this study.   

 
 

 

 
            Figure 3.   Product positioning map of ice cream with 50, 55, 60 and 65 % coconut milk 
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Table 3.   Overall preference scores (mean + standard deviation) of ice cream with different quantities 
of coconut milk 

Quantity of coconut milk in 
product Whole consumer ns Consumer group 1 Consumer group 2 

 (n = 100) (n1 = 69) (n2 = 31) 

50% Coconut milk 5.59 + 2.14 6.52a + 1.63 3.52c + 1.64 

55% Coconut milk 5.05 + 2.13 4.67b + 2.11 4.71b + 2.03 

60% Coconut milk 4.97 + 2.05 5.09b + 2.06 5.90a + 1.97 

65% Coconut milk 5.07 + 2.05 4.70b + 2.05 5.91a + 1.82 

Note :   Means with different letters in the same column were significantly different (p<0.05).                               
             ns  Means in this column were not significantly different (p>0.05).                       
 

Chemical analysis of the final product 
     Nutritional data, antioxidant capacity and total phenolic content of the final product were shown in 
Table 4.     Job’s-tears ice cream in this study was higher in carbohydrate and crude fibre, but lower in 
protein, fat and ash compared to the regular ice cream reported by Nutrition Division [24].  However, 
its antioxidant capacity was very high.  In this study, the antioxidant capacity of 100 grams of Job’s-
tears ice cream was equivalent to at least 47.12 mg of vitamin C, one of the antioxidant vitamins which 
participate in physiological, biochemical and cellular processes that inactivate free radicals or prevent 
free radical-initiated chemical reactions [25].   The antioxidant capacity of Job’s-tears is due to six 
phenolic compounds, namely coniferyl alcohol, syringic acid, ferulic acid, syringaresinol, 4-
ketopinoresinol, and mayuenolide [26].   The lowest antioxidant capacity value determined in this study 
(47.12 mg vitamin C equivalent/100 grams) is more than 75% of the daily value of vitamin C (about 60 
mg) [27].   This information points to a very high antioxidant potential of Job’s-tears ice cream.  
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Table 4.   Nutritional data, antioxidant capacity and total phenolic content (mean + standard deviation) 
of   Job’s-tears ice cream 

 Wet basis Dry basis 

Moisture (%w/w) 67.66 + 0.36 - 

Protein (%w/w) 1.00 ± 0.06 3.09 + 0.17 

Fat (%w/w) 0.48 ± 0.12 1.49 + 0.38 

Ash (%w/w) 0.34 ± 0.01 1.05 + 0.03 

Carbohydrate (%w/w) 30.52 ± 0.56 94.37 + 0.39 

Crude fibre (%w/w) 0.04 ± 0.01 0.10 ± 0.01 

Antioxidant capacity  

     FRAP (mg vitamin C equivalent per 100 grams of product) 47.12 + 2.63 145.70 + 8.13 

     ABTS (mg vitamin C equivalent per 100 grams of product) 228.54 +  20.48 706.68 + 63.32 

     DPPH (mg vitamin C equivalent per 100 grams of product) 251.38 + 8.61 775.30 + 26.62 

Total phenolic content                                                                               
(mg gallic acid equivalent per 100 grams of product) 

9.06 + 0.07 28.01 + 0.22 

  

Conclusions   

The developed Job’s-tears ice cream recipe was preferred by 69% of the consumers.  It consists of a 
mix containing 8% (w/w) Job’s-tears total solid with added sucrose (20% of the mix), salt (0.4% of the 
mix) and coconut milk (50% of the mix), together with glucose syrup (32% of the mix).   It is therefore 
composed of 4.0, 45.4, 9.9, 0.2, 24.7, and 15.8 % (w/w) of Job’s tears total solid, water, sucrose, salt, 
coconut milk, and glucose syrup respectively.   The resulting product may be rather high in 
carbohydrate and low in protein and fat. However, it is very high in antioxidant capacity and therefore 
potentially healthful.  
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Abstract: The sinter grade of the Nigerian Itakpe iron ore that assayed 63.63% Fe and 6.62% total acid 
gangue was subjected to both wet low-intensity magnetic separation (LIMS) and wet high-intensity 
magnetic separation (WHIMS) to upgrade it to Midrex-grade super-concentrate. Chemical analysis 
conducted on the super-concentrate samples from LIMS and WHIMS gave Fe content of 67.59% and 
68.70%, and lower acid gangue of 1.55% and 3.22% respectively. However, screen distribution 
analysis results showed that the cumulative fractions passing 45-m sieve were 0.88% and 0.38% for 
LIMS and WHIMS super-concentrates respectively. These results indicate that the Fe and acid content 
determined for both LIMS and WHIMS meets the requirement for a Midrex-grade super-concentrate, 
while the fractions of the concentrate passing 45-m sieve are below the 30% upper limit for 
transportation to the reduction plant. 
 

Key words:  Itakpe iron ore, magnetic separation, Midrex-grade concentrate 
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Introduction 

Itakpe iron ore deposit, with an estimated reserve of about 200 million ton, was found in 1977. 
The deposit is embedded in the Itakpe Hill near Okene in the north-central Kogi State of Nigeria. The 
deposit extends approximately 3,000 m in length and includes about 25 layers of ferruginous quartzite. 
From a tectonic point of view, the Itakpe deposit is confined to the southern limb of a large Itakpe-
Ajabanoko anticline with enclosing rocks and conformable ore layers striking sub-latitudinally and 
slightly bending to the north and dipping southward at angles ranging from 40 to 80 with local minor-
fold complications. The deposit contains a mixture of magnetite and hematite with ratio varying 
throughout the deposit. The ore consists of coarse, medium and fine grained particles. The fine ores are 
located mainly in the eastern part of the deposit and in thin layers, while the coarse and medium ores 
are relatively mixed. However, the coarse ore predominates in the north and west of the central layers 
while the medium one does in the centre of the central layers. The average iron content of the ore 
deposit was determined to be approximately 35% [1].  

The world production of direct reduced iron (DRI) has increased from 1 million ton in 1970 to 
40 million ton currently. The Midrex process has accounted for over 60% of the annual worldwide DRI 
production [2]. Steelmaking slag contains calcium oxide, magnesium oxide, silica, alumina and other 
compounds in smaller concentrations. Pure silica has a very high viscosity, but the addition of other 
metal oxides, except alumina, reduces the viscosity. The preferred characteristic for DRI grade pellets 
is typically 67% (minimum) Fe and 3.0% (maximum) silica + alumina + titanium oxide [3]. 

A major determining factor in establishing an iron and steel plant is the availability of an iron 
ore deposit that can be economically upgraded for the intended processing route. The Itakpe iron ore 
deposit has been earmarked by the Federal Government of Nigeria to supply iron ore concentrate and 
super-concentrate for the blast furnace process at Ajaokuta and the Midrex-based direct iron reduction 
plant at Delta steel plant, Ovwian-Aladja respectively. The gravity concentration route currently 
installed at the National Iron Ore Mining Company (NIOMCO), Okene, was designed to produce iron 
ore concentrate for the Ajaokuta steel plant while the froth flotation route that requires imported 
chemical reagents was proposed to produce super-concentrate for Ovwian-Aladja. The aim of this 
research work is to investigate the possibility of using magnetic separation method to produce a 
Midrex-grade iron ore super-concentrate for use at the Delta steel plant. 
  

Materials and Methods 

Material  
The sinter-grade concentrate was supplied for this work by the National Iron Ore Mining 

Company (NIOMCO), Itakpe, Kogi State of Nigeria. The concentrate was air-dried and representative 
samples were taken for grain-size distribution analysis and chemical composition analysis. 
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Grain size distribution analysis  

The sinter-grade iron ore, the feed and the magnetic concentrate were subjected to screen 
distribution analysis by a set of sieves. A stack of sieves with 100 g of the ore charged on the topmost 
sieve was clamped on the sieve shaker and shaken for 20 minutes. The weight retained on each sieve 
was then recorded. 
 
Chemical composition analysis 

 The ore was subjected to chemical analysis. The iron (%Fe), alumina (%Al2O3) and silica 
(%SiO2) content of the ore were determined by classical wet analysis as outlined by the National 
Metallurgical Development Centre [4]. 
 
Magnetic separation 

The sinter-grade concentrate was first run through a  wet low-intensity magnetic separator of 
250 kg/hr capacity (manufactured by Boxmag-Rapid) to remove the ferro-magnetic material leaving a 
combination of gangue and para-magnetic material, which were directed to a wet high-intensity 
magnetic separator P40 of 250 kg/hr capacity (manufactured by Humboldt-Wedag, Germany) operating 
at 10,250 gauss for the separation of the para-magnetic material from the tailings. The concentrates of 
the wet low-intensity magnetic separation (LIMS) and the wet high-intensity magnetic separation 
(WHIMS) were combined to form the magnetic super-concentrate. The mass balance was done by 
taking samples with pulp-density cans at some points in the process line (Figure 3) and working out the 
corresponding weight % at each point. 
 

Results and Discussion 

The results obtained on the grain-size distribution and chemical composition analyses are 
presented in Tables 1-2 and 3-4 respectively, while the curves for the particle size distribution and the 
mass balance for the process are presented in Figures 1, 2 and 3. 

From Tables 1-2, particle size distribution analyses gave, for sinter grade concentrate, LIMS 
super-concentrate and WHIMS super-concentrate: 62.67%, 63.22% and 57.43% passing 355-m sieve 
size; 27.38%, 26.83% and 22.86% passing 180-m sieve size; 2.12%, 2.79% and 1.54% passing 63-m 
sieve size; and 0.65%, 0.88% and 0.38 passing 45-m sieve size respectively. The highest undersizes 
of 63.22%, 2.79% and 0.88% (a total of 66.89% in the lower sieve range) on 355-m, 63-m and 45-
m sieves respectively were determined for LIMS as against 57.43%, 0.65% and 0.38% (a total of 
58.46% in the lower sieve range) for WHIMS. The screen distribution results suggest that the LIMS 
super-concentrate consists generally of finer grain in comparison with the WHIMS super-concentrate.  

Table 2 shows the sieve analyses for the super-concentrate produced from LIMS and WHIMS. 
It can be seen from the table that the 45-m size materials consist of 0.88% and 0.38% of LIMS and 



 
Maejo Int. J. Sci. Technol. 2009, 3(03), 400-407 
 

403 

WHIMS super-concentrates respectively. The results therefore show that the magnetic separation 
process is very effective for the production of super-concentrates from Itakpe iron ore. The fractions of 
the concentrates that passed the 45-m sieve for both LIMS and WHIMS were very much lower than 
the upper limit of 30% required for the Middrex-grade super-concentrate used to produce pellets for 
direct reduction [5]. The plots of log % cumulative undersize against log sieve aperture size for LIMS and 
WHIMS in Figures 1 and 2 respectively are almost linear. The pattern of the curves obtained conforms to 
expectation [6].   
 
Table 1.  Grain-size distribution of Itakpe iron ore sinter grade concentrate 
 

Sieve size   
(μm) 

Weight % retained  
on sieve 

Cumulative% 
undersize 

Cumulative%  
oversize 

    -710 
-500+355 

            11.13 
            11.81 

88.87 
77.06 

11.13 
22.94 

-355+250             14.39 62.67 37.33 
-250+180              18.50 44.17 55.83 
-180+125              16.79 27.38 72.62 
-125+90              13.00 14.38 85.62 
-90+63               8.04 6.34 93.66 
-63+45               4.22 2.12 97.88 
-45               2.00 0.65 99.35 

        Note : -  indicates sieve aperture undersize; +  indicates sieve aperture oversize. 
 
    Table 2.  Grain size distribution of Itakpe iron ore sinter and magnetic concentrates 
 

Sieve  
size   
(μm) 

Log 
sieve 
 aperture 

LIMS super- 
concentrate  
cumulative 
undersize (%) 

Log  % LIMS 
super- 
concentrate  
cumulative 
undersize  

WHIMS 
super- 
concentrate 
 cumulative 
undersize (%) 

Log % WHIMS 
super- 
concentrate 
 cumulative 
undersize  

-500+355 
-355+250 

2.70 
2.55 

          78.53 
          63.22 

1.90 
1.80 

      nd 
      57.43    

- 
1.76 

-250+180 2.40           44.18 1.65       38.76 1.59 
-180+125 2.26           26.83 1.43       22.86 1.36 
-125+90 2.10           15.01    1.18       11.88   1.08 
-90+63 1.95           7.37       0.87       5.19 0.72 
-63+45 1.80           2.79 0.45        1.54 0.19 
-45 1.65           0.88 -0.06        0.38  -0.42 

    Note :  nd = not determined 
             -  indicates sieve aperture undersize; + indicates sieve aperture oversize. 
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            Table 3.  Chemical analysis results for Itakpe sinter concentrates at various size fractions 
 

                     Sieve fraction  Parameter 
(%) 

Itakpe  
sinter  
grade  - 180m  - 500m+180m          +500m 

Fe 
SiO2 

63.63 
5.90 

     56.27 
      10.36 

            64.23 
            5.03            

             66.88 
             1.98        

Al2O3 0.72       0.61             0.76              1.00     
SiO2+Al2O3 6.62       10.97             5.79               2.98   

 
 
        Table 4.  Chemical analysis results for super-concentrates produced by magnetic separation 
 

Parameter (%) Itakpe sinter grade LIMS super- 
concentrate 

WHIMS super-
concentrate 

Fe 63.63 67.59 68.70 
SiO2 
Al2O3 

5.90 
0.72 

 0.90 
0.65 

2.44 
0.78 

SiO2+Al2O3 6.62 1.55 3.22 
 
 
 
 

 
            Figure 1.  Plot of log % cumulative undersize against log sieve aperture size for LIMS 
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        Figure 2.  Plot of log % cumulative undersize against log sieve aperture size for WHIMS 
 
 

The mass balance chart in Figure 3 shows that Itakpe sinter feed with 77% fractions passing 
through the 500-m sieve was fed to the wet low intensity magnetic separator, which produced a 
ferromagnetic super-concentrate and a second product consisting of paramagnetics and gangue. The 
super-concentrate assayed 67.59% with the weight and iron recovery of 13.20% and 14.40% 
respectively, while the paramagnetic assayed 62.83% with the weight and iron recovery of 86.80% and 
85.60% respectively. The WHIMS super-concentrate obtained from the paramagnetic assayed 68.70% 
with the weight and iron recovery of 78.73% and 84.91% respectively. These results show that the 
WHIMS concentrate had the highest iron content and recovery, while the paramagnetic yield of the 
Boxmag-Rapid wet low-intensity magnetic separation gave the lowest iron content. In general, the 
results indicate that the magnetic method successfully upgraded  Itakpe iron ore to a super-concentrate 
grade [6]. 

Chemical analysis revealed iron content of 66.88%, 64.23% and 56.27% for +500m, -500 
m+180m and -180m sieve fractions of sinter-grade iron ore respectively (Table 3). The average 
iron content determined for the sinter-grade ore was 63.63% (Table 4).  The iron content of 66.88% and 
64.23% for the coarse-size fractions of +500m and -500m+180m exceeded the average iron 
content of 63.63%. However, the 56.27% iron content determined for the -180 m fraction was lower 
than the average iron content. This suggests that the coarse fractions of the Itakpe sinter-grade ore were 
richer in iron than the fine-size fractions, and that such concentration method as gravity separation may 
be more economical in upgrading the Itakpe sinter-grade concentrate to a super-concentrate. The iron 
content determined for all the size fractions, except the -180m one, was higher than the 63.22% 
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present in the concentrate in use at the China Anshan iron and steel company. In addition, it exceeded 
the standard specification of 63% for use at the Ajaokuta steel plant blast furnace.  

The determined acid oxides in term of silica and alumina were 2.98%, 5.79% and 10.97% for 
+500m, -500m+180m and -180m sinter-grade iron ore fractions respectively (Table 3), the 
average acid oxide content being 6.62% (Table 4). The acid content thus seemed to increase with 
decreasing sieve size, the coarser fraction of the sinter-grade concentrate containing less acid gangue 
than the finer fraction. The acid gangue content determined for all the size fractions as well as the 
representative sample was observed to exceed the upper limit of 3.0% for Midrex direct reduction 
process [6]. For some other standards, the total acid oxides include titanium oxide [3]. These analysis 
results indicate that Itakpe concentrate needs to be further upgraded to be useable in the Midrex direct 
reduction process. 

 
 
 
                    Itakpe Sinter Grade Concentrate – as received 
             (77% - 500 μm) 
 
 
 
                                              
 
                                LIMS      
 
 
 
 
 
 
 
                                                                WHIMS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       Figure 3.  Mass balance for the production of Itakpe super-concentrates by magnetic separation. 
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 13.2   67.59      14.00 
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 78.73  68.70      84.91  0.01  60.60      0.01  8.06  5.5      0.70 
Middlings  
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Recovery 

Fe %  
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 The chemical analysis result also indicated the content of iron and acid oxide at 67.59% and 
1.55% respectively for LIMS super-concentrate, and at 68.70%, 3.22% respectively for WHIMS super-
concentrate. This indicates that the magnetic concentrates satisfied the iron content (66-66.8%) 
required for the Midrex process while the acid oxide content (1.55-3.22%) fell below the upper limit of 
3.5% for the Midrex process. Thus, LIMS and WHIMS Itakpe iron ore super-concentrates obtained met 
the chemical composition requirements for Midrex direct reduction. 
 
Conclusions 
 
 The sinter grade of the Nigerian Itakpe iron ore that assayed 63.63% iron and 6.62% total acid 
gangue was successfully upgraded to super-concentrates by low intensity magnetic separation and wet 
high intensity magnetic separation with higher iron content of 67.59% and 68.70%, and lower acid 
gangue of 1.55% and 3.22% respectively. These figures meet the requirements for a Midrex-grade 
super-concentrate while the percentage of fractions of the concentrates passing through the 45-m 
sieve fell below the upper limit of 30%. This should minimise dust loss during transport to the direct 
reduction plant. 
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Abstract:  Flexible manufacturing systems (FMS) play an important role in industrial automation. 
They belong to a class of systems known as discrete event systems (DES) representing varying events 
with time. The modeling and control of such systems poses a challenge of handling uncertainties in 
resources and sequences for optimization. Presently the tools used for modeling such systems 
including Petri nets are constrained in the face of uncertainties in the system. A modified approach 
using new fuzzy logic formalism in Petri nets is proposed in this paper as a solution to overcome the 
problem. The utility of this formulation is that apart from the validity, it is adaptable to practical 
implementation in sequence controllers normally employed in FMS.  
 
