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Mathematical modeling of thin layer drying of green plantain 
(Musa paradisiaca L.) peel

Abstract

In this work green plantain peel was characterized in terms of moisture, and dry basis 
hemicellulose (HC), cellulose, lignin, crude fiber (CB), crude protein (CP), ether extract (EE), 
starch, nitrogen free extract (NFE), total digestible nutrients (TDN) and ash. According to the 
high proportion found of hydrophilic components (carbohydrates) and water (76.15 % and 
87.62 % respectively) a slow drying period was determined. Drying kinetics of peels at 60, 70, 
80, 90, 100 and 110 ºC was studied. Isothermal drying curves for green plantain peels showed 
a monotonic decreasing of moisture content in the whole range of temperatures studied, until a 
point where the changes of the moisture content were very little in function of time, indicating 
that the transition state of dynamic pseudo-equilibrium (TSDPE) was reached. Best fit was 
found when modified Henderson-Pabis model was used. Desorption, drying rate, and effective 
diffusivity curves showed a non fickian process, a drying period of decreasing rate with internal 
control, and a concentration-dependence diffusion, respectively.

Introduction

Plantain is one of the most relevant crops in the 
world in value (10•107 T/year) (FAO, 2013). However, 
plantain peel has been traditionally considered as a 
low prized by-product (Chambron, 2000). Taking 
into account that plantain peel represent about 20 % 
of total weight of the fruit (Ly, 2004) more than 7•106 

T of waste disposal are produced on a year basis. 
Management of plantain peels have become thus 
an environmental challenge due to its contaminant 
properties (Intriago and Paz, 2000).

Plantain peels doesn’t play yet a relevant role 
at industrial scale but there are several promising 
processes to obtain ruminant feed and ethanol as 
final products (Mohapatra et al., 2010). The latter 
is being studied in many countries as alternative 
sources of fuels due to the decreasing reserves of oil 
estimated in less than 50 years due to constant rising 
of consumption (OPEC, 2015).

Plantain peels has a high potential in ethanol 
production due to the high productivity of the crop 
(FAO, 2013) but its high moisture content up to 91 

% (wet basis) make bulk storage and management 
not affordable unless a previous drying process be 
implemented (Monsalve et al., 2006). Design and 
construction of drying facilities have to be started 
determining first its characteristic drying isotherms 
and mathematic models describing them. 

The main objective of this work was to study 
the drying kinetics of green plantain peel, the use 
of a new rigorous statistical procedure to select the 
best empirical drying kinetics model, the analysis of 
the phenomenology implied in the water transport 
through the material using desorption and drying rate 
curves, and developing a new calculation method of 
the effective diffusivity, based on the regular regime 
method, and, finally, comparing this method against 
the traditional activation energy method.

Materials and Methods

Sampling
75 Hartón variety plantains were obtained in 

June 2011 in the “Santa Rosa” farm located in 
Pueblo Nuevo-El Chivo, in the south region of Lake 
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Maracaibo in the state of Zulia, Venezuela, with 
geographical coordinates 08º56’22” N, 71º37’47” 
W. Experimental schedule consisted in sampling 
10% of the total cultivated surface, meaning 50.000 
m2 distributed in five plots of 100 x 100 m2. From 
each plot five sample units of three plantains were 
obtained; four samples were collected at three meters 
from each corner of the plot and the fifth in the 
middle of the field. Standard fertilizing of this crop is 
350-400 kg•ha-1 N, 50 kg•ha-1 P2O5, 600 kg•ha-1 K2O, 
560 kg•ha-1 CaO and 100 kg•ha-1 MgO (Espinosa 
and Mite, 2002) having a harvest time of about nine 
months.

 
Characterization of plantain peeling

Initial moisture and starch content were 
determined according to venezuelan standards 
COVENIN 1156-79 (COVENIN, 1979) and 376-
81 (COVENIN, 1981), respectively. Cellulose, HC 
and lignin content were determined by means of the 
Goering and Van Soest fractional method. Crude 
Protein (CP), Ethereal Extract (EE), Crude Fiber 
(CF) and ash was determined following the Weende 
method of proximate analysis (Garrett, 1974). 
Total Digestible Nutrients (TDN) were determined 
following Van Soest (1963) in vitro digestibility 
method, and Nitrogen Free Extract (NFE) was 
calculated by difference from total dried weight 
subtracting CP, EE, CF and ash. All determinations 
were done in triplicate.

