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Abstract

Untreated banana peels biomass of 15 x 10, 30 x 20 and 60 x 40 mm sizes were dried at 60 °C while untreated and pretreated (hot water
and sulphite treated) biomass of 10 x 10 mm size were dried at 80 — 140 °C, to find out the influence of surface area, pretreatment and
temperature on convective hot air oven drying of the biomass. The rate of drying of banana peels increased with increasing surface
area and temperature while hot water and sulphite pretreatments reduced the time needed for drying. The drying operation occurred
primarily in the falling-rate phase. Effective moisture diffusivities for the drying operations were in the range 5.19 x 1010 —
1.55 x 108 m? s’ The activation energies for drying untreated, sulphite treated and hot water treated peels were 24.7, 21.4 and
21.3 kJ mol%, respectively. The biomass drying kinetics was well described by the Weibull model. Specific energies needed for drying
the 15 x 10, 30 x 20 and 60 x 40 mm banana peels biomass at 60 °C were 157.9 — 335.6 kWh/kg while those required for drying both
untreated and pretreated 10 x 10 mm sized banana peels biomass at 80 — 140 °C were 33.5 — 93.9 kWh/kg. The rate of drying banana
peels in hot air oven can be considerably improved and the energy needed for drying appreciably reduced by increasing the peel surface
area, drying at higher temperatures and pretreating the biomass with hot water or sulphite solution.
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1. Introduction

Agriculture residues are waste biomass for which useful purposes are currently being explored [1-7]. Banana (Musa spp.) is a fruit
which is eaten raw or processed into edible snacks globally [8-10]. A very large quantity of wastes biomass (pseudo-stems, rhizomes,
leaves, stalks and peels) are produced by the cultivation, processing and utilization of banana which can cause the problems of waste
disposal, environmental pollution and health risks [11-15]. For instance, fresh banana consists of 30 — 40% of peels by mass [14, 16].
It is however interesting that banana peel waste can be processed into useful products [14, 17]. Banana peels can be processed into
biosorbents (adsorbents) for the adsorption of pollutants including heavy metal ions, organic compounds, dyes, oils and pesticides from
wastewater [15, 18-21]. Biofuels (e.g. biogas, bioethanol, bio-oil, biochar, synthesis gas and briquette) and bioenergy can be obtained
from banana peels via briquetting, thermochemical (torrefaction, pyrolysis, gasification and direct combustion), fermentation and
anaerobic digestion processes [22-32]. Banana peels can also be used as dietary fiber [33-35] and animal feeds [14, 16, 36-39]. They
are also good sources of pectin, biofertilizer, antibacterial compounds, antioxidative substance, cellulose nanofibers [12, 14, 40-42].

The production of adsorbents, briquettes, dietary fibers and livestock feeds from banana peels involves the reduction of moisture
present in the fresh biomass through drying [14-16, 31, 34, 37, 38, 43]. Also, the moisture present in fresh biomass lowers the product
energy and mass yields of torrefaction processes, so drying is essential to the effectiveness of this process [44]. Likewise, it is essential
to reduce the moisture in fresh biomass before direct combustion, gasification and pyrolysis processes, because the efficiencies of these
processes can be limited by moisture in the fresh material [30, 45-47]. Moreover, moisture removal from banana peels biomass before
storage is required to preserve the biomass until its usage. It similarly reduces packaging as well as transportation costs [48]. Therefore,
it’s essential to investigate the drying behaviour of banana peels biomass.

Agricultural products are traditionally dried in open sun or direct sunlight. This method is cheap since the energy from the sun is
free; however, it depends on the weather conditions so materials might take a very long time to dry. Besides, materials dried in direct
sunlight are predisposed to the activities of rodents and insects. Solar dryers of various types, which are a huge improvement over open
sun drying, have been developed and evaluated for the drying of agro-products [49-54]; however, their performances are still limited
by prevailing weather condition [49]. On the other hand, convective hot air oven drying employs a device that offers a hygienic drying
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environment as well as higher drying temperatures, better temperature control and uniform drying conditions compared to open sun
drying [55-57].

Drying air velocity, relative humidity and temperature, as well as material shape and size, can affect the convective hot air drying
rates of agro-products [58-61]. Besides, drying pretreatments such as thermal (e.g. hot water blanching) and chemical solution (e.g.
sulphite) treatments can be applied to the material before drying to soften the material tissue and change the membrane permeability,
leading to enhanced drying rate [53, 62].

Several researchers have reported the hot air oven drying of banana fruits [63-72]. On the contrary, very few studies on the drying
of banana peels have been reported [73, 74]; the influences of surface area (or material size) and pretreatments on the hot air drying of
the peels of banana have not been previously reported.

Drying involves both heat and mass transfer processes, so the heat and mass transfer characteristics of the peels of banana such as
activation energy, energy consumption and effective moisture diffusivity are necessary for design of convective hot air oven dryers.
Also, drying is a process that is energy-intensive; high energy requirement implies huge processing cost, so, energy minimization
would cut down the overall biomass processing expenses and increase viability of utilization of banana peels biomass. Hence, the
influence of surface area, pretreatment and temperature on drying behaviour, specific energy requirement, effective moisture diffusivity
of the convective hot air oven drying of banana peels biomass were investigated.

Moreover, drying processes require models for design, operation, optimization, control and energy integration. Thin layer drying
mathematical models are suitable for describing the kinetics of drying processes and estimating drying times; these models have been
previously used to describe the drying kinetics of several agricultural materials [58, 75-78]. Therefore, the mathematical modelling of
the thin layer drying kinetics of banana peels in a convective hot air oven dryer was also investigated.

2. Materials and methods
2.1 Materials

Fresh banana fruits were purchased from a local market in Ogbomoso, Nigeria. The potassium metabisulphite (K2S20s) used for
pretreating the banana peels was also obtained from a local chemical store.

2.2 Sample preparation

The edible parts of the fruits were removed while the fresh peels were cut into four different sizes of 10 x 10 mm, 15 x 10 mm,
30 x 20 mm and 60 x 40 mm, using a kitchen knife. The 15 x 10 mm, 30 x 20 mm and 60 x 40 mm sized banana peels samples were
utilized to investigate the influence of peel surface area on the drying characteristics, effective moisture diffusivity and energy
requirement of convective hot air drying of banana peels. Some of the 10 x 10 mm size peel slices were dried at 80 — 140 °C without
any pretreatment while the rest were pretreated using either hot water or sulphite solution before the drying operations, to investigate
the influence of temperature and pretreatment on the drying process. The thickness of the banana peels was 4 mm; this thickness was
uniform for all samples of banana peels.

2.2.1 Sulphite pretreatment

Sulphite pretreatment is a chemical liquid phase pretreatment process which enhances the drying kinetics of agricultural produce
by altering the permeability of the material cell membrane [62]. A sulphite solution was made by dissolving 2.5 g of potassium
metabisulphite (K2S20s) in 1 litre of water. Some of the 10 x 10 mm banana peel slices were dipped in the sulphite solution for 10 min,
after which they were removed, drained and spread in drying pans. The sulphite pretreated samples were then dried in hot air according
to the procedure discussed in section 2.3.

2.2.2 Hot water pretreatment

This is a physical heat pretreatment process that can improve the drying rate of material by softening its tissue and changing the
cell permeability [62]. Banana peel slices of 10 x 10 mm size were soaked in hot water (which had been heated to 100 °C) for 10 min.
The hot water pretreated samples were thereafter removed from the hot water, totally drained and then spread in drying pans. The hot
water pretreated banana peels were subsequently dried in convective hot air oven dryer as described in section 2.3.

2.3 Experimental procedure for convective hot air oven drying of banana peels

Drying pans containing banana peel slices of sizes 15 x 10 mm, 30 x 20 mm and 60 x 40 mm, were placed in a laboratory dryer
manufactured by Genlab (MINO/75/F/DIG) and dried at 60 °C, to study the influence of peel size or surface area on the drying
characteristics. A schematic of the laboratory convective hot air oven dryer is shown in Figure 1; the dryer has an automatic temperature
controller and can operate in the temperature range of 40 — 250 °C. The initial mass of banana peels in all cases was similar and about
6 g. The samples were weighed at an interval of 30 min until moisture was entirely removed from the banana peels and the mass
remained constant. Similarly, drying pans separately containing untreated, sulphite treated and hot water treated 10 x 10 mm size
banana peels were dried in the hot air dryer at 80, 100, 120 and 140 °C, to study the effects of drying air temperature and pretreatment
on the drying behaviour of the peels. The initial mass of each sample in this case was 4 g. Each sample of banana peels was weighed
at 30, 15, 10 and 5 min interval during the biomass drying at 80, 100, 120 and 140 °C, respectively, until the mass of the banana peel
became constant. A Mettler (model BB3000) digital weighing balance with an accuracy of +0.1 g was used for weight measurement.
The drying air velocity for all hot air oven drying experiments was 1.5 m s**. The oven was operated in a laboratory where the ambient
temperature was 25 — 30 °C and the relative humidity was 65 — 80% during the drying experiments.
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Figure 1 Schematic of a convective hot air oven dryer
2.4 Experimental procedure for open sun drying of banana peels

To compare the open sun drying characteristics of banana peels with the hot air oven drying, untreated samples of 4 mm thick, 15
x 10 mm size banana peels were dried in the open sun. The untreated banana peels samples were spread in drying pans and then placed
in the open sun. The banana peel samples were weighed at 30 min interval until the mass was constant. The open sun drying experiments
were performed between 9 am and 5 pm in the city of Ogbomoso, Nigeria. The temperature, relative humidity and air velocity of the
ambient were measured using a PCE Instruments Kestrel 4000 NV weather tracker, which has accuracies of +1 °C, +3.0% RH and 3%
of the air velocity reading, respectively. The measured air velocity was in the range 0.9 to 4.9 m s'* while the relative humidity was 45
— 60 % during the open sun drying.