Keywords:  flexible manufacturing system (FMS), fuzzy Petri nets, programmable logic controllers     
                    (PLC)     
 

Introduction 
 

The behaviour mapping of systems has undergone rapid change with advances in technology. 
The representation has become digital with state description of the behaviour. This manifestation is 
called discrete event systems (DES), exhibiting properties such as non-determinism, conflict and 
parallelism [1-3]. Supervisory control theory (SCT) [4-5] is chosen as a modeling paradigm and 
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programmable logic controllers (PLC) [6-8] as an implementation tool for DES. This work investigates 
the use of fuzzy Petri nets in supervisory control and suggests a modified and improved version called 
fuzzy automation Petri net (FAPN) as a modeling tool. It presents a systematic approach to the 
synthesis of fuzzy-Petri-net-based supervisor for the forbidden state problem using supervisory design 
procedure. The controlled model of the system can be constructed from this FAPN net structure. The 
implementation uses the flexible manufacturing system (FMS) as an example of DES. The results can 
be interpreted and applied to high level manufacturing systems, where the role of the supervisor is to 
coordinate the control of multiple machines, or to low-level manufacturing systems where the control 
function is to switch on/off with respect to the dynamics between different valves.   

 
 

Description of an FMS 
 

The FMS shown in Figure 1 represents a packaging process that can be controlled by a 
programmable logic controller. In this application the objective is to control the speed of two 
conveyors which are used for packaging products. The strategy is to optimize the speed of a motor 
driven belt conveyor so that productivity in terms of packaging is achieved. 

 

 
Figure 1.  Schematic picture of the FMS considered for operation 

 
Products are carried at irregular intervals in both the right conveyor (CR) and left conveyor 

(CL). The speeds of both conveyors are controllable. The processes in the conveyors CR and CL are 
identical and are as follows. Both conveyors are started together and the system will wait for a signal 
from either the sensor in CR (designated as SR) or the sensor in the CL (designated as SL).  Suppose SR 
(a box is detected on conveyor R) occurs (if not it will check for left conveyor), the hopper feed 
conveyor is moved towards right (HCR). Now if the box has arrived at the box detector of the right 
conveyor DR (DR occurs), the hopper valve is opened (VI). The valve remains open for a time T and 
then it is closed (V0). The conveyors are again started and the flow starts. In the case that the box is 
detected first at conveyor L (SL occurs), the same sequence is followed at the left conveyor. The most 
important thing to note here is that in the time interval A1 (i.e. the interval between the instant SR 
occurs and DR occurs), a control action needs to be such that both CR and CL are controlled. The same 
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procedure is true for the other cycle. This system represents a typical conveyor system of a process of 
the manufacturing system. 

 
Controller Synthesis using the Inhibitor Arc Method 
  

Fuzzy automation Petri net (FAPN) is a variant of automation Petri net (APN) in the work of 
Greene [9] and Uzam [10], and is used to capture the uncontrolled behaviour of the system. The 
representation of the system using FAPN is as in Figure 2. This is derived as a result of literature 
review [11-14]. There are fifteen places, P = {p0, p2… p14}, and ten transitions, T = {t1, t2… t10}, with 
firing conditions defined as: χ1=I0.0, χ2=I0.0 (same on/off switch for both conveyors for simultaneous 
operation), χ3 = I0.1, χ4 = I0.2, χ5 = I0.3, χ6 = I0.4, χ7 = I0.5 and χ8 = I0.6, associated with them for the 
first eight transitions respectively. The last two of the transitions are defined by timers. If there is a 
token in p0, then the conveyor is said to be in on status. If in transition, the token is passed to p2 then 
the left conveyor is in off status. Similarly, the presence of token in places p1 and p3 define the on and 
off status respectively of the right conveyor. A token in the place of p4 or p5 indicates the presence of 
box sensed at the entry of either the left or the right conveyor as can be seen in Figure 2.  . A token in 
place of p9 or p10 indicates the running of the hopper feed conveyor (HFC) towards the left or right of 
the conveyor as in Figure 2. The hopper feed valve (HFV) status is indicated by places p11 and p12.  

The initial conditions for the system are the conveyors (CL and CR) switched off, the HFC idle, 
the HFV closed and the buffer of CL and CR full. Conveyors CL and CR can be started with a start 
switch. Whenever a box is detected at the entry of either conveyor, the hopper feed conveyor if ready 
should start moving towards that particular conveyor. In the case that the hopper feed conveyor is 
already engaged, it should wait till the operation gets completed. The box travels to the filling station 
where it gets filled through the hopper and then finally gets dispatched.  

The reachability diagram for the system can be considered in two phases. The first one is said 
to be an uncontrolled FAPN model where the flow of events is unregulated and is shown in Figure 3. 
There are 57 arcs representing the firing of transitions in the uncontrolled model and there are 19 
nodes, M = {M0,M1…M18}, representing all possible markings reachable from the initial marking M0. 
The events χ ={χ1, χ2…χ8} represents the firing of the corresponding transitions T ={t1, t2 … t10}. All 
time delays associated with the transitions are implied although not indicated. “Bad states” in a 
reachability diagram will happen under two circumstances: (i) the states are not reached as per 
specifications identified as forbidden-state specifications, and (ii) the states are in conflict with the 
constraints of the system parameters. Initially, the system specifications are considered for defining the 
“bad states”. Such system specifications are called forbidden-state specifications and are denoted as 
follows:  

(i) The boxes should not leave the conveyor without getting filled. 
(ii) The hopper feed conveyor should not respond to transition without completing the current 

operation. 
(iii)The hopper feed conveyor should not run till the conveyor in which the box is detected is 

stopped. 
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Figure 2.  FAPN model of a flexible manufacturing system (FMS)  

 
To identify the system with respect to its specifications, all of these specifications are 

considered. In addition, the constraints imposed on the system due to operating/working conditions are 
also considered. The states which do not agree to any of these specifications are eliminated in the 
reachability diagram. When a state is removed, the transitions that lead to it become redundant and 
lose their meaning. Consequently all the transitions leading to/from “bad states” are also eliminated. 
For example, let us consider a case of M14=[2,3,6,7,8,12]. Here all the conveyors are in the idle state. 
This indicates that all the conveyors are idle simultaneously inferring that no useful work is done in the 
system. This must be prevented from happening although it is not against specifications per se. Thus, 
apart from  M0, the states M9,  M10,  M11  and  M14 in  which  all  the  conveyors  become  idle are to be  
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Figure 3.  Reachability diagram of the FAPN model 

 
removed from the reachability diagram. This includes all transitions terminating and originating from 
the individual states. In addition, there is a state called M16, which when reached in the system does not 
lead anywhere. This is because there is no transition that originates at M16. Therefore, it should be 
made sure that M16 does not occur. If M16 is to be removed, then as a natural extension, M13 is also to 
be removed. Similarly, for states M2 and M3, there are no input transitions. They cannot happen in the 
flow of the system. The final diagram makes sure that for all defined states, there is a sequence which 
will be followed to complete the operation. By following the above sequences, the following 
objectives will be achieved:  

1. If there is no sign of machine starving or blocking, then keep the production surplus close to 
zero. In other words, produce at a rate more or less equal to demand.  

2. If an undesirable event (upstream or downstream buffer full or empty) is about to occur, then 
ignore surplus levels and try to prevent starting or blocking by increasing or decreasing the 
production rate accordingly.  
 

 
Results and Discussion 
 

The implementation was with a prototype conveyor system in the PC Instrumentation 
Laboratory of Manipal Institute of Technology, Manipal, India. A Siemens PLC (CPU 226) was used 
to control the process and Step 7 Version 4.0 was used as the software interface for the PLC. If all 
possible states in the system are to be considered, there will be an exponential increase in the 
reachability diagram resulting in state space explosion problem. The effects of the state explosion 
problem on the conventional methods are twofold. The first one is that the computation of the 
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supervisor becomes very difficult as the system becomes bigger. The second effect is that the bigger 
the system is, the bigger is the number of places and transitions required as the supervisors. However, 
this problem was overcome by the inclusion of the system modeling using FAPN. The representations 
of states became linguistic in nature and hence eliminated the exact number replica of states in a 
system. In addition, the supervisors obtained were correct by construction. For implementation, the 
supervisors obtained were converted into ladder logic diagrams (LLD) to be implemented on any PLC. 
The design was based on the premise that the DES considered are controllable and observable and the 
result can be extended into a wide array of DES. The summary of all the approaches are presented in 
Table 1. The applications of these methods could range into different types of DES exhibiting unique 
characteristics of uncertainty, vagueness and imprecision. Thus, all modern systems classified into the 
domain of DES can be included as systems of interest for implementation. 

 
    Table 1.  Performance review of methods for FMS 
 

 Ladder logic 
method [15] 

Inhibitor arc 
method [15] 

Enabling arc 
method [15] 

Fuzzy automation 
petri net method 

Number of places 
used 

NA 14 14 12 

Number of 
transitions used 

NA 14 14 10 

Number of LLD 
rungs proposed 

15 Infinite Infinite 140 

 
 
Conclusions 
 

A formal design of fuzzy-Petri-net-based complied supervisors for DES control problem and 
their efficient implementation are a challenging problem. In this paper, a flexible manufacturing 
system was used to illustrate the applicability, strengths and drawbacks of the design techniques using 
fuzzy Petri nets. It is proved by experimentation that application of fuzzy in modelling and 
programming for discrete event systems is useful in handling uncertainties. Since the derivation of the 
formalism is generic in nature, it can be applied to a wide distribution of DES. In addition, the problem 
of state space explosion is eliminated by using fuzzy automation Petri nets (FAPN). The design was 
based on the premise that the DES considered are controllable and observable and the result can be 
extended into a wide array of DES. 
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Abstract: The intrinsic viscosity of chitosan (MW 7.9 x 105 g mol-1) having a high degree of 
deacetylation and solubilised in aqueous formic and acetic acids was determined at room 
temperature. Contact angle and conductivity of the chitosan solutions were also studied. The values 
of critical coagulation concentration (CCC) were then obtained from the plots of contact angle or 
conductivity versus concentration. 
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Introduction 

   Chitosan is an amino-sugar-containing polysaccharide usually obtained by alkaline 
deacetylation of chitin from crab and shrimp shells [1-2]. This fibril biopolymer is composed 
of  -(14)-2-amino-2-deoxy-D-glucopyranose units (glucosamine units). It is a non-toxic, 
biocompatible and biodegradable polymer [3-4]. It has been widely used in diverse fields ranging 
from waste management to food processing, medicine and biotechnology [5-11]. 
   The physical [12], chemical [13] and biological [14-15] properties of chitin and chitosan 
depend mainly on two parameters:  degree of deacetylation (DD) and molecular weight 
distribution, both of which are affected by the source of chitin and the method of preparation. The 
DD also plays a significant role in affecting the molecular weight of chitosan. A lower DD leads to 
a higher molecular weight. Chitosan is very difficult to dissolve in water, alkaline solutions or 
common organic solvents. This is due to the formation of intermolecular hydrogen bonds of its 
molecules. However, it is soluble to some extent in dilute aqueous acid solutions. This is mainly 



 
Maejo Int. J. Sci. Technol.  2009, 3(03), 415-425 
 

416 

due to the presence of amino groups in its molecular structure which get protonated in the aqueous 
acid solution rendering it soluble [16]. Thus, in the preparation of a solution of chitosan, an aqueous 
organic acid is always used as solubilising agent. The level of solubility of chitosan in dilute acids 
depends on its molecular weight and DD.  

Viscosity is an important factor in the conventional determination of molecular weight of 
chitosan and its commercial applications. Chitosan viscosity is found to decrease with increased 
time of the demineralisation step in its preparation [17]. Bough et al. [18] found that in the 
treatment of chitin to make chitosan, deproteinisation with 3% NaOH and elimination of the 
demineralisation step decrease the viscosity of the final chitosan product. No et al. [19] 
demonstrated that chitosan viscosity is considerably affected by physical treatments (grinding, 
heating, autoclaving, ultrasonicating, but not freezing) and chemical treatments (e.g. ozone), 
wherein it decreases with an increase in treatment time and temperature. Kim et al. [20] noted a 
sharp decrease in chitosan viscosity in some organic acid solutions (40-60% in one day). However, 
the viscosity of chitosan solution stored at 4oC was found to be relatively stable [19]. No et al. [21] 
reported a decrease in the viscosity of chitosan (1% chitosan in 1% acetic and/or lactic acid 
solution) with increased storage time and temperature. The decrease in viscosity recorded over time 
was related to the partial degradation of chitosan by the organic acid solutions. However, reports 
that relate the viscosity of chitosan to the type of solubilising organic acid solution are barely found 
in the literature [16]. 

A number of reports are found in the literature regarding conductivity studies of chitosan 
solutions [22-24], although this is not the case for the contact angle of chitosan solutions. Instead, 
reports are easily available for contact angles of liquids on films of pure chitosan or chitosan 
associated with other polymers [25-28].        

It has been demonstrated that the type of acid used as a solvent of chitosan has an effect on 
the properties of chitosan [29-32]. This makes it necessary to understand the behaviour of the 
chitosan solution before using this polymer. The present work therefore reports on the investigation 
of the viscosity, contact angle and conductivity chitosan solubilised in dilute aqueous solutions of 
two organic acids (formic acid and acetic acid). A study of such kind is very essential before further 
exploring the compatibility of chitosan with other polymers in order to obtain blends for making 
films for various applications. 
 

Materials and methods 

Materials  

   Shrimp-derived chitosan sample with DD > 95% (defined by UV method [33]) was 
purchased from the chitin-chitosan laboratory at National University of Malaysia. Organic acids, 
viz. formic acid (98-100%, from Scharlau) and acetic acid (99.5%, from R & M Chemicals) were 
used as received. Distilled water was used to prepare all solutions. Freshly prepared solutions were 
used in all experiments.  
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Preparation of acid solutions of chitosan 

   A stock solution of chitosan was prepared by adding chitosan (0.1 g)  to 100 mL of each 
acid solution (0.1 M) and heating the mixture at 40-50oC with continuous stirring for 24 h. Each 
one of the solubilised solutions (0.1g/100mL) was then diluted to the desired concentration.  
 

Methods 

The molecular weight of chitosan was determined by gel permeation chromatography 
equipped with a Waters 1515 HPLC pump and a 2414 Refractive index detector. The column used 
was PL Aquagel-OH 30 (8 μm, 300 × 7.5 mm) and the solvent used was 1% acetic acid. The 
chromatograph was calibrated with polystyrene standards. 
   Viscosity measurements were conducted using a Ubbelohde-type viscometer (Fisher, 
Germany). The viscometer was connected to a visco-clock (Schott Visco clock) to record the time 
of solution passing through the two marks of the viscometer automatically. Every value recorded 
was an average of 4 measurements.  
   The relative viscosity, r , for a diluted polymer solution can be calculated from:        

oo
r t

t





     

where   and o  are the viscosities of polymer solution and the pure solvent respectively, t  is the 
outflow time of the polymer solution and  ot is the outflow time for the pure solvent. 
  The specific viscosity, sp , was given by the relative increment in the viscosity of the 

polymer solution to the viscosity of the solvent as follows: 

sp = 
o

o


 )(  = r 1  

  The reduced viscosity (viscosity number), red , is the specific viscosity per unit 
concentrationC  and was given by: 

red = 
C

sp
= 

C
r )1(            

The intrinsic viscosity,   , can be determined from the reduced viscosity ( red ), which 

equals 
C

sp
, or from the inherent viscosity, inh, which equals

C
rln , by extrapolation to zero 

concentration [34]. To obtain an accurate value of the intrinsic viscosity of the chitosan solution, 

therefore, its average extrapolated value to C = 0 from the linear graphs of 
C

rln   and 
C

sp
versus 

concentration was taken. 
The contact angle of the chitosan solution was measured using the contact angle measuring 

system G40 (Krüss gmbh., Hamburg, Germany) at room temperature. The measurement was done 
on microscope slides (25.4×76.2 mm, 1-1.2 mm thick). Each slide was cleaned before use by 
soaking in ethanol overnight. The average contact angle of both sides of the drop was taken into 
consideration. The average value of contact angle of water on the slide was 42o. Sample volume 
used was 1 μL and the measurement time was 1.5 minutes. 
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Conductivity measurements were carried out using the Orion Model 105 conductivity 
metre. The actual conductivity reading was obtained by multiplying the observed conductance 
reading by the cell constant (K), which was equal to 1.0 cm-1 in this case. Calibration was done 
with standard potassium chloride solution. The equivalent conductivity is defined as: 

 
                                                       k (ohm-1m-1)   
                   (ohm-1 m2 kg-1) =                              
                                                        C (kg m-3)                                                                                 

where  is equivalent conductivity, k is conductivity and C is concentration. 

 
Results and Discussion 

Determination of molecular weight 

       The molecular weight of chitosan used in this work was found to be 7.9 x 105 g mol-1. This 
value was somewhat higher than some of those reported in the literature. For example, it was higher 
than that reported by Ladet et al. (5.5 105 g mol-1) [35]. This is acceptable, however, since the 
molecular weight of chitosan depends on  such factors as source of raw material and method of 
preparation. 
 

