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Abstract: The desire for cheap and proper drying methods, the need to obtain quality dried products and understanding of drying 
parameters of leafy vegetables have necessitated the evaluation of drying methods. In this study, Hospital too far leaves were 
obtained and cleaned with distilled water. The leaves were divided in two samples each weighing 20grams. The first sample was 
spread in a single layer on a mesh wire attached to a rack under open sun and the second sample was also spread in single layer 
on drying mesh of a solar dryer. The drying starts from 8:00 am to 4:30pm. Weights of the samples were measured after every 30 
minutes. Ambient air temperature and drying chamber temperature were also measured. Moisture diffusivity coefficient was found 
to vary from 3.55x 10-8 to 4.22x 10-7 and 3.55x10-8 to 3.94x10-7 for open sun dried sample and solar dried samples respectively. The 
experimental drying curves exhibit only falling drying rate period. Solar drying method has shorter drying time against open sun 
drying method. Nine mathematical models were fitted to the experimental drying curves. The Page model was found to decently 
describe both open sun drying curve and solar drying curve. 
Keywords: drying curves, effective moisture diffusivity, mathematical drying models 
 
 
INTRODUCTION 
Hospital too far belongs to the family Euphrobiacae and show 
physical appearance akin to Jatropha Gossypifolia and 
Jatropha Curcas (Parabakan and Siyatha, 1999).The plant 
originates from Central America and is very popular in Mexico, 
it has been introduced in the United State of America as 
potential leafy vegetable and or as medicinal plant 
(Kuti,1996). In Nigeria, the leaf is popularly called ‘Ugu oyibo’ 
in the east and ‘Iyana ipaja’ in the west, predominantly 
consumed as leafy vegetable and medicament for diabetes 
mellitus, treatment of malaria, blood building herb, 
antioxidant and supports spermatogenesis (Olayiwola et al., 
2004; Mordi and Akanji, 2012; Gilbert, 2017; Omigie et al., 2013; 
Osuchukwu et al., 2016). 
Drying increases the shelf life of farm produce by reducing 
the moisture content to a safe level. In Nigeria, fruits and 
vegetables are largely dried under open sun to harness the 
abundant solar radiation, however, open sun drying 
predisposes food to potential contaminant, rain damage and 
characterised by variation in drying time (Werner and Josef, 
2012) and is not suitable for vegetables at temperatures 
below 30℃ because they contain lower sugar and acid; this 
increases the risk for food spoilage (Naseer et al., 2013), solar 
dryers made up the shortcomings of open sun by providing 
increased drying temperature and lower humidity at the 
drying chamber thus providing more marketable products 
and efficient drying alternative to open sun (Werner and 
Josef, 2012) however, the geometry of the product also 
affects its drying rate (Lewicki, 2006) thus, vegetables and 
fruits are better dried in thin layer or single layer (Mursalim 
and Dewi, 2002). During crude organic compounds 
extraction from leaves especially for medicinal purposes, the 

leaves need to be dried for easy pulverization to obtain larger 
surface area and to obtain compounds in their natural and 
unaltered state due to inhibited biochemical reaction (Ravi, 
2015). 
Some studies carried out on the drying behaviour of some 
leaves under different drying conditions are documented in 
the literature: Vernonia amygdalina leaves (Alara, 
Abdulrahman and Olalere, 2017) Mint, Parsely and Basil leaves 
(Akpinar, 2006), Coriander leaves (Ahmed and Singh, 2001), 
Peppermint leaves (Alireza, 2016). Aramanth leaves (Papu et 
al., 2014) and red chilly leaves (Subahana et al., 2014) 
However, no study was reported on the drying characteristics 
of hospital too far leaves, thus the experimental investigation 
of the effective moisture diffusivity coefficient, drying curve 
and mathematical modelling of drying curves of hospital too 
far leaves forms the objectives of this study. 
MATERIALS AND METHOD 
Hospital too far leaves were detached from the plant, the 
leaves were then washed with distilled water to rid it of any 
dust or dirt and were allowed to rid off the water under 
ambient condition. The leaves’ thickness was measured using 
SONGQI SQ-SXQFC25 digital micrometer screw gauge at 
different locations and the average was computed. The leaves 
were detached from the stalk and were divided into two 
samples weighing 20 grams each. The first sample was spread 
on mesh wire fixed to a rack forming single layer under open 
sun, the second sample was placed in a natural draft solar 
dryer chamber forming single layer on a mesh wire rack as 
well. The experiment started around 8:00 am and the mass of 
the leaves were measured after every 30 minutes till no 
further change in mass of the leaves was recorded, the air 
drying temperature under open sun and in the drying 
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chamber were measured using MexTech digital multi-
thermometers and the changes in mass of the leaves were 
measured using KERRO BL3002 electronic compact scale with 
precision of ±0.01g. 
The moisture content was computed using eq. 1 on wet basis 