2.5 Drying data analysis
The moisture in the peel at time t, is:

mg —my
Xp=—" )

My

where m; is mass of peel at time t, m, is mass (g) of peel when it is completely dry while X, is the moisture content (g water. g dry
matter-!). The moisture content can be defined in terms of moisture ratio (Mg):

~ Xp—Xg

Xl - Xe

where X, is equilibrium moisture content and X; is initial moisture content. The values of X, are small compared with X; and X; for a
long drying period, so the moisture ratio is expressed as [57]:
Xt
Mg =— @)
Xj
The banana peels were dried at a drying rate:

Xt — X
DR = t ™ M+dt 4)
dt

where Dy, is the rate of drying (g water/g dry matter. min), X, 4, is moisture content at time ¢ + dt (g water. g dry matter) and dt is
time increment (min). When drying occurs in the falling-rate phase, mass transfer of moisture within the banana peels controls the
drying rate; hence, the diffusion of moisture in the peels can be explained by the Fick’s second law of diffusion [76]. This law can be
expressed in terms of the moisture ratio as:

2
Mg __ d°Mp

D ()
a et g2

Where X is spatial dimension (m) and D, is the effective moisture diffusivity (m?s?).
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Banana peel slices have the geometry of a slab, so if uniform initial distribution of moisture in a slab that is infinite, moisture transfer
in one-dimension, constant moisture diffusivity, insignificant shrinkage and negligible external resistant are assumed, equation (5) can
be solved [79] to obtain:

2
) ~(2i+1)" Dy 72t
5 €XP 5 (6)

8
Mp = —
A (2i+1) au

T

L8

The first term of a series expansion of this equation provides a suitable estimate to the solution for a drying time that is long [80]:

2
R~ 9 I — 7
7[2 4L2

where L is half of the thickness of the slab (m) when drying occurs from both sides of the slab but L is the thickness of the slab (m)
when drying occurs from only one side [76], while t is the drying time. A linear form of Equation (7) is:

2
In(MR):In(ﬁzj— s ®)

4L

The graph of In(My) against t is a straight line. The effective moisture diffusivity is estimated from the slope (S1):

2
s - Deff 7 ©
1 4L2

An Arrhenius relationship can describe the dependence of the effective moisture diffusivity on temperature [57, 81, 82]:

Deff = Dy exp (_E%T) (10)

where D, is the Arrhenius factor (m? s1), R the universal gas constant (8.314 J mol-* K1), E,the activation energy (kJ mol-t) and T the
absolute temperature (K). Equation (10) can be written in a linear form:

Ea
InDy = InD, e (11)

The activation energy E, is then calculated from the slope, S2:

S, = e (12)

Total energy E; (kWh) needed for hot air drying was calculated by Equation (13) [81, 83-87] while the specific energy E, (kWh/kg
banana peels) was estimated by Equation (14) [81, 83-87]:

Et = AupaCaATD; (13)
Ey

Egp =— (14)
m.

where v is air velocity (m s1), A is tray area (m?), C, is specific heat of air (kJ/kg °K), AT is temperature difference (°K), p, is air
density (kg/m3), m; is initial mass of peel (kg) and D, is total drying time (s).

2.6 Thermophysical parameters of the drying air

The specific heat of air (kJ/kg °K) was estimated from equation (15) [88, 89]:
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104841 3.83719T  9.45378T 2 5.49031T 3 7.92981T 4 (15)
cy =1 - + - +
104 107 10lo 1014
The air density p, (kg/m®) at each operating temperature, T (°K) was computed from equation (16) [83, 88-90]:
101.325
Pa = (16)
0.287T

2.7 Mathematical modeling of thin layer drying kinetics

Nonlinear regression analysis, using the Excel Software of Microsoft Office, was employed to fit drying data to the models shown
in Table 1, to find the model that best describe the kinetics of the convective hot air oven drying of banana peels. It has been reported
that these models suitably describe the drying data of biological materials [77]. The model that best describe the drying data was
identified using the Chi-square (x2), sum of square error (SSE), coefficient of determination (R?) and root mean square error (RMSE)
as statistical parameter. The drying kinetics is best described by the model which has the highest R? and lowest RMSE, SSE and y2
values [77]. The statistical parameters (RMSE, SSE and y?) were obtained from equations 17-19 using the Microsoft Excel Spreadsheet
while the value of R? was obtained using the Excel “RSQ” function.

2
1
N
SSE=—3X | M —M A7)
N "1( Rexpi  Rpred ,i)

2
RMSE =| L3N, [ m M i (18)
SN Rpred i Rexpii

2
N
Yiq| M -M
2 '_1( Rexpi Rpred,i)
42 = (19)
N-z

where MRpredi, MRexpi, z and Nare predicted moisture ratio, experimental moisture ratio, number of constants and number of

observations, respectively. The drying kinetics of the peels were investigated using data obtained during the convective hot air drying
of untreated, hot water treated and sulphite treated banana peels.

Table 1 Mathematical models fitted to drying data

No Model Name Model Equation References

1 Weibull Mg = a—bexp(—ktn) [91]

2 Two-term exponential M R = aexp (—kt) + (1 _ a) exp (—kat) [92]

3 Midilli-Kucuk Mg :aexp(—ktn)+bt [93]

4 Modified Page Mg = exp (—(kt)n ) [94]

Logarithmi

5 ogarithmic Mg = aexp (—kt) i [95]

6 Page Mg = exp (—ktn ) [96]

7 Wang and Singh [97]
Mp =1+at+ bt2

8 Modified Henderson and Pabis M R = aexp (—kt) +hexp (—gt) +cexp(-ht) [98]

9 Two-term 99, 100
Mg =aexp (—kot)+bexp (—klt) [ ]

10 Verma Mg =aexp(—kt)+(1-a)exp(-gt) [101]

11 Henderson and Pabis M R = aeXp (—kt) [102]

12 Approximation of diffusion Mg = aexp (—kt) N (1 _ a) exp (—kbt) [103]
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2.8 Experimental uncertainty

Uncertainty and errors in experiments can occur from test planning, environment, operating condition, data recording as well as
instrument selection, calibration, condition and reading [104]. Hence, the method described by [105] was employed to carry out an
uncertainty analysis. The details of the calculation procedure of the uncertainty analysis have been previously reported in several studies
[75, 104, 106]. The uncertainties in time, mass loss, air temperature, relative humidity and velocity measurements were £0.1 min,
+0.51 g, #1.07 °C, +3.00 % and +0.18 m s%, respectively.

3. Results and discussion
3.1 Comparison of hot air oven and open sun drying of untreated banana peels

Figure 2a shows the variation of ambient temperature during the open sun drying of banana peels; the ambient temperature varied
between 34 and 44 °C due to the fluctuation in weather condition during the drying operation. Figure 2b is a graph of moisture ratio
against drying time for both open sun drying and hot air oven drying (at 60 °C) of banana peels. Drying time of 570 min was required
to completely dry banana peels of an initial mass of 3.5 g by the open sun drying method compared to 390 min required by the hot air
oven dryer. Drying in direct sunlight took a longer time than the hot air oven drying because the drying temperature was limited by the
weather conditions to the highest value of 44 °C, compared to 60 °C that could be applied in the hot air oven dryer. Besides, the oven
drying environment (e.g. temperature) could be better controlled to achieve uniform drying conditions compared to the direct sunlight
drying process where the environment and drying operation were influenced by the weather conditions, as evident in the data variation
shown by the error bars of Figure 2b. Besides, a more hygienic drying environment was available in the hot air oven dryer compared
to drying in the open sun where the material was exposed to dust, insects, etc.
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Figure 2 (a) Variation of ambient temperature during drying of banana peels in direct sunlight (b) Graph of moisture ratio against
drying time for open sun drying and hot air oven drying (at 60 °C) of banana peels of 15 x 10 mm size

3.2 Convective hot air oven drying characteristics of banana peels

3.2.1 Effect of surface area

Figure 3a is the graph of moisture ratio against time for convective hot air drying of banana peel slices of 15 x 10, 30 x 20 and
60 x 40 mm sizes at 60 °C. The moisture ratio of each size of the banana peel decreased with increasing drying time, which implies
that moisture was progressively evaporated from the peel by hot air. Drying times required for drying the 15 x 10, 30 x 20 and 60 x 40
mm sized banana peels at 60 °C were 480, 690 and 1020 min, respectively. Larger drying surface areas were obtained when the banana
peels were cut into smaller sizes. This implies that the drying rate of the peels increased due to the increase in the surface area associated
with smaller peel sizes. Hence, the drying rate of banana peel slices can be considerably improved and the drying time effectively
reduced by increasing the surface area of the banana peels before the drying operation. An improved drying rate with an increase in
the surface area of the material has been observed during the drying of several agro-products [82, 107, 108].

Figure 3b is the graph of drying rate against time for convective hot air drying of banana peel slices of 15 x 10, 30 x 20 and
60 x 40 mm sizes at 60 °C. The drying rate initially increased slightly but then decreased as the drying proceeded; drying rate initially
increased to about 0.06, 0.05 and 0.04 g water / g dry matter. min for the 15 x 10, 30 x 20 and 60 x 40 mm sized peels, respectively,
before falling and decreasing progressively to a value of zero at the end of the drying process. Drying occurred mainly in the falling-
rate phase signifying that the movement of moisture from inside the banana peel to its surface controlled the drying rate [76]. A falling-
rate phase has been equally observed during the convective hot air drying of several agricultural produce [57, 81, 82, 108, 109,].
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Figure 3 Effect of surface area on convective hot air drying characteristics of banana peel slices of 15 x 10, 30 x 20 and 60 x 40 mm
sizes at 60 °C (a) graph of moisture ratio against drying time (b) graph of drying rate against drying time

3.2.2 Effect of drying air temperature

The graphs of moisture ratio against time for convective hot air drying of peels of 10 x 10 mm size at 80, 100, 120 and 140 °C are
shown in Figure 4a. Moisture ratio of the peels diminished gradually with increasing drying time at each temperature considered
signifying that moisture was essentially vapourised from the peels by hot air blown through the convective dryer. Increase in drying
air temperature resulted in a decrease in drying time; the time needed for drying the banana peels were 210, 120, 80 and 55 min at 80,
100, 120 and 140 °C, respectively. This result signifies that the time needed for drying the peels can be substantially shortened by
drying the peels at higher temperatures. The drying time decreased because the drying rate increased with increase in air temperature
as a result of the rise in thermal energy and consequent increase in water activity associated with increasing temperature [56, 110].
Reductions in drying times of biological materials with increase in air temperature have also been previously reported [57, 58, 82, 111,
112].
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Figure 4 Effect of temperature on convective hot air drying characteristics of banana peel slices of 10 x 10 mm size (a) graph of
moisture ratio against drying time (b) graph of drying rate against drying time

Figure 4b shows the plot of drying rate versus drying time for the convective hot air drying of banana peels at 80 - 140 °C. Peak
drying rates of 0.093, 0.113, 0.177 and 0.230 g water / g dry matter.min were achieved at 80, 100, 120 and 140 °C drying air
temperatures, respectively, implying that higher air temperature enhanced the drying rate of the biomass. The drying process occurred
primarily in the falling-rate phase and was controlled by moisture movement within the peels [57, 76].