Determination of drying kinetics at several 
temperatures

After harvesting whole green plantains were 
stored at 7 ºC in sealed bags containing small pieces 
of lemon preventing ripening before processing 
(less than one week from harvest). Just before each 
experiment trial, green plantains were peeled and 
gently washed with water, being the fruit discarded. 
A thin layer of known thickness of plantain peels 
was made to cover all surface of the sample holder 
before being subjected to hot airstream at 60, 70, 80, 
90, 100 or 110ºC. Initial weighting interval was five 
minutes between 60 and 80 ºC and three minutes 
between 90 and 110 ºC. Drying was considered to 
be finished when constant weight (state of dynamic 
pseudo-equilibrium) was reached. Dried samples 
were transferred to a drying oven at 105 ºC for 24 h 
and finally weighted. All determinations were done 
in triplicate.

Calculation method of experimental drying curves
Dry basis (d.b.) moisture content was calculated 

with equation 1:

 	  				            Eq. 1

where: X(t) is d.b. moisture content, m(t) is mass 
weight over time (t), mfinal is mass weight after oven 
drying. Moisture contents (d.b.) were expressed in 
terms of remaining moisture fraction (Mr(t)) with 
equation 4, and then plotted versus time.

Transition state of dynamic pseudo-equilibrium 
The traditional form to express the moisture 

content in the studies of drying kinetics is the dry 
basis (d.b.) remaining moisture fraction (Mr), and Mr 
over time expressed as Mr(t), can to see in equation 
2.

 					               Eq. 2

where X(t) is d.b. moisture content over time, X0 is 
d.b. initial moisture content, and Xe is d.b. moisture 
content in the equilibrium state. Xe is normally 
eliminated of equation 2 due its value is very low, 
resulting equation 3. 

 					       Eq. 3

Figure 1 shows the drying of any material, in 
terms of equation 3 in function of the time, from Mr(t) 
= 1 to infinity. Drying beginning with monotonic 
decrease of the moisture content where many of 
the thin layer drying models, explain this behavior 
very efficiently, for many materials. In a moment of 
the drying process (txdpe), well below of the normal 
storage humidity (XS/X0 in the Figure 1, between 10 
and 5 % in wet basis), the behavior changes abruptly 
to a very slow decrease of the moisture content that 
can be physically appreciated with changes in the 
weight of the sample in an order of 10-3 and 10-4 g, in 
the drying kinetics experiments. This condition could 
make think that the process has reached a stationary 
(equilibrium) state, but really it is a pseudo-
equilibrium state. At the same temperature of the 
drying curve, the material can be for a long of time 
in this transition state between the kinetics processes, 
governed by external (air) and internal (material) 
transport phenomena, and the real equilibrium state 
where govern surface phenomena. Obviously, the 
equilibrium moisture (Xe/X0) is very low compared 
with the dynamic pseudo-equilibrium moisture (Xdpe/
X0), and the time between these two point is very high 
(txdpe - txe). Being Xdpe/X0, the finish of the behavior 
explained by all the thin layer drying models, is 
logical that this point be the limit used in the equation 
of Mr. The term “dynamic” comes from the fact that 
the real equilibrium moisture content is determined 
by the “gravimetric static method” (Molnár, 2006), 
but the dynamic pseudo-equilibrium moisture 
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content is found in a drying experiment where the air 
has a movement. Thus, using equation 4 is proposed, 
in order to avoid errors in the simulations and design 
of industrial dryers where drying times or output 
moistures can be underestimated or overestimated, 
respectively.

 					            
					              Eq. 4

Empirical modeling methodology using experimental 
data smoothing, ANOVA, and the criteria of trend, 
bias and randomness of the best model

Smoothed plots of Mr were calculated by means 
of polynomial fitting with the Excel® graphic tool 
“Trend line”. The resulting polynomic equations were 
used to re-calculate the drying curves (smoothed) but 
with a time interval (Δt) of 0.2 min. Parameters of the 
thin layer drying models evaluated, using the drying 
curves smoothed, were adjusted by means of least 
square method implemented with the Solver tool 
from Excel®.