Mc= Mi−Mf
Mi

x 100      (1) 
Mi is the mass of sample before drying; Mf is the mass of 
sample after drying 
For the purpose of performing mathematical modelling to 
obtain model equation(s) that best describe the drying 
characteristics of hospital too far leaves, the moisture ratio 
was computed using eq. 2 

MR= Mt−Me
Mo−Me

    (2) 
The drying rate was estimated using eq. 3: 

dR
dt

= Mt+dt−Mt
dt

    (3) 
Mt is the moisture content at a particular dying time (%); Me is 
the equilibrium moisture content (%); Mo is the initial 
moisture content (%); dt is the change in drying time; Mt+dt is 
the instantaneous moisture content as the drying time 
changes. 
Nine (9) single layer drying models presented in Table 1 were 
fitted to the moisture ratio drying curves using MATLAB 
R2009b. Highest R2 and lowest MSE and RMSE values were 
used as the performance function of the models. 

Table 1: Single layer mathematical models for describing drying 
characteristics 

S/N Model name Model equation 
1 Newton MR=exp(-kt) 
2 Page MR=exp(-ktn) 
3 Henderson and Pabis MR=a exp(-kt) 
4 logarithmic MR=a exp(-kt)+b 

5 
Approximation of 

difussion 
MR=a exp(-kt)+(1-a) exp(-

kbt) 

6 Modified Henderson 
and Pabis 

MR=a exp(-kt)+b exp(-
kot)+c exp(-k1t) 

7 Midilli-Kucuk MR=a exp(-ktn)+bt 
8 Wang and Singh MR=1+at+bt2 

9 Verma et al. 
MR=a exp(-kt)+(1-a) exp(-

kot) 
 

RESULT AND DISCUSSION 
— Drying Curves  
For open sun and solar dried samples, as the drying 
temperature increases, the drying rate also increases and 
consequently the moisture content and moisture ratio 
decreases (Figs. 1, 2, 3, 5 and 6). It was observed that solar 
dried samples have shorter drying time compared to open 
sun dried sample, this was further substantiated by Midilli 
(2001) and Belghit et al., (2000) with the explanation that this 
could be possible owing to higher drying chamber 
temperature and lower relative humidity (Fig. 3). The two 
samples reached their maximum drying rate at 43.64 % (Open 
sun) and 27.76% (Solar dryer) moisture level at 270th minute 
drying time which was succeeded by falling drying rate 
period (Figs. 5 and 6), according to Earle and Earle (1966) at 

the point of maximum drying rate followed by falling drying 
rate period, the water stops behaving as if it was a free water 
due to changes in energy binding pattern between the water 
molecules, thus negates a predominantly temperature 
controlled water diffusion to the surface of the leaves, hence, 
moisture content changes controls the drying rate. A similar 
drying result was reported by (Akpinar, 2011) for drying 
Parsley leaves under open sun and in solar dryer. 