3.2.3 Effect of pretreatment

The graph of moisture ratio against drying time for the hot air oven drying of untreated and pretreated 10 x 10 mm sized banana
peels at 80, 100, 120 and 140 °C are shown in Figure 5a, Figure 5c, Figure 5e and Figure 5g, respectively. Drying times of 210, 120,
80 and 55 min were needed for the hot air drying of untreated samples at 80, 100, 120 and 140°C, respectively. However, shorter drying
times of 180, 105, 50 and 40 min were required for drying the hot water treated samples while 180, 105, 50 and 45 min were needed
for drying the sulphite treated samples at 80, 100, 120 and 140 °C, respectively. The hot water and sulphite pretreatments softened the
banana peel tissues and altered the permeability of the membrane of the cell leading to a reduction in the resistance to the migration of
moisture and increase in drying rates of pretreated banana peels [62, 82]. The drying times of eggplant [107], peach [109] and tomato
[82] have also been reduced by the application of pretreatments before the convective hot air drying operations.
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The graph of drying rates against drying times for convective hot air drying of untreated and pretreated peels at 80, 100, 120 and
140 °C are shown in Figure 5b, Figure 5d, Figure 5f and Figure 5h, respectively. The highest drying rates achieved during the drying
of untreated, sulphite treated and hot water treated banana peels biomass at 80 — 140 °C were 0.093 — 0.230, 0.164 — 0.391 and 0.156
— 0.562 g water / g dry matter.min, respectively. The initial drying rates of the hot water treated and sulphite treated banana peels
biomass were higher than those of the untreated peels at all temperatures considered, indicating that the hot water and sulphite
pretreatments improved the rate of peel drying.

3.3 Effective moisture diffusivities

The moisture diffusivities for the convective hot air drying of the 15 x 10, 30 x 20 and 60 x 40 mm sized banana peels at 60 °C are
shown in Figure 6a. The effective moisture diffusivity increased from 5.19 x 10-1° m? s observed for drying of 60 x 40 mm sized peels
to 1.17 x 10° m? st measured for drying of 15 x 10 mm sized peels, confirming that moisture diffusion within the banana peels was
enhanced by the rise in surface area. The improvement in moisture diffusion within the banana peels due to increased surface area
resulted in the observed increase in drying rate with decreasing size of banana peels biomass discussed in section 3.2.1.
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Figure 6 Effective moisture diffusivities for the convective hot air drying of banana peels biomass (a) Graph of effective moisture
diffusivity against peel size, for peels dried at 60 °C (b) Graph of effective moisture diffusivity against drying air temperature, for
untreated, hot water treated and sulphite treated 10 x 10 mm sized banana peels

Figure 6b shows the influence of temperature and pretreatment on the moisture diffusivities for convective hot air drying of banana
peels biomass. The effective moisture diffusivity increased with increasing temperature indicating that higher drying air temperature
increased the drying rate of the peels by improving moisture migration within the banana peels. The diffusivities for the drying of hot
water treated and sulphite treated 10 x 10 mm sized banana peels at 80 — 140 °C were 5.26 x 109 — 1.55 x 10 and 4.21 x 10° —
1.13x 108 m? s'1, respectively. The moisture diffusivities for the drying of the hot water and sulphite treated banana peels biomass also
increased with increasing temperature as depicted in Figure 6b. However, they were larger than those of 3.10 x 10° - 1.01 x 10®8m? s°
Imeasured for the drying of the untreated samples. This implies that the pretreatments reduced the resistance to migration of moisture
in the peels leading to shorter drying times. The moisture diffusivities for convective hot air drying of banana peels are within 10-1? —
10® m? s* earlier reported for the drying of agricultural materials [76].

The dependence of diffusivity on temperature was suitably explained by the Arrhenius relationship for moisture diffusivity. The
activation energy of 24.7 kJ mol* was required for drying the untreated biomass; this is the barrier of energy that must be surmounted
for convective hot air drying of banana peels to take place. This value is within the range of 18 — 49.5 kJ mol* previously reported in
the literature for the drying of agricultural materials [76]. It is slightly lower than that of 25.4 - 29.2, 32.65, 27.7 and 28.7 kJ mol- for
the hot air drying of olive pomace [113], banana fruit [67], plantain [84] and microalgae [57], respectively. The activation energies for
drying the hot water treated and sulphite treated samples were 21.3 and 21.4 kJ mol:, respectively. These values are slightly lower
than the activation energy of 24.7 kJ mol-* measured for the drying of the untreated peels, indicating that the pretreatments reduced the
activation energy required for drying the biomass, thereby enhancing the drying rate.

3.4 Drying energy requirement

The specific energies required for drying the 15 x 10, 30 x 20 and 60 x 40 mm sized banana peels biomass at 60 °C are shown in
Figure 7a. The specific energy increased from 157.9 kWh/kg required for drying the 15 x 10 mm sized peel slices to 335.6 kWh/kg
needed for drying the 60 x 40 mm sized peel slices. This observation suggests that the energy requirement for drying the peels can be
considerably decreased by using smaller peel slices or a larger surface area.
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Figure 7 Drying energy requirement for convective hot air oven drying of banana peels (a) graph of specific energy required for drying
banana peels at 60 °C versus peel size (b) graph of specific energy required for drying untreated, hot water treated and sulphite treated
banana peels of 10 x 10 mm size versus drying air temperature

Figure 7b shows the graph of specific energy required for drying untreated and pretreated banana peel slices of 10 x 10 mm size at
80 - 140 °C using air velocity of 1.5 m s, Specific energies of 46.1 — 93.9 kWh/kg were required for drying the untreated banana peels
biomass at 80 — 140 °C. The specific energy requirement for hot air drying of banana peels are within the range of specific energies
previously reported by other studies. Aghbashlo et al. [85] reported specific energies of 20.9 - 1110.1 kWh/kg for the convective hot
air drying of berberis fruit at 50 — 70 °C with air velocities of 0.5 - 2 m s while Motevali et al. [86] reported energies of 50.8 —
252.3 kWh/kg for hot air drying of pomegranate arils at 45 — 70 °C with air velocities of 0.5 - 1.5 m s%. Specific energies of 47.88 —
93.45,11.87 - 21.57 and 48.37 — 184.29 kWh/kg were also consumed during the hot air drying of mushroom [87], dog rose medicinal
plant [114] and Pistacia Atlantica [115] at 40 — 60 °C (with air velocities of 0.5 - 1 m s1), 40 — 60 °C (with air velocities of 0.4 —
1 ms1) and 40 — 70 °C (with air velocities of 0.5 - 1.5 m s1), respectively.

The specific energies required for both untreated and pretreated banana peels decreased with increasing air temperature, suggesting
that the energy requirement for drying the biomass can be considerably lowered by drying at elevated temperatures. A reduction in
drying energy requirement with increasing drying temperature has also been reported for the convective hot air drying of nettle leaves
[116], berberis fruit [85], pomegranate arils [86], mushroom [87], dog rose medicinal plant [114] and Pistacia Atlantica [115].

The specific energies of 33.5 — 80.5 and 37.7 — 80.5 kWh/kg required for drying the hot water and sulphite treated banana peels,
respectively, were lower than those of 46.1 — 93.9 kWh/kg required for drying the untreated samples of banana peels. This indicates
that hot water and sulphite pretreatments can be used to substantially reduce the energy requirement for drying banana peels biomass.
Hence, the operating energy cost for the hot air drying of banana peels can be significantly lowered by drying the biomass at higher
temperatures using smaller sizes of the peels and applying hot water or sulphite pretreatment prior to the drying operation.

3.5 Drying kinetics

Table 2 — Table 6 show the constants and statistical parameters obtained when the twelve thin layer drying mathematical models
described in Table 1 were fitted to the drying data for the convective hot air oven drying of untreated, hot water treated and sulphite
treated banana peels. Table 2 indicates that the Weibull model had the highest values of R? (>0.99) and the least SSE (<0.00095),
RMSE (<0.0309) and y? (<0.00125) values when the experimental drying data obtained for hot air drying of untreated banana peels of
sizes 15 x 10, 30 x 20 and 60 x 40 mm at 60 °C were fitted to the models in Table 1.

Similarly, it was observed, as shown on Table 3, that the Weibull model best fitted the drying data obtained at 80 °C. This model

had the highest value of R? (0.9930) and least values of SSE (0.00076), RSME (0.0276) and y? (0.00152) when it was fitted to the
drying data for the untreated peels at 80 °C. Though the Weibull, Page, Midilli-Kucuk and modified Page models had the highest value
of R? (0.9996) for the drying of the hot water treated peels at 80 °C compared to the other models, it was Weibull model that still
possessed the least values of RSME (0.0071) and SSE (5.050 x 10%). In the case of the sulphite treated samples, the Weibull model
had the highest value of R? (0.9983) and least values of SSE (0.00021), RSME (0.0145) and ¥? (0.00049).
Both Weibull and Midilli-Kucuk models had the highest value of R? (0.9980) for the drying of untreated banana peels at 100 °C, but
the Weibull model possessed the least values of ¥? (0.00042), RMSE (0.0153) and SSE (0.00023) as shown in Table 4. For the hot
water and sulphite treated banana peels dried at 100 °C, the Weibull model had the highest values of R? (>0.99) and least values of SSE
(<0.00041), RMSE (<0.0200) and 2 (<0.00081).