Determination of viscosity  

      Figures 1 and 2 show the plots of 
C

rln  and 
C

sp
 versus concentration for chitosan in the 

solubilising aqueous formic acid and acetic acid respectively. The two values of    were obtained 
by linearly extrapolating the two graphs to C = 0 (Y-intercept). The data of intrinsic viscosity 
obtained are presented in Table 1, together with the values of coefficients k1and k’1, which were 
calculated from the slopes of the graphs. As can be seen, chitosan solubilised in acetic acid records 
a higher value of intrinsic viscosity.  However, this value is lower than that in propionic acid 
reported by us earlier [36]. This behaviour may be related to the acid strength of the solubilising 
acid and the molecular volume of the solvated anion of chitosan.  
      It can also be observed that the intrinsic viscosity of chitosan in formic or acetic acid 
increased with the increase in the concentration of chitosan solution__a normal viscosity behaviour, 
in contrast to that determined in propionic acid [36]. Similar normal behaviour in the apparent 
viscosity of chitosan in aqueous organic acids was reported for pH varied between 2-5 [37]. Values 
of the coefficients k1 and k’1 were also found to be in agreement with those reported in the literature 
[38,39]. 
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             Figure 1.  
C

rln  (solid line) and 
C

sp
 (dash line) of chitosan in formic acid solution versus  

                             concentration 
 
 
 

 

     Figure 2.  
C

rln   (solid line) and 
C

sp
 (dash line) of chitosan in acetic acid solution versus  

                       Concentration 
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                 Table 1.  Values of    (cm3 g-1x 102), k1 and k’1for chitosan in different solvents   
                

Viscosity 
parameter 

Formic acid Acetic acid Propionic acid* 

   (mean ± SD)     6.723 ± 0.294 28.213 ± 0.360 37.679 ± 0.340 
k1 0.032 0.702 x 10-3 0.785 x 10-3 
k’1 0.041 1.558 x 10-3 0.487 x 10-3  

                                   * Quoted from previous study [36] for comparison 
 

Determination of contact angle  

      The average of contact angle is plotted as a function of concentration (Figures 3-4). Increase 
in the contact angle (decreas in cos ) with increasing concentration of the solution may be linked 
to the departure from pure water (decrease in wettability) as the ratio of chitosan to water increases. 
However, a critical coagulation concentration (CCC) is reached, beyond which the contact angle 
becomes more or less independent of concentration [36,40]. The values of the CCC are about 
9.510-5 and 710-5 g L-1 for chitosan in formic acid and acetic acid solutions respectively. These 
values are similar to that already reported for chitosan in propionic acid solution (4.5×10-5 g L-1) 
[36]. 
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         Figure  3.  Contact angle of chitosan in 0.02 M formic acid solution versus concentration 
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Figure 4.  Contact angle of chitosan in 0.02 M acetic acid solution versus concentration 

 
 
Determination of conductivity  
 
      Figures 5-6 show the correlation between equivalent conductivity and concentration. 
Equivalent conductivity decreases rapidly with increasing concentration until a CCC is reached, 
beyond which it decreases very gradually (almost constant)[36,41]. This behaviour is thought to be 
due to the decrease in ionic mobility of the polymer as concentration increases. Aggregation may 
have also occurred although probably not significantly. From this profile, the CCC values estimated 
(by noting a pronounced discontinuity in the curve) are 110-5 and 410-5 g L-1 for chitosan in 
0.02 M formic acid and 0.02 M acetic acid respectively.  
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              Figure 5.  Equivalent conductivity of chitosan in 0.02 M formic acid solution versus 
          concentration 
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             Figure 6.  Equivalent conductivity of chitosan in 0.02 M acetic acid solution versus  
                              concentration 
 
 
Conclusions 

      The intrinsic viscosity of chitosan with a molecular weight of 7.9 x 105 g mol-1 was 6.723 ± 
0.294 and 28.213 ± 0.360 cm3 g-1  in aqueous formic and acetic acids respectively. Contact angle of 
the chitosan solutions was found to increase initially with increase of the chitosan concentration up 
to a critical coagulation concentration (9.510-5 and 710-5 g L-1 in 0.02 M formic and acetic acids 
respectively). Conductivity of the chitosan solutions was found to decrease initially rapidly with 
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increase of the chitosan concentration up to a critical coagulation concentration (110-5 and 410-5 
g L-1 in 0.02 M formic acid and acetic acids respectively).  
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Abstract: A numerical method is presented for solving variational problems. The solution of an 
ordinary differential equation which arises from a variational problem is solved using the method. 
The solution is presented in the form of a fast convergent infinite series,  the components of which 
are easily evaluated. Numerical examples are presented and results compared with exact solutions 
to show efficiency and accuracy. 
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Introduction 
 

In several problems arising in mathematics, mechanics, geometry, mathematical physics, 
other branches of science and even economics, it is necessary to minimise or maximise a certain 
functional. Because of the important role of this class of problems, considerable attention has been 
given to them. These problems are called variational problems [1, 2, 3]. 

The simplest form of a variational problem is given as:  
                                             (1) 

 
where V is the functional for which we need an extremum. To find the extremum of V, the 
boundary  points of the admissible curve are of the following forms: 
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                                                                 (2)          

                   
Several popular methods have been applied to solve variational problems. One of the most 

popular methods is the direct method, in which the variational problem is regarded as a limiting 
case of a finite number of variables. The direct method of Ritz and Galerkin has been applied  for 
this class of problems [4, 1]. A piecewise constant solution was obtained  using the Walsh series 
method [1]. Some orthogonal polynomials have been used to obtain continuous solutions of 
variational problems. The work of Hwang and Shih [2 ] is an example of this method. The Fourier 
series are applied by Razzaghi and Razzaghi [3] to obtain continuous solutions of variational 
problems. Taylor series are used  for the same purpose [5, 3]. The necessary condition for the 
solution of equation (1) is to satisfy the Euler-Lagrange equation: 

 
                             (3) 

 
with the boundary conditions (2). If the solution of the Euler-Lagrange equation satisfies the 
boundary bonditions, it is unique, and this  unique extremal will be the solution of the given 
variational problem [4]. Therefore, another approach for solving the problem (1) is to find the 
solution of the ordinary differential equation (3) which satisfies the boundary conditions (2). The 
general form of the variational problem given by equation (1) is  

 
             (4) 

with the given boundary conditions for all functions: 
 

             (5)            
 

 
The Euler-Lagrange equation (3) then takes the form of a system of second order differential 
equations: 

                                                       (6)                                                             
with boundary conditions given by equation (5). 
 When the functional are dependent on higher-order derivatives, the variational problem is 
defined as:  

                                                                        
with the boundary conditions given as:  

 
        (8) 

 
 
The function y(x) which extremises the functional given by equation  (7) must then satisfy the 
Euler-Poisson equation: 

                                                                           

 

(7) 

(9) 
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Equation (9) with boundary conditions (8) forms a 2n-point boundary value problem, and its 
solution extremises (7). 

In the present work, we find the solution of variational problems by applying an iterative 
decomposition method. The method being presented is useful for solving problems which can be 
written in the form: 

                                                                                                                            
where y is unknown, P is a non-linear operator and f is a given function. Equations of the form (10) 
occur in a wide variety of problems in the applied sciences. The proposed method searches for a 
solution in the form of a series, by decomposing the non-linear operator into a series, the terms of 
which are calculated recursively. 
 
Iterative Decomposition Method 
 

Consider the Euler-Lagrange equation (3). For the completion of the iterative 
decomposition, we can write equation (3) as:  
 

                                 (11) 

for , where  is the second-order derivative operator, N is a nonlinear operator 

which contains differential operators of order less than two, and f is a given function. Suppose the 
inverse operator L-1 exists and can be taken as the two-fold definite integral of the following form:  

                                                  (12) 
 
Applying the inverse operator L-1 to both sides of (11) , we have  
 

            (13) 
 
Thus, we have  
 

                                                                                      
Thus, by the decomposition procedure, we construct the unknown function y(x) as the sum 

of the components of a decomposition series. The equation (14) is of the form:  
 

             (15) 
 
where c is a constant and K denotes the nonlinear term on the RHS of (14). 

It is convenient to find the solution of (15) in series form as:  
 

                          (16) 
 
We decompose the nonlinear operator K as: 

                                                                            
 
From equations (16) and (17), equation (15) is equivalent to  

(10) 

(14) 

(17) 
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We then define the following iterative scheme: 

      

 
 

    .  
    .                                                                                
    . 

           (19) 
 
Substituting the components   yi of (19) in (16) gives the solution of the equation. 
 
 
Numerical Experiments 
 

We now apply the decomposition method discussed in the previous section to solving some 
variational problems and then compare the solutions with the known exact solution of each 
problem. 
 
Example 1  
 

We consider the variational problem:  
 

                                                 (20) 
 
which satisfies the conditions: 
 

                                                                 
The exact solution of this problem is . 
The corresponding Euler-Poisson equation is:  
 

                                                                                (22)  
We can put equation (22) in operator form as: 
  

                                                                                         (23) 
 
where     

Applying the iterative decomposition method, we have 
 

                                                                                                 
where  A = y ( 0 ) and  B = y’( 0 ). 
 
 

(18) 

(21) 

(24) 
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Then  

 

 

 

                                                                                              (25) 

 

 
   
Summing the terms of equations (25) gives 
 

  
Applying the boundary conditions (21) to equation 26, we obtain the values of the constants:  
 

  
Then y(x) is approximated as:  
 

               (27) 
 

Table 1 gives the approximate values of y(x) for some points in the interval 0  and 

compares the approximate solution with the exact solution at those points. The very small errors 
generated by our decomposition approximation can be observed. Errors of less than 10E-10 are 
written as zero. In fact better accuracy is possible if more terms of the approximation series are 
taken. Recall that for the current problem, only five terms of the series have been taken to generate 
our approximate solution. 

 
 
 
 

             (26) 
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Table 1.  Approximate values by iterative decomposition method (IDM) vs. exact values of y(x) in 
Example 1 
 

  y 

x 

 
Exact 

IDM 
Approximate 

 

Error 

0 1.000000000 1.000000000 0.000000000 

 
0.98768834 0.98768834 5.95E-10 

 
0.951056516 0.951056515 1.295E-09 

 
0.891006524 0.891006524 1.88E-10 

 
0.809016994 0.809016994 3.75E-10 

 
0.707106781 0.707106781 1.86E-10 

 
0.587785252 0.587785252 2.93E-10 

 
0.453990499 0.453990499 7.37E-10 

 
0.309016994 0.309016994 3.71E-10 

 
0.156434465 0.156434465 3.60E-11 

 
0.000000000 -4.73732750E-09 4.74E-09 

 
 
Example 2  
 

Consider the variational problem [6 ]: 
 

             (28) 
 
with given boundary conditions: 
 

                                                              (29) 

The corresponding Euler-Lagrange equation is found to be:  
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                                                                     (30) 
with the same boundary conditions as (29). 

The exact solution of this problem is  .   Using the operator form of (28), we have  
 

                                          (31) 
Thus, 
 

                     (32) 
Using the previous decomposition procedure,  
 

                                                                          
Then, 

 

 

 

 
 
and so on. Then the four-term approximation of y(x) is given as: 
 

 
 
To evaluate the constant A, we impose the boundary condition at x=1 on the approximate 

solution (34). Then we obtain A= 3.00003101.    The approximation is then given as:  
 

 
 

Table 2 gives a comparison of the exact solution with approximation of the solution at 
points  x . From this example it is obvious that the decomposition algorithm can be considered 
an efficient  method. A better approximation to the solution of the problem may be achieved by 
taking more components of  y(x), as shown in example 1. 

 
 
 
 
 
 
 

                     (34) 

                       (35) 

(33) 
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Table 2.  Approximate values by iterative decomposition method (IDM) vs. exact values of y(x) in 
Example 2 
 

 x Exact IDM 
Approximate 

Error 
 

0.0 1.000000000 0.999999999 1.000000E-09 
0.1 1.349858808 1.349861914 3.106000E-06 
0.2 1.8221188 1.822120252 1.451610E-06 
0.3 2.459603111 2.459612688 9.576590E-06 
0.4 3.320116923 3.32013064 1.371726E-05 
0.5 4.48168907 4.481709836 2.076566E-05 
0.6 6.049647464 4.049683533 3.606826E-05 
0.7 8.166169913 8.166241 7.108743E-05 
0.8 11.02317638 11.02332391 1.475294E-04 
0.9 14.87973172 14.88003464 3.029109E-04 
1.0 20.08553692 20.08613453 5.976101E-04 

 
 
Conclusions 
 

The iterative decomposition algorithm is used for the solution of the ordinary differential 
equations which arise from variational problems. It is noteworthy that this method does not require 
the discretisation of the variables .The implementation of the method is straightforward, requiring 
no restrictive assumptions or linearisation techniques.  
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Abstract: Sucrose penetration and browning reactions in longan aril during osmotic 
dehydration at various temperatures were examined by measurement of total soluble solid 
and colour parameter (b*) of longan aril.  Mathematical modelling and Arrhenius equation 
were used to express the changes during the process and the effect of temperature 
respectively.     Parabola models (Y = a0 + a1X + a2X2) were fitted to the set of total soluble 
solid data where a0 is the initial total soluble solid and X is the soaking time, because the rate 
of increase in total soluble solid of longan aril during osmotic dehydration was high in the 
initial period and gradually decreased until the system reached equilibrium.  Linear models (Y 
= a0 + a1X) were fitted to the set of b* values where a0 is the initial value and X is the 
soaking time.  Mathematical equations were created for predicting response values at any 
temperature ranging from 30 to 90 C, but the predicted values were slightly lower than the 
experimental ones. 

Keywords:  longan, sucrose penetration, browning reactions, osmotic dehydration, 
mathematical modelling, Arrhenius equation 

 

Introduction  

Longan (Dimocarpus longan (Lour.) Steud), commonly called Dragon’s-eye in English and 
Lamyai in Thai, is reported to have originated in north-eastern India, Burma or south China in Yunan 
province [1].   In Thailand, it is generally grown in Chiang Mai and Lamphun provinces.  Many cultivars 
including Daw, See Chompoo, Haew, Biew Kiew, Dang Klom and Bai Dam are grown [1-3], but Daw 
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is the major cultivar which is grown for food processing supply.  Approximately 30% of all produce is 
used for fresh consumption in the whole country, 20% for export, 40% for dried longan production, and 
10% for longan canning process [4].    Longan fruits are brownish, globose to ovoid, and 1.5-2.5 cm in 
diameter. The skin is thin without protuberances.  The aril is white, translucent and sweet with a mild 
aromatic spiciness [1].   The nutritional composition of a 100 g edible portion of longan consists of 71 
calories, 81.0 g moisture, 15.6 g carbohydrate, 1.0 g protein, 1.4 g fat, 0.3 g crude fibre, 0.03 mg 
vitamin B1, 0.14 mg vitamin B2, 0.3 mg niacin, 56 mg vitamin C, 23 mg calcium, 36 mg phosphorus 
and 0.4 mg iron [5]. 

Due to the surplus of longan produce, a number of processes for preserving longan have been 
developed [6-7].   Osmotic dehydration by soaking the fruit flesh in a concentrated sugar solution is a 
common process used for fruit preservation.   Mass transfer during osmotic dehydration can be divided 
into two periods, viz. an initial period with a high rate of water removal and solute penetration, 
followed by a period with a decreasing rate of water removal and solute penetration [8].  The 
temperature of the process can affect the rate of mass transfer [8] and such reactions as browning 
reactions [9-10].    To understand the effect of temperature on mass transfer and browning reactions 
during osmotic dehydration, the knowledge of thermodynamics and kinetics is required.  
Thermodynamics explains the driving force, the energy and entropy changes and the direction of 
reaction, while kinetics expresses the speed at which a reaction proceeds.  Basically, mathematical 
models are used to determine the change and speed of reaction, while Arrhenius equation is used to 
show how the reaction speed is affected by temperature as well as to derive the activation energy of 
reactions [11].    

This work aims to express the effect of temperature on sucrose penetration and browning 
reactions during osmotic dehydration of longan aril by using mathematical modelling and Arrhenius 
equation to explain the changes of total soluble solid and b* colour parameter of samples.   

 
 

Materials and Methods  

Osmotic dehydration 
Logan aril (Daw) was purchased from a local fruit canning company. It was blanched in boiling 

water for 1 min before soaking in 70Brix sucrose solution (longan aril:sucrose solution = 1:1) at room 
temperature (30+5 C) for 24 hours. The whole process was repeated at 50, 60, 70, 80 and 90 C.   
Total soluble solid (in Brix) and colour parameter b* of longan aril were recorded before soaking and 
then every 4 hours.  Total soluble solid was measured by a set of portable refractometers (Models FG 
103/113, FG 104/114 and FG 106/116: Beijing Zhongjin Tech Metallurgical Equipment Corp., China), 
and colour parameter b* was measured by a JUKI Tri-stimulus colorimetre, Model JC801 (Colour 
Techno System Corp., Japan).   

  

Data analysis and modelling 
The experiment at each temperature was done in triplicate. Means of total soluble solid and b* 

values were obtained from seven measurements.   Mathematical models were applied to describe the 
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changes of recorded data at each temperature and the speed of changes was calculated.   The constant 
(pre-exponential factor or frequency factor) and the activation energy (Ea) of each change in the 
Arrhenius equation were determined and used to create mathematical models for predicting values of 
total soluble solid and b* at any temperature ranging from 30 to 90 C.   The linear regression between 
predicted and experimental values was done to compare their values.  

 

Results and Discussion 

Sucrose penetration 
The increase in total soluble solid in longan aril expresses the penetration of sucrose from the 

concentrated sucrose solution.    The gain in total soluble solid of longan aril, the initial value before 
immersion in the sugar solution being at 17.4+0.5Brix, is shown in Figure 1.     Parabola models, Y = 
a0 + a1X + a2X2, where a0 is initial total soluble solid of longan aril, a1 is initial  rate of increase, a2 is 
acceleration and X is soaking time, can fit this phenomena.  The rate of increase in total soluble solid 
could be estimated from the first-order differential equation of the parabola model [11]: dY/dX = dY/dt 
= a1 + 2a2X.   The rates of increase in total soluble solid were high at the initial period and gradually 
decreased until they became the small plus or minus values (Table 1) when the water activity of both the 
sucrose solution and the product reached equilibrium [8]. 