Comparing the graphics of experimental drying 
curves against models, and the graphic of Mr 
Residuals, a first discard can to be done with these 
statistical criteria of visual inspection. The model 
discarded with the visual inspection, is the one who 
does not follow the behavior of the experimental 
drying curve, and which Mr residuals have some 
tendency and little randomness. Then, statistical 
criteria of analytical selection were calculated, in order 
to evaluate the models that were not discarded in the 
visual inspection. The Coefficient of Determination 
(R2), was used as a measure of how well the model 
follows the “trend” of the experimental data; Mean 
biased error (MBE) and Mean Relative Deviation 
(MRD) were used as a measure of the equitable 

distribution of the experimental points around the 
models (randomness); Root Mean Square Error 
(RMSE) and Ji Square (χ2) were used as a measure 
of the “bias” of the models with respect to the 
experimental points. Finally ANOVA and LSD test 
at 95 % of significance was calculated by means of 
Statistix 8 software, putting the models as treatments 
and temperature as repetitions, for each statistical 
criteria of analytical selection.

Drying rate curves
Polynomic equations resulting of the smoothing 

of the experimental curves were derived with respect 
to time. Finally, -dMr(t)/dt data versus Mr(t) were 
plotted at full Mr range for each temperature.

Desorption curves
Desorption curves were calculated subtracting the 

mass of each drying point (mt) from the initial mass 
(me = m0 - mfinal) and dividing by the total mass of 
water removed (mt/me). Data of (mt/me) was plotted 
versus the square root of the time. The behavior of 
the curves was compared with the behavior of the 
different types of desorption defined by Rogers 
(Crank, 1975b).

Qualitative kinetic data analysis by means of a 
regular regime as an alternative procedure to 
activation energy method

Crank’s solution to the second Law of Fick 
(Crank, 1975a), is usually employed to describe 
the diffusional process of the water inside the 
material during drying, assuming that the diffusional 
coefficient is constant. When truncating in the first 
term the Crank’s solution to the second Fick Law 
(Crank, 1975a), equation 5 is obtained, offering a 
theoretical approximation to the description of the 
drying for the sample, in a plane geometric figure 
defunding in a transversal way to its thickness only 
for a face, where L is the thickness of the layer (m), 
t is time (s), and diffusional coefficient is substituted 
by the term Deff which is the effective diffusivity 
(m2/s).

 				                       Eq. 5

Deff is the first empirical modification introduced 
in this equation, and this implies that phenomena 
of transport of the water as capillarity, vapor 
diffusivity, and pressure, whose expressions have 
to be summative together with the liquid diffusivity 
are included inside the expression of the liquid 
diffusivity (Eq. 5) (Treybal, 1980). The second 
empirical modification is the adaptation of Eq. 5 to 
the fact that the first point of the drying curve, at 

Figure 1. Illustrative figure of the monotonic decrease of 
the moisture content in the drying of any material (From 
Xt/X0=1 to Xdpe/X0), followed of the transition state of 
dynamic pseudo-equilibrium (TSDPE) (From Xdpe/X0 to Xe/
X0), followed of the real equilibrium state (From Xe/X0 to 
infinity)
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time equal to 0, has a value of 1. Normally, the pre-
exponential factor 8/π is empirically substituted by 1, 
to adjust this truncated equation to the experimental 
data. This can by clearly seen in empirical thin-layer 
drying models. The supposition that the length of the 
layer (L) is also constant is something that needs to 
be evaluated for each material.

Lignocellulose is a material in which is very 
unlikely that a ficktian diffusivity of the water stays 
could be seen due to its internal sites with a complex 
structure, constituting mainly by hydrophilic 
polysaccharides as cellulose, hemicellulose and 
pectin, and that in turn, containing hydrophobic 
substances as lignin and waxes in it surface 
that act as anti-dehydration barriers. If the non-
ficktian diffusivity is demonstrated when using the 
drying rate curves and desorption curves (Crank, 
1975b), equation 5 shouldn’t be used. However, 
effective diffusivity is usually reported constant for 
lignocellulosic materials where in a plot of lnMr vs t, 
the slope is obliged to be linear.