 
Figure 1. Variation of drying temperature with drying time 

 
Figure 2. Variation of moisture content with drying time 

 
Figure 3. Variation of moisture ratio with drying time 
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It can also be seen from Figs. 5 and 6 that the drying rate curve 
of solar dried sample exhibits multiple negative and positive 
gradient at the early stage as moisture escapes the surface of 
the leaves, Keey (2011) imputed such behaviour to periodic 
discontinuities in drying causing selective moisture 
evaporation as the leaves’ composition alters and also the 
build-up and cracking of the leaves’ surface crust caused by 
disturbances (temperature changes during removal of 
samples from drying chamber) during sample weighing. The 
solar dried leaves appear greener to the eye against the open 
sun dried sample, this inferred superior product quality as 
more chlorophyll is retained in the leaves. 

(a) 

(b) 

(c) 
Figure 4. Fresh and dried hospital too far leaves: (a) fresh leaves 

sample: (b) open sun dried sample; (c) solar dried sample 

 
Figure 5. Plot of drying rate with changes in drying time 

 
Figure 6. Variation of drying rate with changes in moisture content 
— Effective Moisture Diffusivity (Deff) 
During food drying, drying takes place in either falling rate 
period or constant rate period and it is govern by heat and 
mass transfer. During falling drying period, the rate of 
moisture migration in hygroscopic and isentropic matters 
could be represented by effective moisture diffusivity (Wang 
et al., 2007). Moisture diffusivity can be explained in terms of 
the magnitude of the molar flux through the surface of the 
drying material per unit moisture concentration gradient 
away from the plane geometry (COMSOL, 2017). Effective 
moisture diffusivity is dependent on temperature, moisture 
content, porosity of material and pressure (Abe and Afzal, 
1997; COMSOL, 2017). However, explaining how mass transfer 
occur in fruits and vegetables is quite difficult hence, Fick’s 
second law expressed in eq. 1(Crank, 1975) is widely adopted 
to best describe the drying kinetics.  

MR= 8
π2
∑ 1

(2n+1)2
∞
n=1 exp [−(2n+1)2π2Defft

4l2
]  (4) 

MR is the dimensionless moisture ratio, Deff is the effective 
moisture diffusivity (m2/s), l is half the slap thickness of the 
material (m), t is the drying time (s) and n is the number of 
terms taken. Effective moisture diffusivity is determined by 
taking the slope of the plot of lnMR/t, the slope is presented 
in eq. 5 (Lamharrar et al., 2017). 

Ko = π2Deff
4l2

   (5) 
In this study, the effective moisture diffusivity was estimated 
at a given moisture ratio, drying time and drying air 
temperature neglecting shrinkage in the leaves thickness. The 
leaves were assumed to be infinite slabs. 
It can be seen in Figure 7, that the effective moisture 
diffusivity of Hospital too far leaves ranges from 3.55x 10-8 to 
4.22x 10-7 and 3.55x10-8 to 3.94x10-7 for open sun dried sample 
and solar dried sample respectively. The values fall between 
10-7 to 10-12 for food materials as reported in Ashton (2013), 
Dincer and Hussain (2002) and Hosain et al (2014). From 
Figures 8 and 9, at the initial stage, as drying temperature 
increases, the effective moisture diffusivity of both open sun 
dried sample and solar dried sample gradually increases, 
however, toward the end of the drying time, when drying 
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temperature changes was minimal and moisture content is 
low, diffusion coefficient increases sharply, this may signify 
that moisture content decrease results in vapour permeability 
increase (Hosain et al., 2013). 

 
Figure 7.  Plot of effective moisture diffusivity versus drying time 

 
Figure 8. Variation of effective moisture diffusivity of open sun 

drying method with drying temperature 

 
Figure 9. Variation of effective moisture diffusivity of solar drying 

method with drying temperature 

 
Figure 10. Variation of effective moisture diffusivity of open sun 

drying method with changes in moisture content 

 
Figure 11. Variation of effective moisture diffusivity of solar drying 

method with changes in moisture content 
From Figs. 10 and 11, the plot of Deff against moisture content 
gave an exponential curve. Similar result was reported by Jen 
et al. (2001) and Hosain et al. (2013) with the explanation that 
it implies that effective moisture diffusivity is dominantly a 
function of moisture content of the leaves. Curve fitting was 
carried out using MATLAB R2009b and correlation equation 
was obtained for estimating moisture content dependent 
moisture diffusivity for both drying methods and is presented 
in eq. 6 below:  

Deff= 2.245x10-7exp(-0.1817MC) +2.245x10-7exp(-0.0243MC) (6) 
MC is the moisture content, (wb). 