From the Arrhenius equation: k = Ae-Ea/RT, the constant (A) and the activation energy (Ea) can be 
determined by taking the natural logarithms of both sides of the above equation to yield a linear 
equation: ln k = ln A + (-Ea/R)(1/T), where ln A is the Y-axis intercept and (-Ea/R) is the slope.    In this 
experiment, five linear equations could be created for soaking time at 0, 4, 8, 12 and 16 hours (Figure 
2).  The equation for soaking time at 20 and 24 hours could not be created because the value of ln k 
where k was a minus value could not be determined.  However, only 2 linear equations at 0 and 4 hours 
were needed to create the parabola equations for predicting values at any temperature in the 
experimental range since the value of a1 and a2 could be obtained from those two equations (Tables 2- 
3). The linear regression between the predicted and experimental values could be created and it was 
found that the predicted values were slightly lower (0.9 time) than the experimental ones (Figure 3). 
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Figure 1.  Changes of total soluble solid in longan aril during osmotic dehydration: (a) raw data,  
                 (b) mathematical fit 
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Table 1.  Change in rate of increase (Brix /hour)  in total soluble solid of longan aril  during                        
osmotic dehydration 

Temperature Soaking time (hour) 

(C) 0 4 8 12 16 20 24 

30 1.410 1.162 0.914 0.666 0.418 0.170 -0.078 

50 1.526 1.270 1.014 0.758 0.502 0.246 -0.010 

60 2.266 1.754 1.242 0.730 0.218 -0.294 -0.806 

70 2.330 1.898 1.466 1.034 0.602 0.170 -0.262 

80 3.556 3.036 2.516 1.996 1.476 0.956 0.436 

90 4.554 3.714 2.874 2.034 1.194 0.354 -0.486 

     Note: Values are calculated by first-order differential equation: dY/dX = a1 + 2a2X,  where X is                                 
               soaking time. 
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Figure 2.   Linear Arrhenius equations from total soluble solid data of longan aril during osmotic 
dehydration                       

 

 



 
Maejo Int. J. Sci. Technol.  2009, 3(03), 434-445  

 

 

439 

Table 2.  Parameters for creating the parabola equation for prediction of total soluble solid in longan 
aril at any temperature (30-90 C) during osmotic dehydration 

 
Soaking 

time 
Y-axis 

intercept, Slope, A Ea a1, a2, 

(hour) ln A -Ea/R  (kJ mol-1) Ae-Ea/RT (Ae-Ea/RT – a1)/2X1 

0 7.4 -2197.7 1636.0 18.3 1636.0e-2197.7/T  

4 7.3 -2209.4 1480.3 18.4  (1480.3e-2209.4/T- a1)/2X1 

Note:  T is temperature in Kelvin.  
           X1 is the first recorded time after process was started and it was equal to 4 in this experiment. 
           Parabola equation used: Y = a0 + a1X + a2X2, where a0 is the initial total soluble solid of longan 

aril. 
 
 

Table 3.  Mathematical models for predicting soluble solid in longan aril during osmotic dehydration at 
temperature ranging from 30 to 90 C 

Temperature (C) Model 

30 Y = -0.04X2 + 1.40X + a0 

40 Y = -0.05X2 + 1.35X + a0 

50 Y = -0.06X2 + 2.16X + a0 

60 Y = -0.08X2 + 2.64X + a0 

70 Y = -0.09X2 + 3.18X + a0 

80 Y = -0.11X2 + 3.80X + a0 

90 Y = -0.13X2 + 4.49X + a0 

               Note:   X is soaking time; a0 is the initial total soluble solid of longan aril. 
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Figure 3.   Linear regression between predicted and experimental values of total soluble solid 

 
Browning reactions 

Browning reactions in this study were nonenzymatic browning reactions which might be 
Maillard reaction and ascorbic acid browning since reducing sugar, protein and ascorbic acid were 
found in longan aril [5].  Maillard reaction is that between carbonyl groups (from reducing sugars, 
aldehydes, ketones, lipid oxidation products) and amino compounds (lysine, glycine, peptides, amines, 
ammonia, proteins) [12], while ascorbic acid browning is the thermal decomposition of ascorbic acid 
[13].   

The colour parameter, b*, is one of the international standards for colour measurement adopted 
by the Commission Internationale d’ Eclairage (CIE) in 1976.  Parameter b* is a chromatic component 
which ranges from -120 (blue) to 120 (yellow) [14], and it has been used to express the brownness of 
fruit wines [15].  In this study the parameter b* was used to measure the browning reactions occurring 
during osmotic dehydration.  The initial value of b* was 3.4 + 0.3, which was increased when high 
temperatures (over 50 C) were used (Figure 4), since nonenzymatic browning reactions are time and 
temperature dependent and are obviously faster at a higher temperature [9].   Linear models, Y = a0 + 
a1X, were fitted to this data set where a0 is the initial value of b*, a1 is its rate of increase and X is  
soaking time. The constant (A) and the activation energy (Ea) could be determined from a linear 
Arrhenius equation (Figure 5 and Table 4), and linear equations for predicting the value of b* during the 
process at any temperature ranging from 30 to 70 C were created (Table 5).   The predicted values 
were regressed against experimental values whereupon it  was found that the predicted values were 
slightly smaller (0.9 time) than the experimental ones (Figure 6).     
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Figure 4.  Changes of parameter b* of  longan aril during osmotic dehydration: (a) raw data,             

(b) mathematical fit 

Soaking time (hour) 

Soaking time (hour) 



 
Maejo Int. J. Sci. Technol.  2009, 3(03), 434-445  

 

 

442 

y = -5783.1x + 15.6
R2 = 0.971

-4.0

-3.0

-2.0

-1.0

0.0

0.0026 0.0028 0.0030 0.0032 0.0034

1/T

ln
 k

 
 

Figure 5.    A linear Arrhenius equation from b* values of longan aril during osmotic dehydration  

           

Table 4.    Parameters for creating the linear equation to predict values of b* of longan aril                                     
at 30-90 C during osmotic dehydration  

 

Y-axis intercept, Slope, A Ea a1, 

ln A -Ea/R  (kJ mol-1) Ae-Ea/RT 

15.6 -5783.1 5,956,538.0 48.1 5,956,538.0e-5783.1/T 

       Note:  T is temperature in Kelvin.  
                  Linear models used: Y = a0 + a1X, where a0 is the initial value of b* 
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Table 5.    Mathematical models for predicting parameter b* of longan aril during osmotic dehydration 
at  30-90 C 

Temperature (C) Model 

30 Y = 0.03X + a0 

40 Y = 0.06X + a0 

50 Y = 0.10X + a0 

60 Y = 0.17X + a0 

70 Y = 0.29X +  a0 

80 Y = 0.46X + a0 

90 Y = 0.72X + a0 

               Note:  X is soaking time; a0 is initial value of b*. 
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Figure 6.   Linear regression between predicted and experimental values of b* 

 

Conclusions   

This study has shown how to express the effect of temperature on two phenomena, i.e. sucrose 
penetration and browning reactions, during osmotic dehydration of longan aril by using mathematical 
modelling and Arrhenius equation.   The results allow researchers to predict response values during the 
process at any temperature in the experimental range, which could be useful for a process control when 

Experimental value of b* 

Pr
ed

ic
te

d 
va

lu
e 

of
 b

* 



 
Maejo Int. J. Sci. Technol.  2009, 3(03), 434-445  

 

 

444 

the final total soluble solid of longan aril is set or the initial total soluble solid of longan aril is changed, 
or when it is necessary to change the temperature of process.  However, the result of this work is 
applicable only when a 70 Brix sucrose solution is used. More experimentation is needed for other 
sucrose concentrations.   
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Abstract: A simple and rapid Fourier transform infrared (FTIR) spectroscopic method was 
developed to determine the content in wines without sample preparation or use of organic solvents. 
This research aimed at classifying seven Thai wines from various regions by employing both 
instrumental and statistical analysis. FTIR spectra in the region between 650-4000 cm-1 were 
characterised and used for multivariate chemometric analysis by principal component analysis 
(PCA), discriminant analysis (DA) and hierarchical cluster analysis (HCA). Application of PCA to 
FTIR data revealed the pattern and relationship of each brand or trademark. Thai wines were 
effectively distinguished by DA according to their trademarks and can be divided into four main 
groups according to HCA. All of the multivariate analyses yield similar conclusions that Thai 
wines cannot be clearly classified in terms of geographical origin. However, additional samples 
may provide further insight into the geographical distribution of Thai wines. 

Keywords: Thai wines, authentication, chemometrics, multivariate analysis, FTIR 
spectroscopy 
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Introduction  
 

The application of spectroscopic techniques in the study of the origin and differentiation of 
drink products has developed considerably in recent years [1, 2]. The advantage of these techniques 
lies in the almost complete lack of sample preparation required, which makes them especially rapid 
to apply. 

In order to develop methods of classification and differentiation, spectra are treated with 
chemometric techniques that permit characterisation and subsequent construction of models. With 
regard to analysis methods of constituents in wine, a number of reports appear in the literature such 
as high performance liquid chromatography (HPLC) for the determination of phenolic acids [3], gas 
chromatography (GC) for the analysis of aroma compounds in wine [4], GC-MS (mass 
spectrometry) for trifluoroacetylated glycocides [5], nuclear magnetic resonance (NMR) for 
determination of minor compounds [6], Fourier transform infrared (FTIR) spectroscopy for the 
differentiation and classification of wines and brandies during their ageing process [7], and 
inductively coupled plasma optical emission spectroscopy (ICP-OES) for fast analysis of a number 
of elements of the periodic table [8]. There seems to be a problem, however, with treating a large 
quantity of data. Fortunately, chemometric methods can be used to solve such multivariate data 
analysis problems [9, 10]. The use of chemometric tools in data analysis, together with recent 
advances in computer technology which simplify complex mathematical calculations, leads to the 
development of multivariate data analysis as a powerful tool in the evaluation of food quality [11]. 

Wine production from many kinds of fruits has bloomed in Thailand under the One Tambon 
One Product project (the OTOP project), which also resulted in the formation of the Thai Wine 
Association in 2004, exactly ten years after the first Thai grape wine was launched. The Kingdom's 
leading wine producers set up the association to join forces and immediately established 
winemaking quality standards and labelling requirements for Thai grape wines. Members adhere to 
the Thai Wine Charter, which is in line with international standards. The objective is to create 
awareness and enhance the image of Thai wines, both in the domestic and international markets, 
and to educate Thai people about Thai grape wines and the health benefits associated with moderate 
wine drinking. The wineries are mostly located in the northern and north-eastern parts of Thailand 
as shown in Figure 1. 

The purpose of this research is to associate some Thai red and white wines by FTIR data 
using multivariate analyses. Chemometric techniques were used to discriminate between very 
similar chemical components from which several groups could ideally be determined. Such 
methods are particularly suited for working with large data sets and may be used to classify Thai 
wines into distinct groups by the correlation of measurement data. 

 



 
Maejo Int. J. Sci. Technol.  2009, 3(03), 446-458 
 

448 

 
Figure 1.  The location of wineries in Thailand. a) Chiang Rai province, b) Pichit province, c) 
Saraburi province, d) Nakornrachasima province, and e) Loei province 

 
 

Materials and Methods    
Samples 
      All Thai wines used in this study were commercial samples from the 2001-2004 vintage. 
Wine samples studied from different growing regions in Thailand are presented in Table 1, which 
included 2 white wines and 5 red wines belonging to three varieties, i.e. Shiraz, Chenin Blanc and a 
combination of 90% Shiraz  and 10% Tempranillo. Two red Australian wines from the 2002-2003 
vintage were also investigated for comparison. 
 
FTIR analysis 
           A Perkin-Elmer FT-IR Spectrometre (Spectrum GX Series) equipped with a deuterated 
triglycine sulfate detector was used for FTIR analysis. The sampling station was equipped with an 
overhead horizontal attenuated total reflectance (ATR) accessory with multiple reflection 
comprising transfer optics within a chamber through which infrared radiation was directed to a 
detachable ATR zinc selenide crystal mounted in a shallow trough for sample containment [12-14]. 
The zinc selenide crystal was used to obtain data in the range of 650-4000 cm-1 with a resolution of 
4.00 cm-1. Single beam spectra (4000–650 cm-1) of the samples were obtained (Figure 2) and 
corrected against the background spectrum of the zinc selenide crystal. The ATR crystal was 
carefully cleaned with water between measurements and dried with nitrogen gas after each 
experiment to ensure the best possible  sample  spectra.  Commercial  wines  were  used  directly  in  
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Table 1.   Details of Thai wines under study 
 

Code 

No. 
Trademark Type Variety Geographical region 

Area in 

the map 

1 Chateau de Loei White Chenin Blanc Upper north-eastern Thailand (Loei province) e 

2 Chateau des Brumes White Chenin Blanc 
Lower north-eastern Thailand (Nakornrachasima 

province) 
d 

3 Chateau de Loei Red Shiraz Upper north-eastern Thailand (Loei province) e 

4 Chateau des Brumes Red Shiraz 
Lower north-eastern Thailand (Nakornrachasima 

province) 
d 

5 Shala One Red Shiraz Lower northern Thailand (Pichit province) b 

6 Lumphaya  Red Shiraz Central Thailand (Saraburi province) c 

7 Khao Yai  Red 

Shiraz (90%) + 

Tempranillo 

(10%) 

Lower north-eastern Thailand (Nakornrachasima 

province) 
d 

8 Rothbury  Red Shiraz New South Wales, Australia - 

9 Bilyara Red Shiraz South Australia - 

 
200-µl ATR cell samples with the same temperature condition (24C) as used for the Thai wines. 
Each wine sample  was rerecorded 5 times for the multivariate analysis. 
 
Data analysis  
      A data matrix was constructed with a column representing wine samples (45 objects) and 
rows corresponding to wavenumber (3350 variables) (Table 2).  These variables, called ‘features’, 
formed a ‘data vector’ which represented a wine sample. Data vectors belonging to the same group 
were analysed. These groups were then termed a ‘category’. The chemometric tools used in this 
work were as follows. 
 
Principal component analysis [15] 
      Principal component analysis (PCA), carried out with MATLAB 6.1 (MATLAB Inc, 1999), 
was mainly used for data reduction to identify a small number of factors that explain most of the 
variance observed in a much larger number of manifest variables. Such methods attempt to identify 
factors that explain the pattern of correlations within a set of observed variables. This permits a 
primary evaluation of the in-between category similarity and is very useful for visual inspection of 
complex data matrices.  The  information  is  compressed into a few components or directions in the  
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Table 2.   Tabulation of FT-IR spectral transmittance of wine samples 
 

Wavenumber (cm-1) 
Sample 

4000 3999 3998 3997 3996 …… 654 653 652 651 650 

W_Loei_1 93.365 93.361 93.353 93.342 93.327 …… 84.760 85.633 87.039 90.230 97.292 

W_Loei_2 93.130 93.116 93.104 93.096 93.094 …… 79.567 85.731 90.890 93.440 96.536 

W_Loei_3 93.028 93.016 93.008 93.003 92.998 …… 73.313 79.884 86.343 92.315 100.290 

W_Loei_4 92.923 92.917 92.913 92.907 92.897 …… 71.122 76.368 83.804 92.426 101.020 

W_Loei_5 92.771 92.759 92.751 92.745 92.738 …… 74.166 79.460 85.981 92.150 98.865 

… …
 

… …
 

… …
 

… …
 

… …
 

… …
 

… …
 

… …
 

… …
 

… …
 

… …
 

… …
 

R_Bil_1 88.688 88.667 88.647 88.627 88.611 …… 71.892 74.851 78.913 86.166 95.696 

R_Bil_2 88.661 88.648 88.632 88.615 88.605 …… 77.723 82.574 86.118 89.754 91.862 

R_Bil_3 88.555 88.534 88.509 88.483 88.465 …… 75.671 78.856 81.372 86.707 93.761 

R_Bil_4 88.483 88.468 88.450 88.432 88.421 …… 73.875 78.342 81.689 87.657 94.456 

R_Bil_5 88.375 88.355 88.325 88.294 88.271 …… 61.891 66.941 73.799 86.505 101.727 

 
multivariate space. The first two of the principal components (PCs) of the wine data can be 
determined as follows: 

PC1 = ν11X1 + ν12X2 
+ … + ν1pXp   

PC2 = ν21X1+ ν22X2 + … + ν2pXp  
  

     where PC1, PC2 are the first and second principal component scores; 
Xj is the observed variable of FTIR spectra at wavenumber j (j = 1, …, 3350); 
ν1j is the eigenvector of the first principal component for variable j;  
ν2j is the eigenvector of the second principal component for variable j. 
  

Discriminant analysis [16] 
Discriminant analysis (DA) is a technique for classifying a set of observations into 

predefined classes. The main purpose of discriminant function analysis is to predict group 
membership based on a linear combination of the interval variables. The procedure begins with a set 
of observations where both group membership and the values of the interval variables are known. 
The end result of the procedure is a model that allows prediction of group membership when only 
the interval variables are known. The second purpose of discriminant function analysis is to 
understand the data set, as a careful examination of the prediction model that results from the 
procedure can give insight into the relationships between group membership and the variables used 
to predict group membership. This technique is a widespread parametric method for classification 
purposes that assumes a priori knowledge of the number of classes and the sample class 
membership. The model is built based on a set of observations by which the classes are known. The 
technique constructs a set of linear functions of the predictors, known as discriminant functions (L), 
such that 

L = b1x1 + b2x2 + … + bnxn + c   
where the b's are discriminant coefficients, the x's are the predictor variables and c is a constant. 
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      These discriminant functions are used to predict the class of a new observation. For a k class 
problem k discriminant functions are constructed. Given a new observation, all the k discriminant 
functions are evaluated and the observation is assigned to class i if the ith discriminant function has 
the highest value. In our study we used all PCs as the input matrix. The DA was performed using 
SPSS 10.0 (SPSS Inc, 1999). 
 
Hierarchical cluster analysis [17] 
      A general approach to cluster analysis is hierarchical cluster analysis (HCA) [18], the 
purpose of which is to group together objects or records that are 'close' to one another. The cluster 
method of complete linkage and the distance measured by the Euclidean squared distance were 
used. The dendrogram is a tree-like plot where each step of hierarchical clustering is represented as 
a fusion of two branches of the tree into a single one. The branches represent clusters obtained from 
each step of hierarchical clustering. The HCA was done using SPSS 10.0 (SPSS Inc, 1999). 
 
Results and Discussion 
 
Characterisation of FTIR spectra 
      Figure 2 presents the FTIR spectra of different Thai wines showing absorbance bands at 
3264 cm-1 (O−H stretching), 2984 cm-1 (C–H stretching), 2123 cm-1 (C≡N stretching),  1636 cm-1 
(C=C stretching), 1454 cm-1 (CH2−methylene group), 1328 cm-1 (CH3−methyl group), 1044 cm-1 
(C−OH stretching), and 900-690 cm-1 (=C−H out of plane (oop) bending). The spectra of all wines 
showed similar peaks. Most wines contain water, alcohols, aldehydes, glycerol, sorbitol, mannitol, 
sulfites, amino acids, esters, minerals, phenols, sugars, organic acids such as tartaric, malic and 
citric acids, as well as volatile acids as common ingredients [19]. Similarity of the major ingredients 
gave rise to similar peak positions in the ATR spectra of the Thai wines studied. The broad peak 
found at 3264 cm-1 is mainly due to the stretching vibration of O-H bond of water, whereas the 
2884 cm-1 peak is most likely due to the stretching vibration of bonds from multiple constituents of 
the wines. These vibrations include C–H stretching of hydrocarbons, O–H stretching of carboxylic 
acids and most importantly asymmetric stretching vibration of C–H bonds of methyl (–CH3) 
groups. Acids give wine the sour or sharp note that enhances flavour when in balance with other 
components. Of the three organic acids that originate in grapes, tartaric acid is prevalent as the base 
measure of total acidity in wine, followed by malic and citric acids. Three other acid, namely 
succinic, lactic and acetic acids (the volatile acids), are produced by fermentation. The region 
between 1000 and 2200 cm-1 contains five peaks at 1044, 1328, 1454, 1636 and 2123 cm-1, which 
can be correlated with the C−OH stretching, CH3 bending, CH2 bending, C=C stretching and C≡N 
stretching of the groups in compounds such as, phenols, alcohols, aldehydes, higher alcohols, 
polyols, acids, sugars, volatile acids and amino acids. The full spectrum of peaks was used for the 
chemometric analysis of the wines. 
 