On the other hand, when authors plot LnDeff vs 
1/T (1/K), normally obtain a linear slope, equivalent 
to an Arrhenius expression that has an implicit 
energetic parameter known as activation energy 
(Ea). Come up to the calculation of Ea is equivalent 
to a “dead end” because there is no explanation of 
its meaning in the literature, nor it relationship with 
other thermodynamic properties of the biomass-
water system, only limited in some cases to the 
comparison with the Ea of other materials, but 
without concluding theoretically in relation with the 
differences in the drying based in this parameter (Rao 
et al., 2014). Pre-exponential factor of the Arrhenius 
expression, designed by D0, is only reported without 
a theoretically explanation. Then, if these two terms, 
don’t afford sufficient information for high quality 
modeling and don’t give information about the 
phenomenology implicit in the drying process with 
respect, e. g. the ficktianity or the resistance of water 
desorption, a question arise: why do these parameters 
continue being calculated?

Taking into account that lignocellulosic 
materials are fibrous compounds with high content 
of hydrophilic carbohydrates, whose molecules 
bind intermolecularly, crystallizing or changing 
its crystallinity during drying (Weise, 1998), it 
is very probable that the diffusion coefficient is 
concentration-dependent. Plotting Deff vs Mr, 
calculated with equations 5 and 4, respectively, and 
verifying a potential behavior, demonstrates that Deff 
is not constant, describing its behavior by means of 
equation 6.

 					     Eq. 6

where, b, m and n are parameters of model, and T 
is temperature (K). Plotting in separate both terms 
of equation 6 (b +mT, and Mrn), allows to obtain 
two graphics that can be proposed to analyze 
qualitatively drying data. The first term or ‘velocity’ 
denotes (in the graphic b +mT vs T) which material 
is dried faster than others, and the second term or 
‘concentration’ term denotes (in the graphic Mrn vs 
Mr) the ficktianity of the drying without the need 
to compare with the drying of other materials. This 
Regular Regime Approach proposal is very close to 
the Method of Coumans (Adhikari et al., 2002) but 
much simpler, just looking an alternative tool to the 
energy activation method.

Effective diffusivity curves 
Effective diffusivity (Deff) was calculated for 

each experimental point with the equation 5. Deff 
was then plotted in function of Mr, calculated with 
equation 4. Once diffusivity was evaluated to have a 
potential behavior, regular regime model parameters 
were calculated.

Graphics of the regular regime approach
With the effective diffusivity curves, parameters 

of equation 6 were calculated using Solver of Excel®. 
The ‘velocity’ term of equation 6 (b +mT) was plotted 
in function of the temperature, and the ‘concentration’ 
term denotes (Mrn) was plotted in function of Mr. 
Both terms were compared with other experimental 
drying data of similar lignocellulosic materials, 
available in the literature (Faneite et al., 2012).

Results and Discussion

Characterization of green plantain peeling
Characterization of green plantain peels is 

presented in Table 1. Wet basis moisture content 

NFE. Nitrogen free extract. TDN Total digestible nutrients. (a) 
Note: All data expressed in dry basis (d.b.) except moisture, 
expressed in wet basis (w.b.).

Table 1. Characterization of green plantain peels



 Faneite et al./IFRJ 23(5): 2088-2095 2092

(89.1 %) resulted close to data reported in Monsalve 
et al. (2006). Raw protein content (8.81 %) was 
similar to data reported by Botero and Mazzeo 
(2009) despite of the variability caused by individual 
genomics, cultivar, altitude, climate, and ripening 
process (Mohapatra et al., 2010). Crude fiber (5.13 
%) and ash content (12.07 %) were coincident with 
data reported by Ly (2004) in an interval from 6.4 to 
8.6% and 10.8 to 17.2 % respectively. Starch content 
(6.92 %) was found to be in the range 3-12.78 % 
reported by several authors (Wachirasiri et al., 2009; 
Mohapatra et al., 2010). Additionally, plantain peels 
were found to have a reduced amount of fat (2.47 %) 
and a high amount of NFE (71.55 %). The excellent 
nutritional value of plantain peels can be recognized 
by the high amount found of TDN (71.04 %). Finally, 
dry basis cellulose (6.68 %) and hemicellulose (45.40 
%) was found to be high and lignin (2.93 %) found 
to be low. Compared with data reported in Faneite et 
al. (2012), plantain peels were found to have an HC 
content much higher than plantain leaves globally 
(29.16 %) or in the specific central vein of the leave 
(21.46 %). Conversely, cellulose in plantain peels 
(6.68 %) was found to be lower than half the content 