 
Figure 12. Experimental and predicted moisture diffusivity 
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— Fitting drying curves to mathematical drying models 
Modelling is the most appropriate tool used in describing the 
drying characteristics and drying curves of fruits and 
vegetables. The results of fitted drying models presented in 
Tables 2 and 3 show that the Page model best describes the 
drying performance of both open sun and solar dried hospital 
too far leaves samples with R2=0.9989, SSE=0.001879 and 
RMSE=0.01251 and R2=0.9901, SSE=0.01214 and 
RMSE=0.03484 respectively. 

Table 2: Open sun drying statistical parameters  
for each drying model 

S/N Model name Coefficient R2 SSE RMSE 
1 Newton k=0.06438 0.5695 0.8093 0.2495 

2 Page 
k=9.27x10-7 

n= 5.821 
0.9989 0.001879 0.01251 

3 
Henderson 
and Pabis 

a= 1.359; 
k=0.1003 

0.7028 0.5587 0.2158 

4 Logarithmic 
a= 369.7; 

k= 0.0002; 
b= -368.5 

0.8338 0.3124 0.1685 

5 Midilli-Kucuk 

a= 239.8; k= 
5.363; 

b=-0.2039; 
n=-0.07199 

0.9533 0.06757 0.0822 

6 
Wang and 

Singh 
a=0.0376; 

k=0.008227 
0.9749 0.04715 0.06268 

7 
Approximatio
n of diffusion 

a= -169.7; 
k= 0.2357; 
b= 0.9899 

0.8357 0.3089 0.1676 

8. 
Modified 

Henderson 
and Pabis 

a= 54.54; 
ko= 0.1659; 
k1= 0.8834; 
b= 0.9842; 
c= -24.26 

0.8666 0.2507 0.177 

9 Verma et al. 
a= 54.54; k= 
0.2289; ko= 

0.2362 
0.8355 0.3092 0.1676 

 

Table 3: Solar drying statistical parameters for each drying model 
S/N Model name Coefficient R2 SSE RMSE 

1 Newton k= 0.06331 0.5710 0.5269 0.2189 

2 Page k=3.293e-006; 
n= 5.457 0.9901 0.01214 0.03484 

3 Henderson 
and Pabis 

a= 1.302; 
k= 0.0986 0.6995 0.3691 0.1921 

4 Logarithmic 
a=327.1; 

k=0.0002318; 
b= -326 

0.8149 0.2274 0.1589 

5 Midilli-Kucuk 

a= 45.76; 
k= 3.7; 

b= -0.2079; 
n= -0.1035 

0.9493 0.0235 0.0882 

6 Wang and 
Singh 

a= 0.04133; 
c=-0.01001 0.9809 0.04715 0.04847 

7 Approximatio
n of diffusion 

a= -1.131; 
k= 0.06314; 
b=0.9794 

0.571 0.5269 0.242 

8. 
Modified 

Henderson 
and Pabis 

a= 1.897; 
ko=0.001765; 
k1= 0.2876; 
k2= 0.4087; 
b=- 1.098; 
c= 0.3376 

0.9490 0.06269 0.1022 

9 Verma et al. 
a= 127.9; 

k= 0.2034; ko= 
0.2056 

0.8019 0.2433 0.1644 

CONCLUSION 
Study on drying characteristics of hospital too far leaves has 
been carried out, the experimental drying curves exhibit only 
falling drying rate period and solar drying method has shorter 
drying time against open sun drying method hence the 
advantage of solar drying approach against open sun drying. 
The effective moisture diffusivity coefficient of hospital too far 
leaves ranges from 3.55x 10-8 to 4.22x 10-7 and 3.55x10-8 to 
3.94x10-7 for open sun dried sample and solar dried samples 
respectively. The Page model was found to decently describe 
both open sun drying curve and solar drying curve.  
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