 
Maejo Int. J. Sci. Technol.  2009, 3(03), 446-458 
 

452 

 
Figure 2.  FT-IR spectra of different Thai wines 

 
Principal component analysis 
      PCA allows the visualisation of the information in the data set in a few principal 
components while retaining the maximum possible variability within that set. The scores for each 
sample on the first two principal components, which contain 67.3% of the total variance, are 
represented in Figure 3. On the first principal component at the bottom left of the graph, the 
majority of the samples are the white wine of Chateau des Brumes, which has a higher negative 
score than the white wine of Chateau de Loei. The red wine samples fell into the same area on the 
right of the PC plots. Chateau des Brumes, Shala One, and Lumphaya were quite clearly 
distinguishable according to their own trademarks, whereas the red and white wines of Chateau de 
Loei could not be distinctly classified. PC1 and PC2 might differentiate better if the variance 
explained was high (more than 80%). Such overlap represents the closer relationship between these 
two wines which come from the same province and share the same trademark of Chateau de Loei. It 
can be seen that the samples of Australian red wines (Rothbury and Bilyara) at the top right of the 
graph are separated from the remaining samples. The Thai wine closely located near the Australian 
wine is the reserve red Khao Yai. A combination of 90% Shiraz  (red) and 10% Tempranillo  
(white) varieties in Khao Yai was used in the wine production. The cluster of samples found on the 
right of PC1 may be due to the higher percentage of red wine variety. The first principal component 
is therefore most likely related to the wine type, i.e. white or red wine. Although no classification or 
grouping of wine by geographical origin is clearly seen in the plot, the grouping can be more related 
to the wine trademark and variety. The Shiraz's are grouped together towards the right while the 
Chenin Blanc's are located on the left. For the second principal component, it can be seen that the 
samples of red wine of Chateau de Loei have higher scores than the white wine of the same 
vineyard; however, they can be grouped in the same cluster. It can be concluded that using these 
first two principal components, we can clearly distinguish among the wine samples according to 
their brand or trademark. Although the wines of different brands or trademarks were of the same 
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variety, the PC plots of FTIR data show that the components of these wines are different and are 
clustered in their own individual groups which are apparently differentiated by their geographical 
origin or process of production. 
 

 

Figure 3. Scores of the wine samples on the first two principal components: 1 (white Chateau de 
Loei), 2 (white Chateau des Brumes), 3 (red Chateau de Loei) , 4 (red Chateau des Brumes), 5 (red 
Shala One), 6 (red Lumphaya), 7 (reserve red Khao Yai), 8 (red Rothbury) and 9 (red Bilyara). The 
letters b-d indicate the locations of wineries as defined in Figure 1  
 
Discriminant analysis 
      In all, 45 PCs were used to populate the input matrix in our study. Since there are 9 
discriminant functions, the charts present scatter plots showing the discriminant scores of the cases 
on the 9 discriminant functions with 30 PCs (eigenvalues more than 1) used in the classification. 
Figure 4 shows that DA resulted in better classification of Thai wines according to their brand or 
trademark. In the replication experiments, each wine sample was plotted at almost exactly the same 
point, demonstrating that the wines of different trademarks can be reproducibly separated and 
clearly classified. The overlap between the Rothbury and Bilyara Australian wines at the right 
corner indicates the close relationship of the wines which were from the same vineyard. Cross-
validation was used to assess how well the discriminant function worked and whether it worked 
equally well for each group of the dependent variable. In this case, it correctly classified 100% of 
the original grouped cases and 100% of cross-validated grouped cases for Thai wines. About 80.0% 
of cross-validated grouped cases were correctly classified for Australia’s Rothbury due to the 
overlapping with the Bilyara. Similar results were derived for DA and PCA, but neither of them 
could classify the wines clearly in terms of their geographical origin. 
      To investigate the potential of chemical components for wine classification, a table of 
equality of group means (Table 3) was generated by selected Univariate ANOVAs. This indicates 
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whether there is a statistically significant difference among the dependent variable means (group) 
for each independent variable. The Wilks' Lambda was used as a statistical criteria to add or remove 
variables from the analysis. In the ANOVA, the smaller the Wilks' Lambda is, the more important 
the independent variable to the discriminant function becomes. In our case, Wilks' Lambda was 
significant by the F test with significant values  for PC1, PC3, PC8, PC10 and PC16 (Table 3), 
which correctly classified about 88.9% of the cross-validated group cases. They were the main 
discriminate parameters among all wines. The important variables indicated by the higher 
component values in these PCs were related to the absorbance regions in the FTIR spectrum. As a 
result, we found that the O-H stretching and the C=C stretching vibrations of water, alcohols, higher 
alcohols, acids, sugars and volatile acids mainly made the wine different and separable into 
different areas of the scatter plot in Figure 4. 

 

Figure 4.   Group centroid and scatter plot of 9 groups of known wines 
 
Hierarchical cluster analysis 
      Results from the HCA for 7 Thai wines and 2 Australian wines were reported in the form of 
a dendrogram using complete linkage and Euclidean squared distance (Figure 5). As a criterion for 
similarity on the basis of the connecting distances between parameters and their positions on the 
dendrogram, four distinctive clusters of wines were defined as follows: 
Cluster 1, comprising a group of red wines: Australian wines, Shala One and some red wine 
samples of Chateau des Brumes; 
Cluster 2, comprising the red wine of Chateau de Loei, white wine of Chateau des Brumes and 
some red wine samples of Chateau des Brumes;  
Cluster 3, comprising the red wine of Lumphaya and white wine of Chateau de Loei; 
Cluster 4, consisting of the red wine of Khao Yai only. 
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        Table 3.  Tests of equality of group means 
 

PCs Wilks' Lambda F test Significant value 

PC1 .006 690.109 .000

PC2 .902 .491 .854

PC3 .282 11.469 .000

PC4 .731 1.657 .143

PC5 .770 1.342 .255

PC6 .811 1.046 .421

PC7 .764 1.386 .236

PC8 .357 8.089 .000

PC9 .804 1.098 .387

PC10 .359 8.021 .000

PC11 .804 1.096 .388

PC12 .735 1.623 .153

PC13 .708 1.853 .099

PC14 .852 .782 .621

PC15 .834 .895 .531

PC16 .573 3.359 .006

PC17 .698 1.950 .082

PC18 .891 .552 .809

PC19 .791 1.192 .331

PC20 .863 .715 .677

PC21 .908 .454 .880

PC22 .924 .372 .929

PC23 .898 .510 .841

PC24 .839 .866 .554

PC25 .860 .734 .661

PC26 .939 .293 .964

PC27 .891 .550 .811

PC28 .757 1.446 .212

PC29 .952 .228 .983

PC30 .968 .150 .996

PC31 .869 .677 .708

PC32 .992 .037 1.000

PC33 .926 .360 .934

PC34 .966 .159 .995

PC35 .992 .038 1.000
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Figure 5.  Dendrogram built with all variables using complete linkage and Euclidean squared 
distance 
 
       

In comparison with the PC1/PC2 plot in Figure 3, such clusters can be visualised and similar 
conclusions derived although HCA gives a broader and less definitive classification than PCA, 
since the clustering and interpretation based on the dendrogram are largely subjective. The red wine 
of Chateau des Brumes is separated into the two groups in clusters 1 and 2. Red and white wines of 
Chateau des Brumes are located in different groups in clusters 1 and 2, while red and white wines of 
Chateau de Loei are located in clusters 2 and 3. Thus, this method cannot clearly classify the wines 
by their geographical origin. 
 
 
Conclusions  
  

A rapid and simple FTIR procedure has been developed, which can be directly applied for  
wine analysis. Chemometric techniques were used to distinguish between very similar chemical 
components of multivariate FT-IR data of red and white Thai wine samples. The PC1/PC2 plot 
could be used to separate Thai wines into their own individual trademarks. However, the trademark 
pattern could be differentiated better by DA, which was one of the supervised methods of 
distinguishing the group from the selected parameters. From these results, the difference in the 
wines studied mostly stemmed from the differences in the amount of water, alcohols, higher 
alcohols, acids, sugars and volatile acids. The application of the unsupervised HCA method gave a 
broader and less definitive classification of the wines in four main clusters which highly correlated 
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with the PC plot. All of the above multivariate analyses demonstrate that the wine varieties have not 
been differentiated by their geographical origin, although the wines were effectively distinguished 
by their trademarks. 
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Abstract: The behaviour of harmonic and chirp functions was studied on the time-
frequency plane with the help of fractional Fourier transform (FRFT). Studies were also carried out 
through simulation with different numbers of samples of the functions. Variations were observed in 
the maximum side-lobe level (MSLL), half main-lobe width (HMLW) and side-lobe fall-off rate 
(SLFOR) of the functions. The parameters of these functions were compared with a similar set of 
parameters of some of the popular window functions. It can thus be concluded that in the time-
frequency plane, the chirp function provides better spectral parameters than those of Boxcar 
window function with some particular values of rotational angle. A similar type of inference can 
also be drawn for the harmonic function in the time-frequency plane. Of course the rotational angle 
might vary in this case and a comparative analysis was carried out with Fejer window and the 
cosine-tip window functions. This study may prove to be helpful in replacing these existing 
window functions in a variety of applications where a particular parameter or group of parameters 
of the harmonic and chirp functions are found superior. 
 

Keywords:  harmonic function, chirp function, fractional Fourier transform (FRFT), window 
function, spectral parameters, time-frequency plane 
________________________________________________________________________________ 

Introduction 

The Fourier transform (FT) is the most frequently and extensively used tool in signal 
processing and analysis [1]. Fractional Fourier transform, generally known as FRFT, is a 
generalisation of FT with an order parameter `a'. Mathematically, the ath order FRFT Fa is the ath 
power of ordinary FT operation F. The first order (a=1) FRFT is the ordinary FT and the zeroth 
order FRFT is the identity transformation.  
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FRFT has now become the most frequently and extensively used tool in the area of signal 
processing, analysis and optics. It also finds many applications in differential equations, optical 
beam propagation, quantum mechanics, statistical optics and optical signal processing [2-4]. In fact, 
in every area in which FT and frequency domain concepts are utilised, there exists a provision for 
the generalisation and improvisation by applying FRFT. 

Fractionalisation of the transform started in 1929 by Wiener [5] by solving of the 
differential equations. Condon in 1937 [6] and Bargmann in 1961 [7] followed his work. Namias in 
1980 and Mcbride and Kerr in 1987 did remarkable work in developing the transform, its algebra 
and calculus [8-9]. 

The definition of continuous-time FRFT given by Namias is validated to date. In 1993 
Almeidia came out with the time-frequency representation of FRFT [10]. Almeidia, Zayed and 
Mustard contributed in developing the properties of FRFT [11-13]. On the other hand, Ozaktas and 
his team and many other researchers worked on computation of FRFT and on discrete version of 
FRFT [14-15]. Due to diversified applications of FRFT many researchers are continuously 
contributing in developing the transform, its discrete version and applications [3, 4, 16]. During the 
last 15 years an enormous amount of research publications have been noticed in this area and FRFT 
is now established as a very powerful tool for almost all scientific and engineering applications. 

In spectral analysis of a function, three parameters are of prime importance, i.e. the 
maximum side-lobe level (MSLL), the half main-lobe width (HMLW) and the side-lobe fall-off 
rate (SLFOR). An improvement in these parameters can improve the spectral performance of the 
function.  Figure 1 provides a graphical representation of these parameters.  
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Figure 1.  Parameters of harmonic function 

 

The main objective of this paper is to study and analyse the behavioural changes of 
harmonic and chirp functions in the fractional Fourier domain. The harmonic function is defined by 
exp (2 ix) and the chirp function is defined by exp (-i/4) exp (ix2) where the domain of the 
functions is a set of real numbers. We observed changes in the above three parameters of both 
functions in the FRFT domain, i.e. in time-frequency plane.   
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Defining the Fractional Fourier Transform (FRFT) 
 

     The FRFT Fa of order a R is a linear integral operator that maps a given function f(x), x  R 
on to fa ( ). 

        R by 

dx f(x) )x  ,(K)(F)(f a
a

a  



        ........ (1) 

where   )  ,( xKa   is kernel of transform and defined as follows: 

)}cot)x(
sin

x(iexp{C)x  ,(Ka 

 

222
      ........ (2) 

with 


 sin

))//)sgn(sin(iexp(cotiC 241 
       ........ (3) 

where  
2
 a . 

Equation (2) is defined only for a  2 m, i.e.   is not a multiple of  . 

)  ,( xK a   =  m 2   or 4m a for  )x(                 ........ (4) 

and )  ,( xKa  =  1)(m     or 2 4m a for  )x(       ........ (5) 

  where m is an integer. 

 Since 
2
 a  appears in equations only in the argument of trigonometric functions then 

the definition is periodic in a (or ) . Thus we will often limit our attention to the interval 
],(-  or ],(a   22  and sometimes  ).2 [0,  or ),[a  40  When a is outside the interval 

2||0  a  we need simply replace a by it’s modulo 4 equivalent. 

Different cases can be tabulated, as given in Table 1. 

 
Table 1.  Some important cases of FRFT [16] 

Operation on 
signal 

Value of 
 parameter 

a 

Value of 
2/ a  

Kernel Fractional 
operator 

FT operator 4m + 1 214 /)m(   )xiexp( 2  F1 = F 
Parity operator 4m + 2 )m( 12   )x(   F2 = P 
Identity operator 4m m2  )x(   F4m = I 
Inverse Fourier 
Transform (IFT) 
operator 

4m +3 234 /)m(   )xiexp( 2  F3 = F-1 
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The discrete version of FRFT is known as discrete fractional Fourier transform (DFRFT) 
and evaluation of FRFT is done by using DFRFT computational techniques [15]. The DFRFT of a 
signal f(x) can be computed by following four steps: 
     (i) Multiply the function by a chirp (a function whose frequency linearly increases with time), 
     (ii) Take its Fourier transform with its argument scaled by cosec , 
     (iii) Again multiply with a chirp, and 
     (iv) Multiply with a complex constant. 

FRFT is now a widely studied transform and it is observed that FRFT of a signal exists 
under the same conditions as those for FT. The analytical expressions for FRFT of some common 
signals have been calculated as presented in Table 2. 

 

 Table 2.  FRFT of standard functions [4] 
 

Function FRFT 

1 )tanu(-i exp  
cos
e 2

/i




 2
 

)u(    
)cosec2u-)(u(coti

)//(i
22

e  
sin

e 





 42

 

)u(  





cotui

)//(i

e  
sin

e 2
42

 

)uiexp( 2  
)sec2u-)u((tani-

/i
22

e  
cos
e 






2

 

)uexp( 2  )uexp(- 2  

)uiexp( 2  )]tan/()tan[(
uie  

cot
tani 




 


 12

1
1

 

 
 

FRFT Analysis of Harmonic Function 
 

Spectral parameters of the harmonic function were observed in fractional Fourier domain 
through simulation. In one of the studies, the fractional angle  was varied from 0 to π/2 keeping 
the length of the harmonic function constant. These simulation studies were made by using DFRFT 
computation techniques. 
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Figure 2 shows harmonic function in time domain and Figure 3 shows how the harmonic 
function evolves into its Fourier domain as angle α increases from 0 to π/2. Figure 4 represents the 
simulation results of harmonic function in time-frequency plane, obtained by varying either the 
length of function (N) or by changing the value of fractional angle (α). Some of the simulation 
results are given in Table 3. 
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      Figure 2.  FRFT of harmonic function at a=0  
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Figure 3.  Magnitudes of FRFT of harmonic function by varying 'a' 

 
It was observed that for small sizes of signal (16, 32, 64), as fractional angle α increases in 

the time-frequency plane, MSLL of the function decreases in a regular manner, while a slight 
increment is noted in SLFOR. The HMLW of the function is also regular in nature except at a few 
particular points, and shows increments in the time-frequency plane (Figure 5-7). For large 
numbers of samples, the harmonic function shows irregular behaviour in general in the time-
frequency plane. In this case, it shows regularity in its behaviour only in a smaller part of α domain. 

During the studies of all the above cases of harmonic function in the time-frequency plane, 
some specific values of fractional angle α have been noted, whereat parameters of the harmonic 
function in FRFT domain are better than those of Fejer window function [17] in the sense of 
spectral performance. 
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Figure 4.  FRFT of harmonic function for different sizes of samples  

 

 
   Table 3.  Parameters of FRFT of harmonic function 

 
Fractional 

angle 
‘α’ 

Sample             
under 

consideration 

MSLL 
in db* 

HMLW SLFOR 
in db* 

3π/20 16 -22.68 0.1 -0.30 
23π/50 16 -22.98 0.6563 -0.33 

π/4 32 -23.16 0.45 -2.04 
18π/50 32 -24 0.5625 -1.81 
13π/50 64 -12 0.5 -3.42 
7π/20 64 -19.2 0.625 -2.58 

81π/200 128 -11.7 1.3 -4.5 
9π/20 128 -17.32 0.75 -3.03 
22π/50 256 -16.5 0.9 -4.2 

               * = decibel 
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Figure 5.  MSLL of  FRFT of harmonic function for different sizes of samples 
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Figure 6.  SLFOR of  FRFT of harmonic function for different sizes of samples 
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Figure 7.  HMLW of  FRFT of harmonic function for different sizes of samples 
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FRFT Analysis of Chirp Function 
 

FRFT of the chirp function was obtained and studied through simulation. Figure 8 shows 
chirp function in time domain while Figure 9 shows how the function transforms from time domain 
to frequency domain. Figure 10 shows the simulation results. Table 4 represents some of the 
simulation results for FRFT of a chirp function. 