The data of Table 5 on the hot air drying of banana peels at 120 °C show that the Weibull model also had the highest values of R?
(>0.9920) and least values of SSE (<0.00100), RMSE (<0.0316) and y? (<0.00299). Likewise, Table 6 shows that Weibull model
possessed the highest values of R? that were >0.9960 with corresponding least values of RMSE (<0.0225), »? (<0.00095) and SSE
(<0.00055) compared to the other models, when the data obtained during the drying operations at 140 °C were fitted to the models.
Therefore, the Weibull model was considered to best describe the convective hot air drying Kinetics of untreated, hot water treated and
sulphite treated banana peels biomass.

Figures 8a-e show the plots of predicted moisture ratio (by the Weibull model) against experimental moisture ratio for the
convective hot air oven drying of untreated, hot water treated and sulphite treated banana peels at 60 — 140 °C. The moisture ratios
predicted by the Weibull model and those measured by experiments show a good agreement which implies that this model well defined
the kinetics of the convective hot air oven drying of banana peels biomass. The Weibull model has been similarly reported to most
suitably define the rates of hot air oven drying of garlic [117], blueberries [118], persimmon slices [119] and microalgae [57].



430

Engineering and Applied Science Research 2023;50(5)

Table 2 Statistical parameters and constants obtained after models were fitted to the drying data for convective hot air drying of
untreated 15 x 10, 30 x 20 and 60 x 40 mm sized banana peels at 60 °C

Peel Size Model R? a RMSE SSE Model Constants
(mm)
15x 10 Weibull 0.9907 0.00125 0.0309 0.00095 a=-0.036, b =-1.055,
k=0.003,n=1.175
Two-term exponential 0.9608 0.00993 0.0936 0.00876 a=1.000, k =0.009
Midilli-Kucuk 0.9906 0.00127 0.0312 0.00097 a=1.028,b=-8.188 x 10,
k=0.0032,n=1.137
Modified Page 0.9664 0.00898 0.0890 0.00793 k=0.009, n=0.009
Logarithmic 0.9689 0.00985 0.0901 0.00811 a=1.033,¢c=-0.027,
k =0.009
Page 0.9664 0.00898 0.0890 0.00793 k=0.005n=1.119
Wang and Singh 0.9755 0.00694 0.0782 0.00612 a=-0.006,b=7.621x 106
Modified Henderson and Pabis 0.9586 0.01325 0.0926 0.00857 a=0.433,b=0.433,
¢ =0.151, g = 0.009,
h =0.009, k =0.009
Two-term 0.9586 0.01121 0.0926 0.00857 a=0.933,b=0.085,
ko= 0.009, k1=0.009
Verma 0.9630 0.01002 0.0908 0.00825 a=1.052,g=1.000,
k=0.010
Henderson and Pabis 0.9586 0.00972 0.0926 0.00857 a=1.000, k=0.009
Approximation of diffusion 0.9608 0.01064 0.0936 0.00876 a=1,b=1,k=0.009
30 x 20 Weibull 0.9945 0.00060 0.0224 0.00050 a=-0.276, b =-1.290,
k =0.004, n =0.909
Two-term exponential 0.9849 0.00227 0.0457 0.00208 a=1.000, k =0.004
Midilli-Kucuk 0.9944 0.00060 0.0224 0.00050 a=1.017,b=2.320 x 104,
k=0.005,n=0.919
Modified Page 0.9864 0.00141 0.0359 0.00129 k=0.004,n=1.183
Logarithmic 0.9940 0.00062 0.0232 0.00054 a=1.181,¢c=-0.185,
k =0.003
Page 0.9864 0.00141 0.0359 0.00129 k=0.001,n=1.183
Wang and Singh 0.9911 0.00108 0.0315 0.00099 a=-0.003,b=2.112 x 106
Modified Henderson and Pabis 0.9821 0.00247 0.0430 0.00185 a=0.453, b =0.453,
¢ =0.141, g = 0.004,
h =0.004, k = 0.004
Two-term 0.9821 0.00222 0.0430 0.00185 a=0.979, b =0.067,
ko=0.042, k1 =0.004
Verma 0.9832 0.00194 0.0412 0.00170 a=1.077,g=1.000,
k =0.004
Henderson and Pabis 0.9821 0.00202 0.0430 0.00185 a=1.047,k=0.004
Approximation of diffusion 0.9849 0.00238 0.0457 0.00208 a=1,b=1,k=0.004
60 x 40 Weibull 0.9900 0.00103 0.0302 0.00091 a=-0.901,b=-1.892,
k =0.002,n =0.881
Two-term exponential 0.9638 0.00472 0.0667 0.00445 a=1.000, k =0.002
Midilli-Kucuk 0.9841 0.00164 0.0381 0.00145 a=0.906,b=-7.399 x 10,
k=1.102 x 104, n = 1.457
Modified Page 0.9719 0.00290 0.0523 0.00273 k=0.002,n=1.288
Logarithmic 0.9897 0.00103 0.0306 0.00094 a=1.488,c=-0.520,
k =0.001
Page 0.9719 0.00290 0.0523 0.00273 k=4.078 x 104,
n=1.288
Wang and Singh 0.9782 0.00316 0.0546 0.00298 a=-0.002,b=9.781 x 10”7
Modified Henderson and Pabis 0.9591 0.00501 0.0645 0.00415 a=0.490, b =0.490,
¢ =0.070, g = 0.003,
h =0.003, k =0.003
Two-term 0.9896 0.00107 0.0308 0.00095 a=1.269,b=-0.299,
ko=10.001, ki =-2.697 x 10
Verma 0.9599 0.00443 0.0637 0.00405 a=1.069, g=1.000,
k =0.003
Henderson and Pabis 0.9591 0.00441 0.0645 0.00415 a=1.051,k=0.003
Approximation of diffusion 0.9638 0.00487 0.0667 0.00445 a=1,b=1,k=0.002
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Table 3 Statistical parameters and constants obtained after models were fitted to the drying data for convective hot air drying of
untreated, hot water treated and sulphite treated banana peels at 80 °C

Model R? 1 RMSE SSE Model Constants
Untreated  Weibull 0.9930 0.00152 0.0276 0.00076 a=-0.062, b=-1.059,
k=0.030,n=0.881
Two-term exponential 0.9912 0.00142 0.0327 0.00107 a=0.039,k=0.532
Midilli-Kucuk 0.9925 0.00162 0.0285 0.00081 a=0.997,b=-2.222 x 104,
k=0.028,n=0.913
Modified Page 0.9906 0.00144 0.0329 0.00108 k=0.021,n=1.018
Logarithmic 0.9920 0.00138 0.0293 0.00086 a=1.021, c=-0.032,
k=0.019
Page 0.9906 0.00144 0.0329 0.00108 k=0.020,n=1.018
Wang and Singh 0.9737 0.00508 0.0617 0.00381 a=-0.013, b =4.096 x 10°
Modified Henderson and Pabis 0.9908 0.00434 0.0329 0.00108 a=0.335,b=0.335,
¢=0.327,9=0.021,
h=0.021, k =0.021
Two-term 0.9908 0.00217 0.0329 0.00108 a=0.514, b =0.483,
ko=0.021, k1= 0.021
Verma 0.9907 0.00174 0.0330 0.00109 a=0.5,g=0.021,
k =0.021
Henderson and Pabis 0.9908 0.00145 0.0329 0.00108 a=0.996, k =0.021
Approximation of diffusion 0.9907 0.00174 0.0330 0.00109 a=0.149, b =1.000,
k =0.021
Hot water ~ Weibull 0.9996 0.00012 0.0071 5.050x 10° a=-0.003, b=-1.002,
treated k=0.001,n=1.795
Two-term exponential 0.9721 0.00674 0.0694 0.00481 a=1.799 x 10,
k=1314
Midilli-Kucuk 0.9996 0.00012 0.0073 5.284x10° a=0.999, b=-1.553x107?,
k=9.929 x 104 n=1.801
Modified Page 0.9996 7.761 x 10°® 0.0074 5.544x10° k=0.022,n=1.804
Logarithmic 0.9757 0.00575 0.0573 0.00328 a=1.106, c =-0.074,
k =0.020
Page 0.9996 7.761x10° 0.0074 5.544x10° k=19.858x 10*,
n =1.804
Wang and Singh 0.9848 0.00288 0.0454 0.00206 a=-0.015, b =5.651 x 10°°
Modified Henderson and Pabis 0.9706 0.03188 0.0675 0.00455 a=0.350, b =0.350,
¢=0.341,9=0.024,
h =0.024, k =0.024
Two-term 0.9706 0.01063 0.0675 0.00455 a=0.539, b=0.502,
ko=0.024, k1= 0.024
Verma 0.9721 0.00842 0.0694 0.00481 a=0.5g=0.024,
k =0.024
Henderson and Pabis 0.9706 0.00638 0.0675 0.00455 a=1.041,k=0.024
Approximation of diffusion 0.9721 0.00842 0.0694 0.00481 a=0.150, b =1.000,
k =0.024
Sulphite Weibull 0.9983 0.00049 0.0145 0.00021 a=-0.017,b=-1.015,
treated k =0.007,n =1.280
Two-term exponential 0.9914 0.00216 0.0393 0.00154 a=3.049x10*% k=75.516
Midilli-Kucuk 0.9982 0.00053 0.0151 0.00023 a=0.998, b =-8.354 x 10,
k=0.007, n=1.297
Modified Page 0.9980 0.00039 0.0167 0.00028 k=0.022,n=1.332
Logarithmic 0.9944 0.00122 0.0264 0.00070 a=1.073,c=-0.061,
k =0.020
Page 0.9980 0.00039 0.0167 0.00028 k=0.006,n=1.332
Wang and Singh 0.9934 0.00133 0.0309 0.00095 a=-0.015,b=5.344 x 10°
Modified Henderson and Pabis 0.9907 0.01030 0.0384 0.00147 a=0.343,b=0.343,
¢ =0.335,g=0.023,
h=0.023, k =0.024
Two-term 0.9907 0.00343 0.0384 0.00147 a=0.528, b =0.493,
ko=0.023, k1= 0.023
Verma 0.9914 0.00269 0.0392 0.00154 a=0.5,g=0.023,
k =0.023
Henderson and Pabis 0.9907 0.00206 0.0384 0.00147 a=1.021, k=10.023
Approximation of diffusion 0.9914 0.00269 0.0392 0.00154 a=0.150,b =1.000,

k =0.023
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Table 4 Statistical parameters and constants obtained after models were fitted to the drying data for convective hot air drying of
untreated, hot water treated and sulphite treated banana peels at 100 °C