of the plantain leaves (15.47 %) and the fourth part 
of the content found in the central vein of the leave 
(34.48 %) according to Faneite et al. (2012). Reported 
data could explain a slow drying behavior due to the 
high total content of carbohydrates, substances with a 
hydrophilic nature that could hinder the dehydration 
process. 

Experimental drying plots at several temperatures 
for green plantain peels

Isothermal drying plots for green plantain peels 
in Figure 2a showed a monotonic decreasing for Mr 
in time in the whole range of temperatures studied, 
until the point where the changes of the weight were 
very little in function of the time, indicating that 
the transition state of dynamic pseudo-equilibrium 
(TSDPE) was reached. Further analysis about TSDPE 
was not considered due to the absence of interest from 
the economic point of view. Figure 2b showed a detail 
of the beginning of the TSDPE. The bigger value of 
the dynamic pseudo-equilibrium moisture was 2.80 
% (w.b.) for the drying curve at 60 ºC, decreasing with 
the increase of temperature. Taking into account, for 
example, the slope of the drying curve, in the TSDPE 

Figure 2. (a) Experimental drying kinetics data and the best model, (b) detail of 
the beginning of dynamic pseudo-equilibrium TSDPE, (c) residuals graphic of Mr 
(d) graphic of effective diffusivity, (e) drying rate curves, (f) desorption curves (g) 
velocity and (h) concentration terms of green plantain peels compared with the 
literature (Faneite et al., 2012). 
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at 100 ºC, of 0,000186251 kg H2O/kg SS•min, and 
calculating an hypothetic real equilibrium moisture 
content using the equation proposed by Iguaz et al. 
(2003) for a similar lignocellulosic material. With 
the experimental conditions of this work, the real 
equilibrium moisture content would be reached in 4 
hours 7 min, while the drying time was of 2 hours and 
half, from the initial moisture to the dynamic pseudo-
equilibrium moisture content, not taking into account 
that the desorption of water could slow down in the 
extent that goes approaching to the real equilibrium. 
The difference between the static –real- and the 
dynamic pseudo equilibrium moisture content for this 
case is in an order of 10-2, and any thin-layer drying 
empirical model, could reproduce this behavior.

Empirical modeling of drying plots for green plantain 
peels

In terms of visual inspection, behavior of 
experimental data was best suitably adjusted by 
means of the modified Henderson and Pabis model 
(Karathanos, 1999), and Midilli model (Midilli et 
al., 2002). This can be observed in Figure 2a, where 
both models look almost identical. Table 2 show the 
statistical criteria employed to select the best data 
fitting to modified Henderson and Pabis (MHPM) 
and Midilli models (MM) in visual inspection. 
MHPM performed better following the “trend” of the 
experimental data. In terms of equitable distribution 
of the experimental points around the models 
(randomness), both models resulted in non-significant 
differences (P < 0.05). Finally, MM was the worst 

in terms of the “bias” of the models with respect to 
the experimental points. Residuals of Mr for MHPM 
are shown in Figure 2c. This model reproduced 
optimally the experimental behavior in terms of 
random distribution of residuals and a bias of ± 0.025 
of Mr. Table 3 shows the parameters of the selected 
model in the studied range of temperatures. Despite 
of having the same order, it could not be observed 
a clear trend correlating statistical parameters with 
temperature for any model.

Regular regime approach
Figure 2d show the potential pattern of the 

effective diffusivity in the whole range of Mr for 
all temperatures, confirming the concentration-
dependence nature of the green plantain peels 
diffusivity. The increase of the effective diffusivity 
when decreasing Mr, may be due to the structural 
modification of the material while water is diffusing, 
increasing its porosity, as established by Weise 
(1998), leaving preferential ways to the most internal 
water, a behavior also seen in other polysaccharide 
materials (Saravacos, 2002).