It was observed that in general the chirp function behaves in an irregular manner in time-
frequency plane. Figure 10 indicates its nature in α domain for different sizes of samples and Figure 
11 shows changes in MSLL of the function in fractional domain. Variation in MSLL increases in α 
domain when the number of samples is increased. In this case regular increments were noted only 
in a little part of α domain close to the angle α = π/2. 

HMLW of the function in general increases regularly with slight irregular variation for 
small samples, as shown in Figure12, while SLFOR of the same function also shows variation in an 
irregular manner but varies between -3 to -6 db. Large numbers of samples produced two specific 
results as discussed later.  
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Figure 8.  FRFT of chirp function at a=0 

 

0 50 100 150 200 250 0 
0.5 

1 
1.5 

2 
2.5 

3 
3.5 

n 

gnit
ude

 

 FRFT at a = 0.2 
FRFT at a = 0.5 
FRFT at a = 1 

 
                                         Figure 9.  Magnitudes of FRFT of chirp function by varying 'a'   

           
 



 
Maejo Int. J. Sci. Technol.  2009, 3(03), 459-471 
 

467 

 

10 -1 10 0 
-40 

-20 

0 

m 

FRFT of 16 point chirp function 

10 -1 10 0 10 1 
-40 

-20 

0 

m 

FRFT of 32 point chirp function 

10 0 10 1 10 2 
-40 

-20 

0 

FRFT of 256 point chirp function 

m 

10 0 10 1 
-40 

-20 

0 

m 

FRFT of 64 point chirp function 

10 0 10 1 
-40 

-20 

0 

m 

FRFT of 128 point chirp function 

  

  

FRFT at a=0.2 
FRFT at a=0.4 
FRFT at a=0.6 
FRFT at a=0.8 
FRFT at a=1 

on x-axis- 
normalised 
frequency 
on y-axis- 
magnitudes of 
chirp FRFTs 
 in db (decibel) 

 
 

Figure 10.  FRFT of chirp function for different sizes of samples 
 
 
 
         Table 4.  Parameters of FRFT of chirp function 
 

Fractional 
angle ‘α’ 

Samples under 
consideration 

MSLL 
(in db*) 

HMLW SLFOR 
(in db*) 

π/20 16 -9.63 0.8 - 

π/4 16 -7.2 5.1 - 

3π/20 32 -4.6 2.3 -5 

7π/20 32 -3.4 5.3 -5.5 

13π/50 64 -3.408 2.1 -6.8 

3π/8 64 -5.3 4.50 -5.2 

13π/50 128 -10 5.5 -4 

23π/50 128 -13.09 6.75 -5.7 
 

      * = decibel 
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     Figure 11.  MSLL of FRFTs of chirp function for different sizes of samples 
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               Figure 12.  HMLW of FRFTs of chirp function for different sizes of  samples 

 

 
Discussion 
 

It can be concluded that in the case of harmonic function, changes in HMLW, SLFOR and 
MSLL are in general regular in nature for small samples, but irregularity is observed when the size 
of samples is increased in the FRFT domain. 

Two specific results for harmonic function for α = 41π/100 and 9π/20 were obtained during 
simulation studies and analysis, as shown in Figures 13-14. Parameters of these results were 
compared with those of cosine tip window function and Fejer window function. Superiority in 
results can be observed from Table 5. Frequency domain representation of harmonic function is 
included with its shifted version for comparison. These specific results can replace the window 
functions to generate a variety of applications and can also be applied according to the requirement 
of the spectral parameters. 
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The behaviour of chirp function changes with the variation of fractional angle α with respect 
to the number of samples in time-frequency plane. This simulation studies have generated two 
important results with α = 3π/20 and α = 71π/200 for chirp function in fractional Fourier domain. 
Like the harmonic function, chirp function is not a window function but parameters of these two 
results are far better than the frequency domain parameters of Boxcar window function. Figure 15 
shows db (decibel) plot of chirp function at α = 3π/20 in time-frequency plane. Figure 16 shows db 
plot of the same function at α = 71π/200. Comparative parameters are shown in Table 5. These two 
plots prove to be a better replacement for Boxcar window function and can be used as a tool for 
specific applications. 
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 Figure 13.  Magnitude of FRFT of harmonic function           Figure 14.  Magnitude of FRFT of harmonic  
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    Figure 15.  Magnitude of FRFT of chirp function              Figure 16.  Magnitude of FRFT of chirp function  
                        at a =0.3                       at a =0.71 
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Table 5.  Comparative parameters 

Function Fractional angle α MSLL (in db) HMLW SLFOR (in db) 

Harmonic  
41  

-23 0.625 -2.3 

Cosine tip window  -23 1.35 -12 

Harmonic 9 -24 0.625 -2.5 

Fejer window   -26 1.63 -12 

Chirp  3 -13.14 0.375 -5.23 

Boxcar window  -13 0.81 -6 

Chirp 71 -13.16 0.8 -5 

 
 

Conclusions 

The FRFT domain analysis of harmonic and chirp functions has been carried out and a few 
cases of these functions are observed to show better spectral performances in comparison to the 
existing weight functions. This clearly indicates that harmonic and chirp functions with some 
specific values of FRFT with order `a' provide a better candidate in applications wherever these 
weight functions are used. 
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Abstract: The leaf of Lagerstroemia speciosa L. is used as an anti-diabetic herbal remedy in many 
countries. In an attempt to discover mechanisms of action of the L. speciosa extract that stimulate 
glucose uptake, a cell-based radioactive assay of glucose uptake was performed using L8 muscle cells. 
In this study, the methanol fraction of L. speciosa leaves (LSE) contained a high level of phenolic 
compounds and showed strong capability to stimulate glucose uptake in a dose-dependent manner. The 
LSE stimulation was slightly inhibited (8.8%) by SB203580. The inhibitory effect (23.6%) of 
wortmannin on LSE-stimulated glucose uptake was demonstrated, suggesting LSE action on glucose 
transporter translocation. LSE-induced glucose uptake was completely reversed by cycloheximide. In 
addition, an increased amount of total glucose-transporter-1 protein was observed indicating that new 
protein synthesis is necessary for elevated glucose transport. LSE also enhanced insulin-stimulated 
glucose transport. These results suggest that LSE action may be mediated primarily via the synthesis of 
new transporters and involve both insulin-dependent and independent pathways. 
 

Keywords: Lagerstroemia speciosa, glucose uptake, GLUT1, polyphenols, L8 myotubes 
 
 

Introduction  
 
        Diabetes Type II has become a predominant public health problem with increasing rate of affecting 
people worldwide [1]. About one third of Type II diabetic patients need insulin to reduce their blood 
glucose levels, and some 40% require oral agents for satisfactory blood glucose control. Currently, due 
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to lack of access to essential medicines developed through pharmaceutical research and as a part of 
local culture, a majority of the world’s population still depends on traditional medicine for primary 
health care need. In addition, use of complementary and alternative medicine in the treatment of 
diabetes has increased steadily among the general public. In the U.S. alone, a 380% increase in the use 
of herbal supplements from 1990 to 1997 has been reported [2]. Thus, a provision of safe and effective 
traditional medical therapies could become a vital tool for increasing access to health care.  
        Lagerstroemia speciosa (L.) Pers. (Lythraceae) is a popular medicinal plant in South-East Asia, 
especially the Philippines. A decoction of L. speciosa leaves has been used for treatment of diabetes [3]. 
The extract of L. speciosa significantly lowered blood sugar in Type II diabetic mice and alloxan-
induced diabetic rats [4-6], and stimulated glucose transport in adipocytes and Ehrlich ascites tumour 
cells [7-8]. Studies have shown an anti-obesity activity of extracts from this plant on KK-Ay mice and in 
3T3-L1 cells [7, 9]. The hypoglycemic effect of the active component (corosolic acid) resulted from 
increased GLUT4 translocation in muscle of diabetic mice [10]. Recently, more active tannins, 
gallotannins and triterpenes were reported to enhance glucose uptake in 3T3-L1 cells [11-14]. It was 
also noted that the magnitude of the effect of L. speciosa extract was much larger than the effect of the 
individual active compound. 
       According to previous reports, glucose transport enhancement activity of the aqueous extract of L. 
speciosa leaves in 3T3-L1 adipocytes involved a rapid response (15-min) [7, 13]. However, no reports 
of the long-term effects or the mechanisms of action of the extract at cellular and molecular levels have 
been published despite the fact that the extract is commercially available [15]. This present study is 
designed to investigate the effects of the methanol fraction of the aqueous extract of L. speciosa leaves 
on the glucose transport in muscle cells, a physiological target cells of insulin, by employing L8 
myotubes as cell model to assay for glucose uptake activities. The mechanisms by which the extract 
mediates the glucose transport activity in the presence of specific inhibitors are also investigated. 
 

Materials and Methods   

Materials  
  
         Rat L8 myoblasts were purchased from American Type Culture Collection (Rockville, MD). Cell 
culture media and supplements were acquired from Life Technologies, Inc. (Gaithersburg, MD). Bovine 
insulin, cytochalasin B (CB), wortmannin (WM), SB203580 (SB), cycloheximide (CHX), protease 
inhibitor cocktail, phloretin, -actin antibody, enzyme-linked antibodies and standard chemicals were 
purchased from Sigma Chemicals (St. Louis, MO). 2-Deoxy-D-[3H] glucose (2-dGlc) was obtained 
from Amersham Biosciences (Piscataway, NJ). A polyclonal antibody against glucose transporter 1 
(GLUT1) was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). A monoclonal 
antibody against glucose transporter 4 (GLUT4) was purchased from R&D systems, Inc. (Minneapolis, 
MN). Electrophoresis and protein assay reagents were purchased from Bio-Rad (Hercules, CA). The 
CytoTox 96 non-radioactive cytotoxicity assay kit was purchased from Promega (Madison, WI). 
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Sample preparation 

         Lagerstroemia speciosa  leaves were collected from the medicinal plants garden of the Faculty of 
Pharmaceutical Sciences, Prince of Songkla University, Hat-Yai, Thailand. They were cleaned by 
washing with running tap water and rinsing with distilled water, and placed in a 45OC oven until they 
were completely dried. Five grams of the powdered leaf  sample were extracted with 200 ml water at 
70OC for 30 min. After filtering, the solution obtained was centrifuged at 5,000 g for 20 min and the 
supernatant concentrated by freeze-drying to give a crude extract. A portion of the crude extract (1.45 
g) was further separated by passage through a Sephadex LH-20 column with methanol as eluent to 
afford 32 fractions (20 ml each). The eluted fractions were subjected to thin-layer chromatographic 
analysis using silica gel 60 F254 plates (0.20 mm thick) with ethyl acetate-chloroform-methanol (2:1:1) 
as developing solvent. Fractions 14-21, which showed similar chemical profiles, containing mainly 4 
tailing phenolic compounds which gave greenish-blue colour upon spraying with 10% ferric chloride in 
absolute ethanol, were pooled and evaporated to give a dried residue of the methanol fraction (LSE: 
986 mg).  Upon phytochemical screening (see Table 1), besides phenolic compounds (including 
tannins), triterpenoids and carbohydrates were also detected in LSE. The residue (LSE) dissolved in 
water and sterilised with 0.45-m filters was used for the glucose transport study. 
 

Cell and culture conditions 

         L8 myoblasts were maintained and differentiated as described previously [16]. Briefly, the cells 
were seeded in complete Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum 
at 35,000 cells/cm2 in 24-well plates for glucose uptake assay and 100-mm plates for protein analysis. 
When cells reached ~95% confluence, differentiation was initiated by culturing them in a medium with 
2% horse serum (HS). In the present experiment, ~80-85% of the myoblasts fused into myotubes. The 
cells were rinsed with HEPES buffered saline, pH 7.4 (HBS). Thereafter, HBS (1x final concentration) 
containing 2% HS, 15 mM glucose and LSE at the desired concentration (0, 20, 40, 80, 100, 120 or 
140 g/ml) or 100 nM insulin were added to the cells, which were then incubated at 37°C for 16 h. In 
order to investigate the effect of insulin, the medium was changed to serum-free HBS (1x) containing 
25 mM glucose, and incubated at 37°C for 5 h before the assay of glucose transport. For the inhibitor 
studies, 2 g/ml CHX, 100 nM WM, 10 M SB and 40 M CB were added individually or in 
combination to the LSE-treated cells at a respective time (CHX, 16 h; WM, 20 min; SB, 30 min; and 
CB, 30 min) prior to the end of the 16-h incubation. Phloretin (10 mM), an inhibitor of a variety of 
membrane transporters including facilitated glucose transport [17], was added to the incubation mixture 
20 min before the uptake assay to determine the effect of non-specific uptake. Using the CytoTox 96 
non-radioactive cytotoxicity assay, an aliquot from each well was taken to determine the cytotoxic 
effect according to the manufacturer’s instructions.  
 

2-dGlc uptake assay  

         The L8 myotubes were rinsed twice with 1 ml HBS. After rinsing, glucose uptake was initiated by 
the addition of 0.3 ml of HBS (1x) containing 2-dGlc (1 µCi/ml) without or with 100 nM insulin as the 
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final concentration to the cells. After 10 min, the medium was aspirated and the plates were washed 

three times with ice-cold 0.9% NaCl to terminate the induced glucose uptake. The cells were lysed in 
0.05 N NaOH and the radioactivity taken up by the cells was determined using a scintillation counter. 
Preliminary studies (data not shown) demonstrated that uptake of 2-dGlc (1 µCi/ml) was linear up to 15 
min. Non-specific uptake measured in the presence of phloretin was less than 10% of the total uptake. 
Aliquots from each treatment were used to determine the protein concentration using the Bio-Rad 
protein assay. 
 

Analysis of glucose transporter 

         A method described by Yu et al. [18] was used with modification. L8 myotubes grown in 100-mm 
plates and incubated with and without 100 g/ml LSE were washed twice with cold phosphate-buffered 
saline (PBS). The cells were treated with 20 strokes in homogenising buffer (25 mM sucrose, 20 mM 
HEPES, pH 7.4, 2 mM EGTA, 5 mM NaN3, protease inhibitors). Cell lysates were centrifuged at 200 g 
for 5 min. The supernatant (whole cell lysate) was collected for total GLUT1 and GLUT4 protein 
analysis or further centrifuged at 16,000 g for 15 min to pellet the plasma membrane (PM) from the 
supernatant or soluble (S) fraction. Protein samples (150 g) were separated in 10% SDS-PAGE and 
transferred to PVDF for the Western blot analysis. Non-specific sites on the membrane were blocked 
with 5% non-fat dry milk. Antibodies against GLUT1 (1:700), GLUT4 (1:250) or -actin (1:700) were 
added and maintained for 2 h at room temperature. Blots were then incubated with enzyme-linked 
second antibody followed by colourimetric or chemiluminescent detection. The immunoreactive protein 
was quantified using scanning densitometry.  

Phytochemical screening and determination of total phenolics 

         Phytochemical screening of LSE was performed using the methods previously described by 
Farnsworth [19] and Harborne [20] with slight modification. In brief, several reagents were prepared to 
test for the presence of flavonoids, coumarins, anthraquinones, iridoids, cardiac glycosides, 
cyanogenetic glycosides, coumarins, saponins, alkaloids, tannins, carbohydrates, amino acids and 
peptides. The results were compared with the positive standards of each test. The amount of total 
phenolic compounds was determined spectrophotometrically using Folin-Ciocalteu reagent as described 
by Lee et al. [21] and was expressed in g of catechin equivalent (CE) based on a calibration curve for 
catechin.  
 

Statistical analyses 

         Three to five separate experiments were conducted in all studies and all assay conditions were 
performed in triplicate. All data are expressed as means  SD. Statistical analyses were performed by a 
one-way analysis of variance followed by Dunnett t-tests. The level of P<0.05 was considered 
significant. 
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Results  
 
LSE-stimulated uptake of 2-dGlc by L8 myotubes in culture 
 
         Figure 1A shows the time course for the uptake of 2-dGlc in L8 myotubes induced by LSE. In 
contrast to previous studies in fat cells [7, 13], the response to LSE in muscle cells was found to be 
slow. The rate of 2-dGlc uptake increased about 1.35, 2.43 and 2.70-fold (P<0.05) of control levels at 
8, 16 and 24 h respectively after exposure to 0.1 mg/ml LSE. The basal uptake activity response to 
prolonged (8-24 h) incubation was lower than that to short-term (0.5-2 h) exposure due to the effect of 
high glucose in the incubation medium [22-23]. When cells were maintained for 16 h with varying doses 
of LSE, a dose-dependent effect was observed (Figure 1B). The maximal uptake activity was achieved 
at 0.1 mg/ml LSE, and thereafter the rate decreased markedly due to the cytotoxic effect. LSE also 
caused a slight toxicity at dose of 0.1 mg/ml. LSE-induced uptake was blocked by cytochalasin B, 
which inhibits cytoskeletal reorganisation when added at 40 M prior to the uptake assay (data not 
shown). This indicates that LSE actively stimulates glucose uptake in the cells and could likely activate 
the movement of glucose across cell membranes. 

                           
 

                                     
Figure 1.   Time  course  and  dose-dependent  effects  of  LSE  on  2-deoxyglucose  uptake.  Panel A:  
L8 myotubes were incubated with or without 0.1 mg/ml LSE for the time indicated; Panel B: L8 
myotubes were incubated with increasing doses of LSE for 16 h prior to 10-min determination of 2-
deoxyglucose uptake. Data were expressed as means ± SD of the triplicates derived from three separate 
experiments.  
* P<0.05 vs. control cells # toxicity observed  
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         Figure 2 shows data from experiments in which the effects of the specific inhibitors on the uptake 
of 2-dGlc were examined in LSE-treated cells. CHX treatment reduced the 2-dGlc uptake rate in the 
control (LSE-untreated) cells by about 55%, indicating that active protein synthesis is necessary for 
maintaining cellular transport of glucose at the basal state. It is clear that CHX could reverse the effect 
of LSE. Approximately 71% reduction of LSE-stimulated 2-dGlc transport by CHX was observed. 
SB203580, which specifically inhibits the activity of p38 mitogen-activated protein kinase (p38 MAPK) 
through the interaction with its ATP-binding domain resulting in the inactivation of glucose 
transporter’s intrinsic activity [24-25], slightly decreased the activity of LSE-induced 2-dGlc uptake 
(8.87  3.69%, n = 5). Wortmannin, which has been shown to interact with the p110 activating subunit 
of phosphatidylinositol 3-kinase (PI3K) resulting in an irreversible inhibition of this kinase that leads to 
inhibition of GLUT4 translocation [26], only partially but significantly reduced the stimulation of LSE 
(23.62  4.90%, n = 5). A higher degree of inhibition was observed when a combination of inhibitors 
was present.  
 