Model R? ¥ RMSE SSE Model Constants
Untreated Weibull 0.9980 0.00042 0.0153 0.00023 a=-0.021, b=-1.023,
k=0.008,n=1.331
Two-term exponential 0.9865 0.00351 0.0522 0.00273 a=>5.704 x 104,
k =50.552
Midilli-Kucuk 0.9980 0.00043 0.0155 0.00024 a=1.002,b=-1.603 x 104,
k=0.008,n=1.345
Modified Page 0.9976 0.00039 0.0174 0.00030 k=0.027,n=1.393
Logarithmic 0.9916 0.00148 0.0314 0.00099 a=1.136,c=-0.105,
k =0.024
Page 0.9976 0.00039 0.0174 0.00030 k=10.007,n=1.393
Wang and Singh 0.9962 0.00057 0.0211 0.00045 a=-0.020, b =9.944 x 10
Modified Henderson and Pabis 0.9839 0.00704 0.0484 0.00235 a=0.354,b=0.354,
¢ =0.344, g = 0.030,
h =0.030, k =0.030
Two-term 0.9839 0.00422 0.0484 0.00235 a=0.546, b =0.506,
ko=0.030, k1 =0.030
Verma 0.9865 0.00408 0.0522 0.00272 a=0.5,g=0.029,
k =0.029
Henderson and Pabis 0.9839 0.00302 0.0484 0.00235 a=1.052, k=0.030
Approximation of diffusion 0.9865 0.00408 0.0522 0.00272 a=0.145,b =1.000, k =0.029
Hot water Weibull 0.9974 0.00062 0.0175 0.00031 a=-0.012, b=-1.008,
treated k=0.014,n=1.307
Two-term exponential 0.9828 0.00434 0.0570 0.00325 a=7.017 x 10,
k=40.761
Midilli-Kucuk 0.9973 0.00064 0.0179 0.00032 a=0.996, b =-1.002 x 104,
k=0.013,n=1.321
Modified Page 0.9972 0.00046 0.0186 0.00035 k=0.038,n=1.341
Logarithmic 0.9922 0.00148 0.0304 0.00092 a=1.072,c=-0.056,
k =0.036
Page 0.9972 0.00046 0.0186 0.00035 k=0.013,n=1.341
Wang and Singh 0.9893 0.00192 0.0380 0.00144 a=-0.026,b=1.639 x 10*
Modified Henderson and Pabis 0.9889 0.00644 0.0401 0.00161 a=0.346, b =0.346,
c=0.334,9=0.042,
h=0.042, k =0.042
Two-term 0.9889 0.00322 0.0401 0.00161 a=0.538,b=0.488,
ko=0.042, k1=0.042
Verma 0.9897 0.00273 0.0413 0.00171 a=0.5,9=0.041,
k=0.041
Henderson and Pabis 0.9889 0.00215 0.0401 0.00161 a=1.026,k=0.042
Approximation of diffusion 0.9897 0.00273 0.0413 0.00171 a=0.123, b =1.000, k =0.041
Sulphite Weibull 0.9967 0.00080 0.0200 0.00040 a=-0.074, b=-1.068,
treated k=0.010,n=1.232
Two-term exponential 0.9828 0.00434 0.0570 0.00325 a=7.017 x 104,
k =40.761
Midilli-Kucuk 0.9964 0.00087 0.0208 0.00043 a=0.993, b =-0.001,
k=0.010,n=1.261
Modified Page 0.9940 0.00107 0.0283 0.00080 k=0.027,n=1.379
Logarithmic 0.9941 0.00112 0.0265 0.00070 a=1.198,c=-0.184,
k =0.020
Page 0.9940 0.00107 0.0283 0.00080 k=0.007,n=1.379
Wang and Singh 0.9927 0.00155 0.0342 0.00117 a=-0.018,b=7.808 x 10
Modified Henderson and Pabis 0.9800 0.01184 0.0544 0.00296 a=0.351,b=0.351,
¢ =0.341, g = 0.030,
h =0.030, k =0.030
Two-term 0.9800 0.00592 0.0544 0.00296 a=0.541, b =0.502,
ko=0.030, k1 =0.030
Verma 0.9828 0.00519 0.0569 0.00324 a=0.5,g=0.029,
k =0.029
Henderson and Pabis 0.9800 0.00395 0.0544 0.00296 a=1.042,k=0.030
Approximation of diffusion 0.9828 0.00519 0.0569 0.00324 a=0.146, b =1.000, k = 0.029
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Table 5 Statistical parameters and constants obtained after models were fitted to the drying data for the convective hot air oven drying
of untreated, hot water treated and sulphite treated banana peels at 120 °C

Model R? 1 RMSE SSE Model Constants
Untreated Weibull 0.9936 0.00144 0.0283 0.00080 a=-0.009, b=-0.992,
k=0.005 n=1621
Two-term exponential 0.9715 0.00661 0.0717 0.00514 a=0.001, k=33.283
Midilli-Kucuk 0.9935 0.00155 0.0284 0.00081 a=0.982,b=-1.024 x 10
4 k=0.005n=1.635
Modified Page 0.9933 0.00111 0.0294 0.00087 k=0.041,n=1.606
Logarithmic 0.9777 0.00416 0.0527 0.00278 a=1.156,c¢=-0.117,
k =0.036
Page 0.9933 0.00111 0.0294 0.00087 k=0.006, n=1.606
Wang and Singh 0.9899 0.00168 0.0361 0.00131 a=-0.031,b=2.336 x 10
Modified Henderson and Pabis 0.9682 0.01385 0.0679 0.00462 a=0.357,b=0.357,
¢ =0.345, g = 0.046,
h=0.046, k =0.046
Two-term 0.9682 0.00831 0.0679 0.00462 a=0.556,b=0.503,
ko= 0.046, k1= 0.046
Verma 0.9714 0.00768 0.0715 0.00512 a=0.5g=0.044,
k =0.044
Henderson and Pabis 0.9682 0.00594 0.0679 0.00462 a=1.060, k=0.046
Approximation of diffusion 0.9714 0.00768 0.0715 0.00512 a=0.110, b =1.000,
k =0.044
Hot water Weibull 0.9928 0.00291 0.0311 0.00097 a=-0.055, b=-1.050,
treated k=0.023,n=1.290
Two-term exponential 0.9789 0.00574 0.0618 0.00382 a=0.004, k=14.630
Midilli-Kucuk 0.9924 0.00304 0.0318 0.00101 a=0.995,b=-0.001,
k=0.022,n=1.319
Modified Page 0.9910 0.00195 0.0360 0.00130 k=0.058,n=1.421
Logarithmic 0.9893 0.00285 0.0378 0.00142 a=1.172,c=-0.162,
k =0.046
Page 0.9910 0.00195 0.0360 0.00130 k=0.018,n=1.421
Wang and Singh 0.9906 0.00306 0.0451 0.00204 a=-0.039,b=3.761 x 10"
Modified Henderson and Pabis 0.9774 - 0.0603 0.00363 a=0.347,b=0.347,
¢ =0.333, g = 0.064,
h =0.064, k = 0.064
Two-term 0.9774 0.01089 0.0603 0.00363 a=0.514,b=0.514,
ko= 0.064, k1= 0.064
Verma 0.9790 0.00756 0.0615 0.00378 a=0.5g=0.063,
k =0.063
Henderson and Pabis 0.9774 0.00545 0.0603 0.00363 a=1.028,k=0.064
Approximation of diffusion 0.9790 0.00756 0.0615 0.00378 a=0.009, b=1.023,
k=0.061
Sulphite Weibull 0.9928 0.00298 0.0315 0.00099 a=-0.040, b=-1.034,
treated k=0.013,n=1.471
Two-term exponential 0.9708 0.00819 0.0739 0.00546 a=0.003, k=18.633
Midilli-Kucuk 0.9926 0.00309 0.0321 0.00103 a=0.993,b=-0.001,
k=0.013,n=1.499
Modified Page 0.9916 0.00187 0.0353 0.00124 k=0.556,n=1.568
Logarithmic 0.9843 0.00434 0.0466 0.00217 a=1.219,c=-0.201,
k =0.042
Page 0.9916 0.00187 0.0353 0.00124 k=0.011,n=1.568
Wang and Singh 0.9915 0.00208 0.0373 0.00139 a=-0.040, b =3.956 x 10
Modified Henderson and Pabis 0.9687 - 0.0716 0.00513 a=0.351,b=0.351,
¢ =0.337,g =0.063,
h=0.063, k=0.063
Two-term 0.9687 0.01540 0.0716 0.00513 a=0.549, b =0.489,
ko= 0.063, k1= 0.063
Verma 0.9711 0.01083 0.0736 0.00542 a=0.5,g=0.061,
k=0.061
Henderson and Pabis 0.9687 0.00770 0.0716 0.00513 a=1.039,k=0.063
Approximation of diffusion 0.9711 0.01083 0.0736 0.00542 a=0.019, b=0.999,

k =0.061
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Table 6 Statistical parameters and constants obtained after models were fitted to the drying data for convective hot air drying of
untreated, hot water treated and sulphite treated banana peels at 140 °C