Plotting Deff in function of Mr and T produced 
the equation 7, where, Deff:: effective diffusivity 
(m2/s), T: temperature (K), and Mr: remaining water 
fraction.

 					               Eq. 7

Drying rate curves
Figure 2e shows that drying rate curves in the 

Table 2. ANOVA and LSD of the statistical criteria of analytical selection

Superscripts “a” and “b” denote no significant difference between models with a 95 % 
confidence degree. R2: Coefficient of determination; MBE: Mean Biased Error; MRD: 
Mean Relative Deviation; RMSE: Root Mean Square Error; χ2: Chi square.

Table 3. Parameters of the modified Henderson and Pabis model

a, b, c, g, h and K are the parameters of the modified Henderson and Pabis model.
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range between 60 and 110 ºC for green plantain 
peels, only had one period of decreasing drying 
with internal control. This was expected due to the 
natural barriers of the material avoiding desiccation 
and its hydrophilic polysaccharide matrix, whose 
crystallinity also changes with water desorption, thus 
agreeing with a concentration-dependence diffusional 
process nature (Weise, 1998). This behavior was 
observed in other lignocellulosic materials as lemna 
and cassava leaves (Medrano et al., 2013; Suárez 
et al., 2013). Any of the plots showed an adjusting 
initial period.

Desorption curves
Desorption isotherms of green plantain peels 

presented in Figure 2f show a sigmoidal shape in 
all cases, thus corresponding to a non Ficktian or 
atypical diffusion pattern (Crank, 1975b), according 
with a concentration-dependence diffusional process, 
and with a drying with internal control. This result, 
was coherent with the observations of Faneite et al. 
(2012), for lemna, cassava leaves, corn leaves, sugar 
cane bagasse, sugar cane leaves, plantain leaves and 
midrib of plantain leaves, and by Suárez et al. (2013) 
for lemna.

Velocity term
Figure 2g shows the velocity term of plantain peels 

in the whole range of temperatures, accompanied by 
results of the application of regular regime approach 
to the desorption data of plantain leaves and midrib 
of plantain leaves available in the literature (Faneite 
et al., 2012). Midrib of plantain leaves showed the 
highest velocity of drying. Probably this was due 
because this material is dedicated to the transport of 
fluids in the plant, and it is assumed that the water is 
diffused by the cuts and not through the midrib walls. 
When green plantain peels was separated from the 
vegetable, remained a face of the material that had 
no anti-dehydration barriers, with a high transference 
area with respect with the little cuts done to the 
plantain leaves. For this reasons it is assumed that 
plantain leaves have the slowest drying process.

Concentration term
Figure 2h shows the concentration term of green 

plantain peels compared with plantain leaves and 
midrib of plantain leaves (Faneite et al., 2012). In 
order of ficktianity, plantain leaves drying are the 
most ficktian process followed by green plantain 
peels, being the midrib of plantain leaves the less 
ficktian process. This can be explained comparing 
the content of hydrophilic holocellulose (cellulose 
+ hemicellulose) where the plantain leaves have the 

less content (44.63 % in d.b.), followed by plantain 
peels (52.08 % d.b.), having midrib obviously the 
highest content (55.94 % d.b.), due to its character of 
supporting tissue.

Conclusions

A high proportion of carbohydrates and moisture 
level was found in fresh green plantain peels. 
Experimental drying plots showed a monotonic 
decreasing of the moisture content, followed by 
a transition state of dynamic pseudo-equilibrium 
where the changes in the moisture content are very 
small, and which begins in a moisture content under 
the traditional storage range (10–5 % in w.b.). 
Experimental drying plots were best fitted by the 
modified Henderson and Pabis model. Desorption, 
drying rate, and effective diffusivity curves showed a 
non ficktian process, a drying period of decreasing rate 
with internal control, and a concentration-dependence 
diffusion, respectively, demonstrating that the drying 
process of lignocellulosic materials is complex and 
computation of diffusion parameters should not 
be simplified without justification. The new terms 
associated with the regular regime approach proposal 
could explain the velocity of drying and the ficktianity 
of the process for lignocellulosic materials, in terms 
of the morphology of the samples and the hydrophilic 
compounds content as holocellulose, respectively.
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