 
 
Figure 2.  Inhibition of LSE-stimulated 2-deoxyglucose uptake activity by SB203580, wortmannin, and 
cycloheximide. L8 myotubes were pre-incubated with or without 0.1 mg/ml LSE for 16 h in the 
presence of SB203580 (SB), wortmannin (WM), cycloheximide (CHX) or all agents (ALL) as indicated 
prior to 10 min determination of 2-deoxyglucose uptake.  Inset: The reduction in glucose uptake 
activity by inhibitors in LSE-treated cells was recalculated and expressed relative to the uptake activity 
of LSE alone. Data were expressed as means ± SD of the triplicates derived from five separate 
experiments.  
* P<0.05 vs. values with LSE alone 
 

Figure 3 shows the relationship between insulin and LSE effects on glucose uptake. The cells 
were maintained in serum-free media for 5 h to induce insulin stimulation response before the uptake 
assay was initiated [16, 27]. To enable the detection of additive effect, LSE at a concentration of 80 
µg/ml was used. The activation of glucose transport by insulin was enhanced by 39% in the presence of 
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LSE (for insulin, sugar uptake = 32.37  5.92 pmol/mg protein; for LSE+insulin, sugar uptake = 45.23 
 8.11 pmol/mg protein, n = 5). This indicates a partial additive effect of both agents. 

                                      
Figure 3. Additivity of insulin- and LSE-mediated uptake of 2-deoxyglucose in L8 cells. L8 myotubes 
were stimulated with or without 100 nM insulin and/or 0.08 mg/ml LSE for 16 h and serum-deprived 
for 5 h. Uptake of 2-deoxyglucose was measured over 10 min in the presence or absence of insulin. 
Data were expressed as means ± SD of the triplicates derived from five separate experiments.  
* P <0.05 vs. values with either insulin or LSE alone 
 

         Figure 4 shows the results of a representative experiment: GLUT1 and GLUT4 content in cells 
exposed for 16 h or not exposed to LSE at 0.1 mg/ml. Western blot analyses of GLUT4 content from 
five separate experiments revealed no notable change in the amount of GLUT4 total protein in LSE 
cells (1.11 ± 0.27-fold) compared to that in untreated cells. In contrast, there was an increase in total 
GLUT1 protein content (2.15 ± 0.96-fold) in the LSE-treated cells and the level of GLUT1 protein 
present in the plasma membrane (PM) was much higher than that in the intracellular compartment (S). 
Increased GLUT1 protein content due to LSE was significantly lowered (0.74 ± 0.24-fold, n = 3) to 
below the basal level  when CHX was present (Figure 4C). These results imply that the effect of LSE is 
associated with significant increase in the content of GLUT1 and the magnitude of the gain in uptake 
activity by LSE may be due to enhanced GLUT1 protein synthesis.  
 
Total phenols and active constituents of LSE 
 
         The amount of total phenolics in 1 mg LSE was 409.58  39.57 g catechin equivalent (CE). 
Thus, polyphenols present in the maximal stimulation dose of LSE (0.1 mg/ml) was about 40.9 g CE. 
This implies that increasing glucose transport in L8 muscle cells resulted mainly from the additional 
effect of polyphenols. Table 1 shows the results of phytochemical screening of LSE for the presence of 
active constituents. As evident from the Table, LSE yielded a positive result with Liebermann-Burchard 
test, indicating the presence of triterpenoid compounds. It was also positive with Molisch’s test, 
suggesting the presence of free carbohydrates and/or bound sugars in the form of glycosidic 
compounds. Furthermore, LSE gave positive results in reactions with 1% gelatin solution  and 1% ferric 
chloride solution, suggesting the existence of tannins. 
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Figure 4.  Determination of total GLUT4 and GLUT1 protein content (panel A), GLUT1 localisation 
(panel B), and the inhibitory effect of CHX on total GLUT1 level (panel C) in LSE-stimulated cells. L8 
myotubes were treated with or without 0.1 mg/ml LSE and 2 g/ml CHX for 16 h. Cells were 
homogenised, and total lysate, plasma membrane (PM) and intracellular fraction (S) were prepared. 
Samples were Western blotted and probed for GLUT1, GLUT4 and -actin with specific antibodies. 
Immunoblots are representative of 3-8 samples. 
 
 
Discussion 

         Natural remedies are viable alternatives to oral medications that may cause undesirable side 
effects. Indeed, many plants with a glucose-lowering effect have been used successfully for the 
treatment of diabetes. Particularly, one of the various botanical health care products, L. speciosa 
extract, has been made available worldwide [28-29]. However, these health care products have not been 
evaluated by the US FDA and have little scientific analyses to confirm the effects and mechanisms of the 
plant extract and the active ingredients.  
         It is well established that the predominant GLUT4 isoform expressed in mature muscle cells and 
adipocytes is primarily responsible for the increase in glucose uptake in response to insulin stimulation 
[30].  Increased exocytosis and decreased endocytosis in the presence of insulin, which cause a shift in 
the steady-state distribution of GLUT4 favouring the plasma membrane, result in increase of the amount 
of GLUT4 at the plasma membrane [31]. The present study has shown that the L. speciosa extract 
(LSE) is a potent activator of glucose transport in L8 muscle cells. We have demonstrated that 
prolonged exposure to LSE stimulates glucose transport in the absence of insulin. However, analysis of 
blot density displayed no effect in total GLUT4 protein content. In addition, wortmannin, an inhibitor of 
PI3K, which blocks the translocation of insulin-sensitive GLUT4 from its intracellular pool to the 
plasma membrane [32-33], partially reversed the LSE-induced 2-dGlc uptake. The present results 
suggest that the translocation of the GLUT4 isoform mediated via insulin-regulated, PI3K-dependent 
signaling is essential for LSE-induced glucose transport.  
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Table 1.  Phytochemical screening results of LSE 
 

Test  LSE Positive standard 

Coumarins 
    (NaOH paper, UV 365 nm) 

 
(-) 

Stem bark of Alyxia reinwardtii  
   (+): blue colour under UV light 

Anthraquinones 
    (Borntrager test) 

 
(-) 

Aloe (Aloe barbadensis)  
   (+): pink colour in the alkaline layer 

Iridoids 
    (formation of pseudoindicans) 

 
(-) 

Leaves of Clinacanthus nutans  
   (+): green-blue solution 

Cardiac glycosides 
    Kedde’s reagent test 

 
(-) 

Seed kernel of Thevetia peruviana  
   (+): purple solution 

    Liebermann-Burchard test (+): red colour  
(triterpenoids) 

   (+): green colour (steroids) 
 

    Keller-Kiliani test (-)    (+): reddish-brown ring 
Saponins 
    Froth test 

 
(-) 

Fruit of Sapindus rarak  
   (+): honeycomb froth  
          (persisted for at least 30 min) 

    Liebermann-Burchard test (+): red colour  
(triterpenoids) 

   (+): red colour (triterpenoids) 

Flavonoids 
    (Shinoda’s test) 

 
(-) 

Stem of Derris elliptica  
   (+): pink-red solution 

Tannins 
    Reaction with gelatin solution 

 
(+): precipitate 

Gambir (Uncaria gambir) 
   (+): precipitate 

    Reaction with FeCl3 solution (+): green-blue solution    (+): green-blue solution 
Alkaloids 
    Mayer’s reagent 

 
(-) 

Stem of Arcangelisia flava  
   (+): precipitate 

    Dragendorff’s reagent (-)    (+): precipitate 
Carbohydrates 
    (Molisch’s test) 

 
(+): purple ring 

Honey (Apis mellifera)  
   (+): purple ring 

Amino acids and peptides  Soy bean (Glycine max)  
    Biuret test (-)    (+): violet solution 
    Ninhydrin test (-)    (+): grayish-blue solution 

Note :  (-)  = negative result 
            (+) = positive result 
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         It was reported by Liu et al [7, 13] that exposure to L. speciosa extract results in rapid activation 
of glucose uptake of serum-starved adipocytes. Employing serum deprivation that involves the 
depletion of GLUT1 prior to treatment of adipocyte and muscle cell cultures has been practiced in 
several studies, and this strategy allows the detection of strongly stimulated glucose transport in 
response to insulin and other stimulators which mediate GLUT4 translocation [17, 27, 34]. In addition, 
insulin, for example, has been shown in these studies to be capable of increasing the rate of glucose 
transport in adipocytes 15- to 20-fold, whereas about a 2-fold increase is achieved in muscle cells. In the 
present study, we have demonstrated that short-term exposure to LSE does not activate glucose 
transport in L8 cells. One possible reason is that the LSE effect on GLUT4 translocation is small (~23% 
of wortmannin-dependent inhibition), thus the increasing glucose uptake activity resulting from GLUT4 
translocation is undetected under conditions in which the basal uptake is not down-regulated as 
previously reported by Diedrich [16] and Klip et al. [27]. 
         GLUT1, which is plasma-membrane-localised with a relatively small amount found in intracellular 
membrane compartments in cells and tissues in the basal state [35], was reported to mediate a 
significant fraction of non-insulin-dependent transport of glucose [30]. GLUT1 gene expression is 
regulated by various stimuli including cell stress factors, mitochondria inhibitors, hypoglycemia tumour 
necrosis factor  and prolonged insulin exposure [36-41]. Studies in Clone 9 cells that express GLUT1 
but not GLUT2 or GLUT4 have revealed that GLUT1 activation and translocation are not influenced 
by inhibitors of PI3K and p38 MAPK, which reportedly prevent GLUT4 translocation and/or activation 
by insulin [42], suggesting that GLUT1 expression may be mediated by a different mechanism. A lag 
period of more than 2 h preceding the increase in transport rate by LSE in the present study reflects the 
time required for the concentration of glucose transporters to increase above the threshold level 
whereby the stimulation of transport can be detected. Our results in L8 cells indicate that exposure to 
LSE increases both the number of GLUT1 at the cell surface and the GLUT1 total protein levels. 
Furthermore, cycloheximide blocks the activation of glucose uptake by LSE and diminishes LSE’s 
effect on increasing GLUT1 protein level. These indicate that a component of glucose transport 
stimulation associated with LSE action is the number of GLUT1 up-regulated via GLUT1 protein 
expression. It is known that the mRNA half-life is linked to its translation and its stability also affects 
the rate of change of its abundance following an increase in transcription [43]. At the protein level, the 
half-life of GLUT1 could be increased or decreased by particular stimuli [39, 44]. Further studies on the 
actual mechanism by which LSE increases GLUT1 protein content that can be attributed to either 
altered GLUT1 gene expression or post-translation regulation of GLUT1 are necessary. Remarkably, 
cycloheximide interferes with LSE-induced glucose uptake, suggesting that the regulation is dependent 
on translation.  
         The p38 MAPK-dependent pathway has been implied in enhancing the intrinsic activity of GLUT1 
and GLUT4 at the cell surface [24-25]. Inhibition of p38 MAPK with specific inhibitor SB203580 
reduces insulin-induced glucose uptake without an effect on insulin-induced GLUT4 translocation [25]. 
In the present study, SB203580 has a small but significant inhibitory effect on LSE-induced glucose 
uptake, demonstrating that the activation of p38 MAPK is involved in LSE action. We have shown that 
LSE-mediated glucose uptake in L8 cells is apparently associated to the mechanisms by which insulin 
signals glucose transport. A further increase in insulin-stimulated glucose transport by LSE provides 
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evidence that LSE may also target diverse cascades, some of which lead to increased glucose transport. 
It has been reported that muscle contraction and hypoxia or metabolic stress cause a normal glucose 
transport response involving activation of 5’-AMP-activated kinase (AMPK) in the insulin-resistant 
skeletal muscles, in which insulin signalling of glucose transport and GLUT4 translocation are impaired 
[45]. Thus, taken together, these data suggest that LSE activates glucose transport in L8 muscle cells 
and involves the synthesis of GLUT1 and the activation of PI3K and p38 MAPK as well as the insulin-
independent signalling, which may operate in tandem with the insulin-dependent pathway. 
         In this present study, a significant amount of phenolic compounds in LSE has also been detected. 
This is in good agreement with a previous study [46] that reported a high content (10.3%) of 
polyphenols in the leaf extract of L. speciosa. In addition, studies have shown that the most active 
components of L. speciosa leaves are polyphenols. These include ellagitannins (i.e. lagerstroemin, flosin 
B and reginin A) and corosolic acid, which have been shown to activate glucose transport in cell culture 
[8, 11]. Recent reports demonstrated the lowering effect of corosolic acid on postchallenge plasma 
glucose levels in human subjects and established its inhibitory effect on glycogen phosphorylase a [46, 
47]. The antidiabetic activity of the leaf extract (standardised to contain 1% corosolic acid) in human 
has been described [15]. The presence of tannins and triterpenoids in LSE is consistent with recent 
studies, which reported more tannins and triterpenes in L. speciosa and their capacity to enhance 
glucose uptake in fat cells [11-13]. Furthermore, the activation of the insulin receptor by lagerstroemin 
(a polyphenol) has also been demonstrated in the Chinese hamster ovary cells [48]. Thus, it is apparent 
that LSE contains several active polyphenols that may act synergistically or through multiple 
mechanisms. 
 

Conclusions   
 
         The present study has established that the extract of L. speciosa exerts a direct up-regulatory 
effect on GLUT1 protein expression and, in part, the GLUT4 translocation, which results in the gain of 
glucose transporters at the plasma membrane. The mechanisms of action contributing to increased 
glucose transport involve both the activation of insulin-dependent and insulin-independent signalling 
pathways.  
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Abstract: Moisture sorption study was conducted on Thai red curry powder prepared by two 
different drying methods, viz. microwave and hot-air drying. Moisture sorption isotherms of the red 
curry powder at 30 C and water activity in the range of 0.113-0.970 were determined by a static 
gravimetric method. The isotherms exhibited Type III behaviour. The moisture sorption data were 
fitted to several sorption models and a non-linear regression analysis method was used to evaluate 
the constants of the sorption equations. The fit was evaluated using the coefficient of determination 
(R2), the reduced chi-square (2) and the root mean square error (RMSE).  The GAB model 
followed by the Lewiski-3 model gave the best fit to the experimental data. The monolayer moisture 
content, taken as the safe minimum moisture level in the red curry powder, was determined using 
the BET equation and was found to range between 0.080 - 0.085 gram water per gram dry matter. 

Keywords:  moisture sorption isotherm, monolayer moisture content, Thai red curry powder 
 
 

Introduction  

Thai red curry paste is a well-known curry paste used to enhance several spicy Thai dishes. 
The paste is prepared from dried red chili, garlic, shallot, lemon grass, galangal, spices and 
additives such as salt and sugar, homogeneously blended to obtain  an orange-red paste. It provides 
the colourful, spicy and authentic fragrance of certain dishes. Moreover, it has been reported that 
the major ingredients of this product such as chili [1-2], garlic [3], shallot [4], lemon grass and 
galangal root [5-6] are good sources of phenolic compounds. These compounds in herbs and spices 
have been found to be major contributors to human health with multiple positive biological effects 
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such as antioxidant activity, antimutagenic and/or anticarcinogenic activity, and anti-inflammatory 
action [7-8]. In general, the red curry paste has a high moisture content and therefore is very 
perishable, having a limited shelf life. The growing popularity of Thai food around the world 
creates the need to preserve this product. Drying is one of the preservation methods that can extend 
the shelf life of the red curry paste. The dried paste is milled to a powder to be used mainly as a 
culinary supplement and has  long storage life at room temperature.  

During the processing and storage of agricultural products, physical, chemical and 
microbiological changes occur. The changes are influenced particularly by the moisture content and 
water activity of food material. Equilibrium moisture content of a food material is defined as its 
moisture content attained when the vapour pressure of water present in the food material has 
reached an equilibrium with its surroundings. It is a thermodynamic property and has practical 
significance in both drying and storage of foods. It is affected by the relative humidity and 
temperature. Water activity on the other hand is defined as the ratio of vapour pressure of water 
over the foodstuff to that of pure water at the same temperature. The relationship between moisture 
content and water activity in food at constant temperature and pressure is often expressed as a 
moisture sorption isotherm. It can give information on the sorption mechanism and the interaction 
of food with water. The typical shape of the sorption isotherm may change depending on the type of 
product and reflects the way in which water binds to the system [9]. The drying method can also 
significantly affect the sorption properties of some dry products such as model fruit powders (dried 
pectin-sugar gels) [10] and dried locust bean gum-pectin-starch composite gels [11]. 

Several equations have been used to describe the sorption isotherms of many food materials 
[12-16]. Some of these models are based on theories on the sorption mechanism; others are purely 
empirical or semi-empirical. However, none of these equations describes accurately the sorption 
isotherm over the whole range of water activity or for different types of food materials. According 
to Labuza, cited by Al-Muhtaseb et al. [12], no sorption isotherm model could fit data over the 
entire range of relative humidity because water is associated with the food matrix by different 
mechanisms in different water activity regions.  

The information on the moisture sorption behaviour of food is essential for determining the 
interaction of water with food substances. It is also useful for food processing operations such as 
drying, mixing, packing and storage, since it can be used to calculate drying time and predict the 
behaviour of ingredients upon mixing. It can also help make packaging selection, model moisture 
changes that occur during storage, and estimate shelf life stability [16-17]. Furthermore, the 
monolayer moisture content or the minimum moisture level is of importance to the physical and 
chemical stability of dehydrated materials with regard to lipid oxidation, enzyme activity, non-
enzymatic browning and structural characteristics [9].  

The moisture sorption data for red curry powder are very rare in the literature. Therefore, in 
this paper, the investigation of the equilibrated moisture content of red curry powder at various 
relative humidity values and prepared by different drying methods is carried out. The suitability of 
various mathematical models for fitting the isotherm and the safe storage moisture content limits of 
red curry powder are also evaluated.  
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Materials and Methods   

Raw materials 
Fresh Thai red curry paste was obtained from Namprick Maesri Partnership, Ltd. (245 

Petkasem Road, Nakornpathom,Thailand) and stored at -60 ºC until use. The ingredients of this 
product consisted of dried red chili (35%), garlic (23%), shallot (20%), salt (7%), lemon grass (6%), 
spices (5%), sugar (3%) and galangal (1%). The moisture, crude fibre, ash, crude fat and protein (N 
x 6.25) of the product were determined by the methods of AOAC [18] and it was found to contain 
70 % water, 9 % fibre, 8 % ash, 4 % fat and 3 % protein.  
 