Model R? 1 RMSE SSE Model Constants
Untreated Weibull 0.9989 0.00022 0.0121 0.00015 a=-0.015, b=-0.998,
k=0.004,n=1.786
Two-term exponential 0.9652 0.01007 0.0916 0.00839 a=8.385x10%,
k =59.204
Midilli-Kucuk 0.9988 0.00022 0.0122 0.00015 a=0.982,b=-2.765x 104,
k=0.004,n=1.799
Modified Page 0.9984 0.00028 0.0153 0.00023 k=0.047,n=1.781
Logarithmic 0.9801 0.00338 0.0504 0.00254 a=1.360, c=-0.291,
k =0.033
Page 0.9984 0.00028 0.0153 0.00023 k=0.004,n=1.781
Wang and Singh 0.9880 0.00246 0.0452 0.00205 a=-0.035,b=23.030x 10*
Modified Henderson and Pabis 0.9563 0.01303 0.0807 0.00651 a=0.377,b=0.377,
¢=0.363, g =0.055,
h =0.055, k =0.055
Two-term 0.9563 0.00977 0.0807 0.00651 a=0.588,b=0.528,
ko= 0.055, k1= 0.055
Verma 0.9654 0.01115 0.0914 0.00836 a=0.5g=0.050,
k =0.050
Henderson and Pabis 0.9563 0.00782 0.0807 0.00651 a=1.116, k=0.055
Approximation of diffusion 0.9655 0.01115 0.0914 0.00836 a=10.088, b=1.000,
k =0.050
Hot water Weibull 0.9961 0.00090 0.0223 0.00050 a=-0.02,b=-1.001,
treated k=0.012,n=1.645
Two-term exponential 0.9690 0.00805 0.0792 0.00626 a=0.003, k =29.209
Midilli-Kucuk 0.9960 0.00094 0.0229 0.00052 a=0.978,b=-2.404 x 10,
k=0.011,n=1.697
Modified Page 0.9954 0.00082 0.0252 0.00064 k=0.071,n=1.656
Logarithmic 0.9808 0.00367 0.0495 0.00245 a=1.237,¢c=-0.195,
k = 0.055
Page 0.9954 0.00082 0.0252 0.00064 k=0.013,n=1.656
Wang and Singh 0.9923 0.00150 0.0342 0.00117 a=-0.055, b=7.415x 10
Modified Henderson and Pabis 0.9641 0.01627 0.0736 0.00542 a=0.363,b=0.363,
¢=0.346,9=0.081,
h=0.081, k =0.081
Two-term 0.9641 0.00976 0.0736 0.00542 a=0.571,b=0.502,
ko=0.081, k1= 0.081
Verma 0.9692 0.00931 0.0788 0.00621 a=0.5,g=0.077,
k=0.077
Henderson and Pabis 0.9641 0.00697 0.0736 0.00542 a=1.073, k=0.081
Approximation of diffusion 0.9691 0.00930 0.0787 0.00620 a=-0.035, b=1.145,
k =0.067
Sulphite Weibull 0.9981 0.00041 0.0156 0.00024 a=-0.028, b=-1.008,
treated k =0.005,n=1.803
Two-term exponential 0.9592 0.01181 0.0972 0.00945 a=0.002, k =36.692
Midilli-Kucuk 0.9980 0.00045 0.0165 0.00027 a=0.976, b =-3.088 x 104,
k=0.004,n=1.877
Modified Page 0.9972 0.00053 0.0207 0.00043 k=0.053,n=1.827
Logarithmic 0.9805 0.00365 0.0506 0.00256 a=1.465, c =-0.407,
k =0.033
Page 0.9972 0.00053 0.0014 0.00043 k=0.005, n=1.827
Wang and Singh 0.9864 0.00280 0.0473 0.00224 a=-0.040,b=3.697 x 10*
Modified Henderson and Pabis 0.9499 0.01913 0.0875 0.00765 a=0.374,b=0.374,
¢ =0.359, g =0.062,
h=0.062, k =0.062
Two-term 0.9499 0.01275 0.0875 0.00765 a=0.584,b=0.523,
ko= 0.062, k1= 0.062
Verma 0.9592 0.01342 0.0969 0.00939 a=0.5g=0.057,
k =0.057
Henderson and Pabis 0.9499 0.00956 0.0875 0.00765 a=1.107, k=0.062
Approximation of diffusion 0.9592 0.01342 0.0969 0.00939 a=0.047, b =1-000,

k =0.057




Engineering and Applied Science Research 2023;50(5)

0.8

0.6

0.4

0.2

Predicted Moisture Ratio

0.8

0.6

0.4

0.2

Predicted Moisture Ratio

0.8

0.6

0.4

0.2

Predicted Moisture Ratio

(@)
1 +15by10 mm
1 30 by 20 mm R2=0.9900
] = 60 by 40 mm LIS
]
] ° .
1 .
] R?=0.9907,
4 *
] n
4 ]
n
1 Coll
] R?=0.9945
‘ —— —r— —r— —r—
0 0.2 0.4 0.6 0.8 1
Experimental Moisture Ratio
(©
1+ Untreated
4 ® Hot water treated
] = Sulphite treated
B R?=0.9967
] R?=0.9980
: L)
: (] L4
] ot
] R2=0.9974
0 0.2 0.4 0.6 0.8 1
Experimental Moisture ratio
(e)
1 ¢ Untreated . '
1 e Hot water treated R2=0.9961 >
] = Sulphite treated ]
] R?=0.9981
] °
] (3
1 R?2=0.9989
0 0.2 04 0.6 0.8 1

Experimental Moisture ratio

Predicted Moisture Ratio

Predicted Moisture Ratio

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

435

(b)
1 * Untreated
1 © Hot water treated
1 = Sulphite treated
] +~ R2=0.9983
] . R2=0.9930
4 (]
] R?=0.9996
1

: —— —— —— ——
0 0.2 0.4 0.6 0.8 1
Experimental Moisture Ratio

(d)
1+ Untreated
4 ® Hot water treated
| = Sulphite treated .
] R2=0.9928

|}

] °
] .
] R%2=0.9936
] -~
] R?2=0.9928
{ -
r T T T T T T T T T T T T T
0 0.2 0.4 0.6 0.8 1

Experimental Moisture ratio

Figure 8 Comparison of moisture ratio predicted by the Weibull model and experimental moisture ratio for convective hot air drying
of banana peels biomass at (a) 60 °C (b) 80 °C (c) 100 °C (d) 120 °C (e) 140 °C

4. Conclusions

The drying rate of banana peels biomass was considerably increased while the drying time and specific energy requirement were
consequently reduced by drying the biomass at higher temperatures using smaller peel sizes (or larger peel surface areas) and applying
hot water or sulphite pretreatments. The drying of the peels was controlled by the diffusion of moisture inside the banana peels. The
dependence of the effective moisture diffusivities on temperature was suitably defined by an Arrhenius-type relationship with activation
energies of 24.7, 21.4 and 21.3 kJ mol required for drying untreated, sulphite treated and hot water treated banana peels, respectively.
The Weibull model well explained the convective hot air drying of banana peels biomass.

5. References

(1]

Vdisdnen T, Haapala A, Lappalainen R, Tomppo L. Utilization of agricultural and forest industry waste and residues in natural
fiber-polymer composites: a review. Waste Manage. 2016;54:62-73.



436

(2]

(3]
(4]
(5]

(6]
(7]

(8]
(9]

[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]
[18]

[19]
[20]

[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]

[36]

Engineering and Applied Science Research 2023;50(5)

Rago YP, Mohee R, Surroop D. A review of thermochemical technologies for the conversion of waste biomass to biofuel and
energy in developing countries. In: Leal Filho W, Surroop D, editors. The Nexus: Energy, Environment and Climate Change.
Green Energy and Technology. Cham: Springer; 2018. p. 127-43.

Sadh PK, Duhan S, Duhan JS. Agro-industrial wastes and their utilization using solid state fermentation: a review. Bioresour
Bioprocess. 2018;5:1-15.

Anastopoulos |, Pashalidis I, Hosseini-Bandegharaei A, Giannakoudakis DA, Robalds A, Usman M, et al. Agricultural
biomass/waste as adsorbents for toxic metal decontamination of aqueous solutions. J Mol Liq. 2019;295:111684.

Riedel SL, Brigham C. Polymers and Adsorbents from Agricultural Waste. In: Simpson BK, Aryee ANA, Toldra F, editors.
Byproducts from Agriculture and Fisheries: Adding Value for Food, Feed, Pharma, and Fuels. Hoboken: John Wiley & Sons;
2019. p. 523-44.

Dai Y, SunQ, Wang W, Lu L, Liu M, Li J, etal. Utilizations of agricultural waste as adsorbent for the removal of contaminants:
a review. Chemosphere. 2018;211:235-53.

Kainthola J, Kalamdhad AS, Goud VV. A review on enhanced biogas production from anaerobic digestion of lignocellulosic
biomass by different enhancement techniques. Process Biochem. 2019;84:81-90.

Simmonds NW. The evolution of the bananas. London: Longman; 1962.

Mohapatra D, Mishra S, Singh CB, Jayas DS. Post-harvest processing of banana: opportunities and challenges. Food
Bioprocess Technol. 2011;4:327-39.

FAO. Banana facts and figures. 2020 [cited 2020 Jun 9]. Awvailable from: https://www.fao.org/economic/est/est-
commodities/oilcrops/bananas/bananafacts/en/.

Fernandes ERK, Marangoni C, Souza O, Sellin N. Thermochemical characterization of banana leaves as a potential energy
source. Energy Convers Manag. 2013;75:603-8.

Padam BS, Tin HS, Chye FY, Abdullah MI. Banana by-products: an under-utilized renewable food biomass with great
potential. J Food Sci Technol. 2014;51:3527-45.

Guerrero AB, Aguado PL, Sanchez J, Curt MD. GIS-Based assessment of banana residual biomass potential for ethanol
production and power generation: a case study. Waste Biomass Valor. 2016;7:405-15.

Pathak PD, Mandavgane SA, Kulkarni BD. Valorization of banana peel: a biorefinery approach. Rev Chem Eng. 2016;32(6):
651-66.

Ahmad T, Danish M. Prospects of banana waste utilization in wastewater treatment: a review. J Environ Manage.
2018;206:330-48.

Ajila CM, Brar SK, Verma M, Tyagi RD, Godbout S, Valéro JR. Bio-processing of agro-byproducts to animal feed. Crit Rev
Biotechnol. 2012;32:382-400.

Mohapatra D, Mishra S, Sutar N. Banana and its by-product utilisation: an overview. J Sci Ind Res. 2010;69:323-9.

Anwar J, Shafique U, Zaman W, Salman M, Dar A, Anwar S. Removal of Pb(l1) and Cd(Il) from water by adsorption on peels
of banana. Bioresour Technol. 2010;101:1752-5.

Anastopoulos I, Kyzas GZ. Agricultural peels for dye adsorption: a review of recent literature. J Mol Lig. 2014;200:381-9.
El-Din GA, Amer AA, Malsh G, Hussein M. Study on the use of banana peels for oil spill removal. Alex Eng J.
2018;57(3):2061-8.

Mahindrakar KV, Rathod VK. Utilization of banana peels for removal of strontium (II) from water. Environ Technol Innov.
2018;11:371-83.