Sample preparation 

The red curry paste samples were taken out of storage and thawed at room temperature to 
20oC. Fitty-five (±1) grams of the paste material were uniformly spread on a 180x180 mm 
translucent polyethylene sheet of 1-mm thickness and dried in a microwave oven (Hitachi, MR-
30A, Thailand) or a hot-air oven (Path OV663, Thailand) to a final moisture content of 
approximately 8% by the following conditions: 

Microwave drying: The samples were dried at three different levels of microwave output 
power (180, 360 and 540 W) with drying time of 23, 12 and 8 min respectively. 

Hot-air drying: The samples were dried at three different drying temperatures (60, 70 and 
80o C) with constant air velocity of 9.02 m/s and drying time of 240, 180 and 130 min respectively.  

Dried products were broken into small pieces, milled with an analytical mill (Retsch, 
ZM1000, Germany) and passed through a 0.25-mm sieve. The resulting powders were then sealed 
in aluminum foil bags to prevent moisture absorption and stored at -4 ºC for further studies. 
 
Moisture sorption isotherms   

Sorption isotherms were determined by a static-gravimetric method using air-tight glass jars, 
each containing a saturated salt solution. The salts used were LiCl2, CH3COOK, MgCl2, K2CO3, KI, 
NaCl, KCl and K2SO4, which gave the water activity (aw) values at 30C of 0.113, 0.216, 0.324, 
0.432, 0.679, 0.751, 0.836 and 0.970 respectively [9]. To determine the sorption, about 0.5 (± 
0.001) gram of a sample of red curry powder was accurately weighed into a previously weighed 
aluminum pan. The pan was then placed on a plastic receptacle inside the jar over a saturated salt 
solution. The jar was then tightly closed and placed in an electric oven at 30C. At high water 
activity (aw  0.751) a small quantity of toluene was placed in a capillary tube fixed in the jar to 
prevent microbial spoilage of the sample [19]. All samples were weighed every week until a 
difference of less than 0.001 gram in two consecutive weighings was achieved, when the moisture 
in the sample was assumed to be at equilibrium. After the equilibrium was reached, the moisture 
content was determined using the oven method by heating at 105ºC to constant weight [18]. All 
determinations were performed in triplicate. 

The experimental data of all samples were fitted to ten sorption equations (seven two-
parameter models, two three-parameter models and one four-parameter model) shown in Table 1. 
The parameters of the sorption models were estimated from experimental results using a non-linear 
regression analysis (Statistica for Windows 5.0 software, StatSoft, Inc. 1984-1995).  
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Table 1.  Sorption models used for fitting experimental data [9, 12-16] 
 
Model name Model equation 
(Two parameters)  
Oswin We=A(aw/1-aw)B                                                                                           
Caurie We=exp(A+Kaw)                                                                                          
Smith We=A+(Bln(1-aw))                                                                                       
Lewicki-2 We=A((1/aw)-1)B-1                                                                                        
BET* We= XmCaw/[(1-aw)(1-aw+Caw)]                                                                  
Haslay aw=exp(-A/We

B)                                                                                           
Henderson (1-aw)=exp(-AWe

B)                                                                        
(Three parameters)  
GAB We=XmCKaw/[(1-Kaw)(1- Kaw +CKaw)]                                                      
Lewicki-3 We=A[(1/(1-aw)B)-(1/(1+aw

C ))]                                                                   
(Four parameters)  
Peleg We=A(aw)C+ B(aw)D                                                                                   
 
Notes:  aw = water activity; We = moisture content at equilibrium (grams water per gram dry 
matter); Xm = monolayer moisture content (grams water per gram dry matter); A, B, C, D and K = 
moisture sorption constants 
*Sorption data fitted for water activity  0.432 
 
 
Statistical analysis 

The goodness of fit of tested mathematical models to the experimental data was evaluated 
with the coefficient of determination (R2), reduced chi-square (2) and root mean square error 
(RMSE) [14-15].  The higher the R2 value and the lower the 2 and RMSE values, the better is the 
fit. The 2 and RMSE can be calculated as follows: 
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where We,exp,i is the ith experimental moisture content at equilibrium, We,pre,i is the ith predicted 
moisture content at equilibrium, N is the number of observations and z is the number of constants in 
the sorption model. 
 
Results and Discussion   

Sorption isotherms 
The initial moisture content of microwave-dried and hot-air-dried red curry powders were 

found in the range of 0.082-0.086 gram water per gram dry matter. Moisture sorption isotherms of 
these samples are shown in Figure 1. As the initial moisture content of the red curry powder was 
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low, adsorption was dominant.  The equilibrated moisture content (We) of the red curry powder 
increased with water activity (aw). This might be due to the fact that the vapour pressure of water 
present in samples increased with that of the surroundings. The moisture content increased very 
slowly with increase in water activity up to 0.432. From this point on there was a gradual increase 
in moisture content with increase in water activity up to 0.851, beyond which there was a steep rise 
in moisture in all samples.    

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure1.  Moisture sorption isotherms of Thai red curry powders prepared by microwave drying 
(MW) and hot-air drying (HA)  

 
 
According to the classification of Brunauer et al. [12], all sorption isotherms obtained 

exhibited Type III behaviour, in which a small amount of water is adsorbed at low water activity 
and a larger amount is adsorbed at higher water activity, and once the bulk moisture point has been 
reached, the powder rapidly adsorbs large amounts of water vapour, causing it to deliquesce and 
leading to a steep rise in the third part of the curve, corresponding to the formation of hydrate [11]. 
The linear shape at the first part of the isotherms is caused by water adsorption on to the 
biopolymers and the sharp increase in water content at high water activity is due to the gradual 
dissolution of solutes such as salts and sugars [10]. These results suggest that the red curry powder 
is characterised by high hygroscopicity as a result of high solute content (salt and sugar) mostly in 
the amorphous state, which promotes undesirable effects (e.g. caking). 

Al-Muhtaseb et al. [12] reported that foods rich in soluble components show isotherms with 
Type III behaviour owing to the solubility of the components in water.  Similar isotherm behaviour 
has been found in crushed chilies [14], pistachio nut paste [19],  model fruit powder [10,20],  
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pineapple pulp powder [21], fruits rich in sugar such as grape, apricot and apple [22] and salted 
alligator meat [23]. 

It is known that the shape and position of an isotherm for food is influenced by sample 
composition, physical structure (crystalline or amorphous), pretreatment and method of processing 
[21]. According to Figure 1, however, the effect of drying method on the shape and position of the 
red curry powder isotherm is not evident. This means that the states of adsorbed water of the red 
curry powder during sorption process were not much affected by the method of drying. Moreover, 
all red curry powder samples had slight difference in the amount of equilibrated moisture content 
over the entire water activity levels, which indicated that the drying methods did not significantly 
affect the adsorption capacity of the samples either. Similar results were obtained by Debnath et al. 
[17] on freeze-dried, vacuum-shelf-dried and through-flow-dried onions. In contrast, Tsami et al. 
[10] found that freeze-dried pectin-sugar gels had a higher adsorption capacity than microwave-
dried, vacuum-dried and convective air-dried samples in that order. Lee and Lee [24] and Giri and 
Prasad [25] also found that freeze-dried mushrooms had a higher adsorption capacity than 
microwave-dried and air-died ones in that order. Sundaram and Durance [11] found that the 
convective air-dried locust bean gum-pectin-starch composite gels had a higher adsorption capacity 
than freeze-dried and microwave vacuum-dried samples in that order up to 0.8 aw level. These 
researchers suggested that moisture sorption capacity of the dry products was in accordance with 
structural properties such as shrinkage and porosity (total pore area and pore size distribution), 
which mainly depend on the drying method. Moreover, the effect of drying method on the sorption 
capacity of different materials may not be the same.       

 
 
Fitting of sorption models to equilibrium moisture data  

The experimental equilibrated moisture content data at any water activity of red curry 
powder from microwave and hot-air drying methods were fitted against the water activity on ten 
different sorption models listed in Table 1. The statistical test methods, the coefficient of 
determination (R2), the reduced chi-square (2) and the root mean square error (RMSE) were used 
to select the best fitting equation. The estimated parameters and statistical analysis of the ten models 
are presented in Table 2. The results show that the highest probability of fitting the experimental 
data with the highest values for R2 and lowest values for 2 and RMSE are obtained with the GAB 
model for all the red curry powder samples. Mathematical comparison of the experimental and 
predicted results gives R2 values ranging between 0.99639-0.99753 (average 0.99696), 2 values 
ranging between 0.00451-0.00580 (average 0.00504) and RMSE values ranging between 0.05308-
0.06022 (average 0.05608). The fitted sorption isotherms for the model with the experimental data 
are illustrated in Figure 2. 

Normally, parameters in the GAB equation have physical meaning:  Xm is the monolayer 
content, C is the total heat of sorption of the first layer, and K is a factor correcting the properties of 
multilayer molecules with respect to the bulk liquid [19]. However, there are some other limit 
values for parameters C and K suggested by Lewicki [26] based on the mathematical analysis of the 
model.  In order to guarantee a  relatively good description of  the isotherm and to fulfill the 
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Table 2.  Statistical results and estimated values of several model parameters for different drying 
conditions 
 

Microwave drying Hot-air drying 
Model Parameter 

180 W 360 W 540 W 60 C 70 C 80 C 
Two parameters       

Oswin        
 A 0.33648 0.32630 0.34232 0.35039 0.34215 0.35615 
 B 0.65178 0.66792 0.62815 0.64678 0.66175 0.61036 
 R2 0.98892 0.99200 0.98801 0.98878 0.99145 0.98526 
 2 0.01565 0.01184 0.01480 0.01662 0.01334 0.01746 
 RMSE 0.10835 0.09425 0.10537 0.11164 0.10004 0.11443 

Caurie        
 A -5.58930 -5.82891 -5.32475 -5.48757 -5.70087 -5.06514 
 B 6.95845 7.23285 6.61666 6.87698 7.12712 6.32436 
 R2 0.99335 0.99274 0.99290 0.99413 0.99344 0.99440 
 2 0.00939 0.01075 0.00877 0.00869 0.01025 0.00662 
 RMSE 0.08392 0.08978 0.08108 0.08074 0.08766 0.07049 

Smith        
 A -0.30889 -0.32477 -0.26495 -0.31367 -0.33029 -0.24857 
 B -0.92524 -0.94499 -0.86580 -0.94819 -0.97144 -0.85031 
 R2 0.94904 0.94273 0.95534 0.95187 0.94578 0.96288 
 2 0.06775 0.07996 0.05165 0.06701 0.07975 0.04109 
 RMSE 0.22542 0.24488 0.19681 0.22418 0.24456 0.17555 

Lewicki-2        
 A 0.33648 0.32630 0.34232 0.35039 0.34215 0.35615 
 B 0.34822 0.33208 0.37185 0.35322 0.33825 0.38964 
 R2 0.98823 0.99152 0.98720 0.98806 0.99093 0.98422 
 2 0.01565 0.01184 0.01480 0.01662 0.01334 0.01746 
 RMSE 0.10835 0.09425 0.10537 0.11164 0.10004 0.11443 

BET        
 Xm 0.08017 0.08339 0.08464 0.08356 0.08321 0.08287 
 C 429.62592 145.333057 1333229.36 107.06766 1326.3384 618734.8 
 R2 0.96880 0.91936 0.89922 0.95998 0.87758 0.84921 
 2 0.00002 0.00006 0.00006 0.00003 0.00009 0.00010 
 RMSE 0.00328 0.00566 0.00570 0.00418 0.00666 0.00723 

Haslay        
 A 0.17562 0.17495 0.17492 0.18406 0.18449 0.18302 
 B 0.91551 0.92786 0.94602 0.90163 0.91205 0.91593 
 R2 0.96782 0.97037 0.96476 0.97085 0.96589 0.96384 
 2 2.12845 1.79900 1.86518 2.76614 2.43855 2.87668 
 RMSE 1.26346 1.16157 1.18274 1.44035 1.35237 1.46885 

Henderson        
 A 1.86038 1.89811 1.87708 1.80529 1.82196 1.82029 
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Table 2.  (Continued) 

Microwave drying Hot-air drying 
Model Parameter 

180 W 360 W 540 W 60 C 70 C 80 C 
 B 0.78050 0.80097 0.81029 0.77582 0.79150 0.79160 
 R2 0.93792 0.94151 0.93691 0.94296 0.94013 0.94008 
 2 0.16648 0.23175 0.13049 0.15781 0.21300 0.08008 
 RMSE 0.35335 0.41691 0.31283 0.34403 0.39968 0.24507 
Three parameters       
GAB        
 Xm 0.51270 0.36958 0.45741 0.58185 0.42026 0.70660 
 C 0.36373 0.55482 0.45222 0.32846 0.48915 0.28460 
 K 0.91039 0.93380 0.90986 0.90335 0.92692 0.87733 
 R2 0.99658 0.99726 0.99639 0.99714 0.99753 0.99683 
 2 0.00580 0.00487 0.00535 0.00509 0.00463 0.00451 
 RMSE 0.06022 0.05517 0.05781 0.05638 0.05379 0.05308 
Lewicki-3        
 A 0.70377 0.62745 0.80473 0.75473 0.67691 0.96289 
 B 0.46590 0.50227 0.41554 0.45390 0.48925 0.36552 
 C 6.71382 6.71161 6.89649 6.75285 6.68133 7.03462 
 R2 0.99552 0.99672 0.99571 0.99595 0.99682 0.99576 
 2 0.00759 0.00582 0.00635 0.00720 0.00596 0.00603 
 RMSE 0.06887 0.06033 0.06302 0.06706 0.06102 0.06140 
Four parameters       
Peleg        
 A 1.91516 1.98273 1.77474 1.95455 2.02753 1.71775 
 B 1.91516 1.98273 1.77474 1.95455 2.02753 1.71775 
 C 6.06913 6.32743 5.76744 5.99412 6.22799 5.49316 
 D 6.06913 6.32743 5.76744 5.99412 6.22799 5.49316 
 R2 0.98904 0.98822 0.98782 0.98978 0.98893 0.98933 
 2 0.02322 0.02617 0.02256 0.02269 0.02594 0.01896 
 RMSE 0.10776 0.11440 0.10621 0.10651 0.11388 0.09737 
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Figure 2.  Comparison of experimental and predicted (GAB model) sorption isotherms of Thai red 
curry powder prepared by microwave drying at 180 W (A), 360 W (B), 540 W (C)  and hot-air 
drying at 60 C (D), 70 C (E) and 80 C (F)   
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requirements of the BET model as well as to assure that the estimated Xm values differ by not more 
than ± 15% from the true monolayer capacity, the above author stated that the parameters should 
assume values in the ranges 5.67  C   and 0.24  K  1. In the present study, the estimated C 
results are not in accordance with the limit values and are therefore considered as not fulfilling the 
theoretical requirements. So the values of the GAB parameters obtained in this work lack any 
physical meaning. Similar results were found by Lewicki [26] for apple cellular fibre, carrot, coffee, 
mushroom, wheat bran flour and yeast isotherms. The physically impossible values of the GAB 
parameters have been reported by several researchers. The high value of Xm has been reported by 
Arslan and Toğrul [14] on the study of crushed chilies. Furthermore, the negative value of C and the 
value higher than unity of K have been found by Maskan and Göğus [19] on the study of pistachio 
nut paste.  

The second best model that fits the experimental data of all the red curry powders is the 
Lewicki-3 model. Statistical data for the Lewicki-3 correlation are: R2 ranging between 0.99552-
0.99682 (average 0.99608), 2 ranging between 0.00582-0.00759 (average 0.00649) and RMSE 
ranging between 0.06033-0.06362 (average 0.06362). Lewicki [24] theorised that the Lewicki-3 
model consists of two functions subtracted from each other assuming the two processes occur in 
parallel. The first process prevails at high water activity while the second plays a major role at low 
water activity. The model was found to give a higher probability of good fit for the experimental 
data compared to the GAB and Peleg equations. Nevertheless, no physical significance could be 
assigned to the parameters of the equation. On the other hand, the Henderson, Haslay and Smith 
equations provide the worst representations of the data. 
 
Monolayer moisture content 

The value of the monolayer moisture content (Xm) is of particular interest, since it indicates 
the amount of water that is strongly adsorbed to specific sites at the food surface. It is considered as 
the optimum value to assure food stability. For most dry foods, the rate of quality loss due to 
chemical reactions is negligible at the monolayer value. Therefore, this value is important for the 
storage of red curry powder, since at this moisture level water does not act as a solvent, being 
biologically inert.  

The Xm value in this study was determined by using the BET equation and was found to 
range between 0.080-0.085 gram water per gram dry matter, the values at which the red curry 
powder keeps very well on storage for a long period of time. Tsami et al. [10] following adsorption 
at 25C found for model fruit powder the Xm values between 0.060-0.097, which is the same in the 
order of magnitude as Xm estimated in the present work. The Xm values for lemon juice and 
pineapple powder, however, were between 0.146-0.166 gram water per gram dry matter following 
adsorption at 20-50C [16,21]. Kaymak-Ertekin and Gedik [22] found for grapes, apricots and 
apples Xm values between 0.095-0.220 gram water per gram dry matter, and those for potato 
between 0.067-0.073 gram water per gram dry matter following adsorption and desorption at 30-
60C. The value of Xm for red curry powder thus seems to be lower than those for high-sugar fruits 
and fruit powder but higher than those for starchy foods.  
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Conclusions 
 

This study presents data on moisture sorption of Thai red curry powder prepared by two 
different drying methods, i.e. microwave drying at 180, 360 and 540 W, and hot-air drying at 60, 70 
and 80˚C, over a range of water activity (0.113-0.970) at 30C. It was found that the red curry 
powder exhibited Type III sorption isotherms which were not affected by the drying methods. The 
GAB model followed by the Lewicki-3 model was found to be most suitable for fitting the moisture 
sorption data. The monolayer moisture content derived from the BET model ranged between 0.080-
0.085 gram water per gram dry matter. The moisture sorption data obtained could give useful 
information to guide the processing, packaging and storage of Thai red curry powder at ordinary 
temperature.  
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