Wilaipon P. The effects of briquetting Pressure on banana peel briquettes and the banana waste in northern Thailand. Am J
Appl Sci. 2009;6(1):167-71.

Waghmare AG, Arya SS. Utilization of unripe banana peel waste as feedstock for ethanol production. Bioethanol.
2019;2(1):146-56.

Oberoi HS, Vadlani PV, Saida L, Bansal S, Hughes JD. Ethanol production from banana peels using statistically optimized
simultaneous saccharification and fermentation process. Waste Manage. 2011;31(7):1576-84.

Gebregergs A, Gebresemati M, Sahu O. Industrial ethanol from banana peels for developing countries: response surface
methodology. Pac Sci Rev A: Nat Sci Eng. 2016;18(1):22-9.

Gumisiriza R, Hawumba JF, Okure M, Hensel O. Biomass waste-to-energy valorization technologies: a review case for banana
processing in Uganda. Biotechnol Biofuels. 2017;10:1-29.

Achinas S, Krooneman J, Euverink GJW. Enhanced biogas production from the anaerobic batch treatment of banana peels.
Engineering. 2019;5(5):970-8.

Kwon D, Lee SS, Jung S, Park YK, Tsang YF, Kwon EE. CO: to fuel via pyrolysis of banana peel. Chem Eng J.
2019;392:123774.

Tahir MH, Zhao Z, Ren J, Rasool T, Nagvi SR. Thermo-kinetics and gaseous product analysis of banana peel pyrolysis for its
bioenergy potential. Biomass Bioenerg. 2019;122:193-201.

He J, Yang Z, Xiong S, Guo M, Yan Y, Ran J, et al. Experimental and thermodynamic study of banana peel non-catalytic
gasification characteristics. Waste Manage. 2020;113:369-78.

Karimibavani B, Sengul AB, Asmatulu E. Converting briquettes of orange and banana peels into carbonaceous materials for
activated sustainable carbon and fuel sources. Energ Ecol Environ. 2020;5:161-70.

Selvarajoo A, Muhammad D, Arumugasamy SK. An experimental and modelling approach to produce biochar from banana
peels through pyrolysis as potential renewable energy resources. Model Earth Syst Environ. 2020;6:115-28.

Ramli S, Alkarkhi AFM, Yong YS, Min-Tze L, Easa AM. Effect of banana pulp and peel flour on physicochemical properties
and in vitrostarch digestibility of yellow alkaline noodles. Int J Food Sci Nutr. 2009;60(Sup4):326-40.

Eshak NS. Sensory evaluation and nutritional value of balady flat bread supplemented with banana peels as a natural source of
dietary fiber. Ann Agric Sci. 2016;61(2):229-35.

Sharma SK, Bansal S, Mangal M, Dixit AK, Gupta RK, Mangal AK. Utilization of food processing by-products as dietary,
functional, and novel fiber: a review. Crit Rev Food Sci Nutr. 2016;56(10):1647-61.

Onwuka CFI, Adetiloye PO, Afolami CA. Use of household wastes and crop residues in small ruminant feeding in Nigeria.
Small Rumin Res. 1997;24(3):233-7.



Engineering and Applied Science Research 2023;50(5) 437

[37]
(38]
[39]
[40]
[41]
[42]
[43]
[44]

[45]
[46]

[47]
(48]
[49]
[50]
(51]
[52]

[53]

[54]
[55]
[56]
[57]
[58]

[59]

[60]

[61]

[62]

[63]

[64]
[65]

[66]
[67]
[68]

[69]

Katongole CB, Sabiiti E, Bareeba F, Ledin I. Utilization of market crop wastes as animal feed in urban and peri-urban livestock
production in Uganda. J Sustain Agric. 2011;35(3):329-42.

Blandon JC, Hamady GAA, Abdel-Moneim MA. The effect of partial replacement of yellow corn by banana peels with and
without enzymes on broiler’s performance and blood parameters. J Anim Poult Sci. 2015;4(1):10-9.

Hassan HF, Hassan UF, Usher OA, Ibrahim AB, Tabe NN. Exploring the potentials of banana (Musa Sapietum) peels in feed
formulation. Int J Adv Res Chem Sci. 2018;5(5):10-4.

Emaga TH, Robert C, Ronkart SN, Wathelet B, Paquot M. Dietary fibre components and pectin chemical features of peels
during ripening in banana and plantain varieties. Bioresour Technol. 2008;99(10):4346-54.

Tibolla H, Pelissari FM, Menegalli FC. Cellulose nanofibers produced from banana peel by chemical and enzymatic treatment.
LWT — Food Sci Technol. 2014;59(2):1311-8.

Tibolla, H, Pelissari FM, Martins JT, Vicente AA, Menegalli FC. Cellulose nanofibers produced from banana peel by chemical
and mechanical treatments: characterization and cytotoxicity assessment. Food Hydrocoll. 2018;75:192-201.

Mitan NMN, Sa’adon MFR. Temperature effect on densification of banana peels briquette. Mater Today: Proc.
2019;19(4):1403-7.

Barskov S, Zappi M, Buchireddy P, Dufreche S, Guillory J, Gang D, et al. Torrefaction of biomass: a review of production
methods for biocoal from cultured and waste lignocellulosic feedstocks. Renew Energ. 2019;142:624-42.

McKendry P. Energy production from biomass (part 3): gasification technologies. Bioresour Technol. 2002;83(1):55-63.
Hughes WEM, Larson ED. Effect of fuel moisture content on biomass-IGCC performance. J Eng Gas Turbines Power.
1998;120 (3):455-9.

Demirbas A. Effect of initial moisture content on the yields of oily products from pyrolysis of biomass. J Anal Appl Pyrolysis.
2004;71(2):803-15.

Mujumdar AS, Law CL. Drying technology: trends and applications in post-harvest processing. Food Bioprocess Technol.
2010;3:843-52.

Agbede OO, Adebiyi AO, Oke EO, Arinkoola AO, Ogunleye OO, Agarry SE, et al. Thin layer drying of orange skin paste for
biofuel production: drying characteristics and mathematical modelling. Niger Res J Eng Environ Sci. 2019;4(2):578-92.
Agbede OO, Ayanniyi KJ, Babatunde KA, Osuolale FN, Oke EO, Ogunleye OO, et al. Thin layer modelling of open sun and
solar drying kinetics of pulverized maize husks. J Niger Soc Chem Eng. 2020;35(1):71-83.

Simo-Tagne M, Tagne Tagne A, Ndukwu MC, Bennamoun L, Obounou Akong MB, El Marouani M, et al. Numerical study
of the drying of cassava roots chips using an indirect solar dryer in natural convection. AgriEngineering. 2021;3(1):138-57.
Simo-Tagne M, Ndukwu MC. Study on the effect of conical and parabolic solar concentrator designs on hybrid solar dryers
for apricots under variable conditions: a numerical simulation approach. Int J Green Energy. 2021;18(15):1613-31.

Ndukwu MC, Onyenwigwe DI, Abam F, Lamrani B, Simo-Tagne M, Bekkioui N, et al. Influence of hot water blanching and
saline immersion period on the thermal effusivity and the drying kinetics of hybrid solar drying of sweet potato chips. Sol
Energy. 2022;240:176-92.

Simo-Tagne M, Etala HDT, Tagne Tagne A, Ndukwu MC, El Marouani M. Energy, environmental and economic analyses of
an indirect cocoa bean solar dryer: a comparison between natural and forced convections. Renew Energ. 2020;187:1154-72.
Ihediwa VE, Ndukwu MC, Abada UC, Ekop IE, Bennamoun L, Simo-Tagne M, et al. Optimization of the energy consumption,
drying kinetics and evolution of thermo-physical properties of drying of forage grass for haymaking. Heat Mass Transfer.
2022;58:1187-206.

Maskan A, Kaya S, Maskan M. Hot air and sun drying of grape leather (pestil). J Food Eng. 2002;54(1):81-8.

Agbede OO, Oke EO, Akinfenwa SI, Wahab KT, Ogundipe S, Aworanti OA, et al. Thin layer drying of green microalgae
(Chlorella sp.) paste biomass: drying characteristics, energy requirement and mathematical modeling. Bioresour Technol Rep.
2020;11:100467.

Onwude DI, Hashim N, Janius RB, Nawi NM, Abdan K. Modeling the thin-layer drying of fruits and vegetables: a review.
Compr Rev Food Sci Food Saf. 2016;15(3):599-618.

Agbede OO, Ayanniyi KJ, Osuolale FN, Oke EO, Agarry SE, Ogunleye OO, et al. Hot air oven drying of maize husks biomass:
effects of bed depth and temperature on drying kinetics, moisture diffusivity and energy requirement. Niger Res J Eng Environ
Sci. 2019;4(2):991-1005.

Agarry SE, Osuolale FN, Agbede OO, Ajani AO, Afolabi TJ, Ogunleye OO, et al. Transport phenomena, thermodynamic
analyses, and mathematical modelling of okra convective cabinet-tray drying at different drying conditions. Eng Appl Sci Res.
2021;48(5):637-56.

Agarry SE, Osuolale FN, Agbede OO, Ajani A, Afolabi TJ, Ogunleye OO, et al. Mass transfer, energy-exergy analysis, and
mathematical modeling of chili pepper during drying. Iran J Chem Chem Eng. 2022;41(7):2468-95.

Deng LZ, Mujumdar AS, Zhang Q, Yang XH, Wang J, Zheng ZA, et al. Chemical and physical pretreatments of fruits and
vegetables: effects on drying characteristics and quality attributes — a comprehensive review. Crit Rev Food Sci Nutr.
2019;59(9):1408-32.

Sankat C, Castaign F, Maharaj R. The air drying behaviour of fresh and osmotically dehydrated banana slices. Int J Food Sci
Technol. 1996;31(2):123-35.

Demirel D, Turhan M. Air-drying behavior of Dwarf Cavendish and Gros Michel banana slices. J Food Eng. 2003;59(1):1-11.
Nguyen MH, Price WE. Air-drying of banana: Influence of experimental parameters, slab thickness, banana maturity and
harvesting season. J Food Eng. 2007;79(1):200-7.

Prachayawarakorn S, Tia W, Plyto N, Soponronnarit S. Drying kinetics and quality attributes of low-fat banana slices dried at
high temperature. J Food Eng. 2008;85(4):509-17.

Doymaz 1. Evaluation of mathematical models for prediction of thin-layer drying of banana slices. Int J Food Prop.
2010;13(3):486-97.

Thuwapanichayanan R, Prachayawarakorn S, Kunwisawa J, Soponronnarit S. Determination of effective moisture diffusivity
and assessment of quality attributes of banana slices during drying. LWT - Food Sci Technol. 2011;44(6):1502-10.

da Silva WP, e Silva CMDPS, Gama FJA, Gomes JP. Mathematical models to describe thin-layer drying and to determine
drying rate of whole bananas. J Saudi Soc Agric. 2014;13(1):67-74.



438
[70]
[71]
[72]
[73]
[74]
[78]
[76]

[77]
[78]

[79]
(80]

(81]
(82]
(83]
(84]

(85]

(86]
(87]

(88]

(89]
[90]

[91]
[92]
[93]
[94]

[95]
[96]

[97]
[98]
[99]
[100]
[101]

[102]
[103]

[104.

[105]
[106]

[107]
[108]

[109]

Engineering and Applied Science Research 2023;50(5)

Khawas P, Dash KK, Das AJ, Deka SC. Drying characteristics and assessment of physicochemical and microstructural
properties of dried culinary banana slices. Int J Food Eng. 2015;11(5):667-78.

Seyedabadi E, Khojastehpour M, Abbaspour-Fard MH. Online measuring of quality changes of banana slabs during convective
drying. Eng Agric Environ Food. 2019;12(1):111-7.

Takougnadi E, Tchamye Boroze TE, Azouma OY. Effects of drying conditions on energy consumption and the nutritional and
organoleptic quality of dried bananas. J Food Eng. 2020;268:109747.

Liu C, Ngo HH, Guo W, Tung KL. Optimal conditions for preparation of banana peels, sugarcane bagasse and watermelon
rind in removing copper from water. Bioresour Technol. 2012;119:349-54.

Vu HT, Scarlett CJ, Vuong QV. Effects of drying conditions on physicochemical and antioxidant properties of banana (Musa
cavendish) peels. Dry Technol. 2017;35(9):1141-51.

Akpinar EK, Bicer Y. Mathematical modelling of thin layer drying process of long green pepper in solar dryer and under open
sun. Energy Convers Manag. 2008;49(6):1367-75.

Erbay Z, Icier F. A review of thin layer drying of foods: theory, modeling, and experimental results. Crit Rev Food Sci Nutr.
2010;50(5):441-64.

Kucuk H, Midilli A, Kilic A, Dincer I. A review on thin-layer drying-curve equations. Dry Technol. 2014;32(7):757-73.
Ajuebor F, Aworanti OA, Agbede OO, Agarry SE, Afolabi TJ, Ogunleye OO. Drying process optimization and modelling the
drying kinetics and quality attributes of dried chili pepper (Capsicum frutescens L.). Trends Sci. 2022;19(17):5752.

Crank J. The mathematics of diffusion. 2™ ed. London: Oxford University Press; 1975.

Di Scala K, Crapiste G. Drying kinetics and quality changes during drying of red pepper. LWT — Food Sci Technol. 2008;41
(5):789-95.

Tunde-Akintunde TY, Ogunlakin GO. Influence of drying conditions on the effective moisture diffusivity and energy
requirements during the drying of pretreated and untreated pumpkin. Energy Convers Manag. 2011;52(2):1107-13.

Doymaz |, Ozdemir O. Effect of air temperature, slice thickness and pretreatment on drying and rehydration of tomato. Int J
Food Sci Technol. 2014;49(2):558-64.

Motevali A, Minaei S, Banakar A, Ghobadian B, Khoshtaghaza MH. Comparison of energy parameters in various dryers.
Energy Convers Manag. 2014;87:711-25.

Tunde-Akintunde TY. Effect of pretreatments on drying characteristics and energy requirements of plantain (Musa AAB). J
Food Process Preserv. 2014;38(4):1849-59.

Aghbashlo M, Kianmehr MH, Samimi-Akhijahani H. Influence of drying conditions on the effective moisture diffusivity,
energy of activation and energy consumption during the thin-layer drying of berberis fruit (Berberidaceae). Energy Convers
Manag. 2008;49(10):2865-71.

Motevali A, Minaei S, Khoshtagaza MH. Evaluation of energy consumption in different drying methods. Energy Convers
Manag. 2011;52(2):1192-9.

Motevali A, Minaei S, Khoshtaghaza MH, Amirnejat H. Comparison of energy consumption and specific energy requirements
of different methods for drying mushroom slices. Energy. 2011;36(11):6433-41.

Torki-Harchegani M, Ghanbarian D, Ghasemi Pirbalouti A, Sadeghi M. Dehydration behaviour, mathematical modelling,
energy efficiency and essential oil yield of peppermint leaves undergoing microwave and hot air treatments. Renew Sust Energ
Rev. 2016;58:407-18.

Tohidi M, Sadeghi M, Torki-Harchegani M. Energy and quality aspects for fixed deep bed drying of paddy. Renew Sust Energ
Rev. 2017;70:519-28.

Naghavi Z, Moheb A, Ziaei-rad S. Numerical simulation of rough rice drying in a deep-bed dryer using non-equilibrium model.
Energy Convers Manag. 2010;51(2):258-64.

Weibull W. A statistical distribution of wide applicability. ASME J Appl Mech. 1951;18:293-7.

Sharaf-Eldeen Y], Blaisdell JL, Hamdy MY. A model for ear corn drying. Trans ASAE. 1980;23(5):1261-65.

Midilli A, Kucuk H, Yapar Z. A new model for single-layer drying. Dry Technol. 2002;20(7):1503-13.

White GM, Bridges TC, Loewer OJ, Ross 1J. Seed coat damage in thin layer drying of soybeans as affected by drying
conditions. Trans ASAE. 1980;23(1):224-7.

Chandra PK, Singh RP. Applied numerical methods for food and agricultural engineers. Boca Raton: CRC Press; 1995.

Page GE. Factors influencing the maximum rate of air drying shelled corn in thin-layers [Thesis]. West Lafayette: Purdue
University; 1949.

Wang CY, Singh RP. A single layer drying equation for rough rice. ASAE Paper No. 3001. Michigan: ASAE; 1978.
Karathanos VVT. Determination of water content of dried fruits by drying kinetics. J Food Eng. 1999;39(4):337-44.
Henderson SM. Progress in developing the thin layer drying equation. Trans ASAE. 1974;17:1167-72.

Glenn TL. Dynamic analysis of grain drying system [Thesis]. Columbus: Ohio State University; 1978.

Verma LR, Bucklin RA, Ednan JB, Wratten FT. Effects of drying air parameters on rice drying models. Trans ASAE.
1985;28(1):296-301.

Henderson SM, Pabis S. Grain drying theory |: temperature effect on drying coefficient. J Agric Eng Res. 1961;6:169-74.
Kaseem AS. Comparative studies on thin layer drying models for wheat. 13" International Congress on Agricultural
Engineering; 1998 Feb 2-6; Rabat, Morocco. Rabat: ANAFID; 1998.

Akpinar EK. Mathematical modelling of thin layer drying process under open sun of some aromatic plants. J Food Eng.
2006;77(4):864-70.

Holman JP. Experimental methods for engineers. 71" ed. New York: McGraw-Hill; 2001.

Akpinar EK. Drying of mint leaves in a solar dryer and under open sun: Modelling, performance analyses. Energy Convers
Manag. 2010;51(12):2407-18.

Ertekin C, Yaldiz O. Drying of eggplant and selection of a suitable thin layer drying model. J Food Eng. 2004;63(3):349-59.
Falade KO, Solademi OJ. Modelling of air drying of fresh and blanched sweet potato slices. Int J Food Sci Technol.
2010;45(2):278-88.

Kingsly RP, Goyal RK, Manikantan MR, llyas SM. Effects of pretreatments and drying air temperature on drying behavior of
peach slice. Int J Food Sci Technol. 2007;42(1):65-9.



Engineering and Applied Science Research 2023;50(5) 439

[110]
[111]
[112]
[113]
[114]
[115]
[116]
[117]
[118]

[119]

Xiao HW, Pang CL, Wang LH, Bai JW, Yang WX, Gao ZJ. Drying kinetics and quality of Monukka seedless grapes dried in
an air-impingement jet dryer. Biosyst Eng. 2010;105(2):233-40.

Zhu A, Shen X. The model and mass transfer characteristics of convection drying of peach slices. Int J Heat Mass Transf.
2014;72:345-51.

Olanipekun BF, Tunde-Akintunde TY, Oyelade OJ, Adebisi MG, Adenayan TA. Mathematical modeling of thin-layer
pineapple drying. J Food Process Preserv. 2015;39(6):1431-41.

Gogiis F, Maskan M. Air drying characteristics of solid waste (pomace) of olive oil processing. J Food Eng. 2006;72(4):378-
82.

Motevali A, Tabatabaei SR. A comparison between pollutants and greenhouse gas emissions from operation of different dryers
based on energy consumption of power plants. J Clean Prod. 2017;154:445-61.

Kaveh M, Chayjan RA, Taghinezhad E, Sharabiani VR, Motevali A. Evaluation of specific energy consumption and GHG
emissions for different drying methods (case study: Pistacia Atlantica). J Clean Prod. 2020;259:120963.

Alibas I. Energy consumption and colour characteristics of nettle leaves during microwave, vacuum and convective drying.
Biosyst Eng. 2007;96(4):495-502.

Rasouli M, Seiiedlou S, Ghasemzadeh HR, Nalbandi H. Convective drying of garlic (Allium sativum L.): part I: drying kinetics,
mathematical modeling and change in color. Aust J Crop Sci. 2011;5(13):1707-14.

Vega-Ga'lvez A, Lara E, Flores V, Scala KD, Lemus-Mondaca R. Effect of selected pretreatments on convective drying process
of blueberries (var. O’neil). Food Bioprocess Technol. 2012;5(7):2797-804.

Doymaz I. Evaluation of some thin-layer drying models of persimmon slices (Diospyros kaki L.). Energy Convers Manag.
2012;56:199-205.



