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Abstract. 10 

 11 

 Mango stone is an interesting biomass by-product with a considerable net 12 

calorific value. Mango production has significantly risen in the last few years, meaning 13 

that mango waste has increased as well. However, mango stone has a moisture content 14 

of about 60% (wet basis) and it is very important to dry the samples for using them in 15 

electrical and thermal energy production. In this paper, the main parameters involved in 16 

the mass transfer during drying are determined. Drying was carried out in a convective 17 

dryer through a set of experiments based on five drying air temperatures (100ºC, 125ºC, 18 

150ºC, 175ºC and 200ºC) and three air velocities (1 m/s, 2 m/s and 3 m/s). Drying times 19 

ranged between 2 and 23 hours. The drying rate was calculated from the Gaussian 20 

model whose values ranged from 1.5ꞏ10-6 to 6.3ꞏ10-4 s-1. Effective diffusivity was 21 

obtained as an overall parameter in the mass diffusion for each test. These values were 22 

found between 0.71ꞏ10-9 and 13.6ꞏ10-9 m2/s. The activation energy was calculated from 23 
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the Arrhenius law for each test, made at different air velocities. These values were 36.7, 24 

32.2 and 32.1 kJ/mol for 1, 2 and 3 m/s, respectively. This study provides information 25 

for future works on design, optimization and numerical simulation models in convective 26 

dryers for standard mango stone pieces according to industrial drying conditions.    27 

      28 

Keywords: Mango stone; Biomass; Waste recovery; Mass transfer; Drying rate; 29 

Effective diffusivity.   30 

 31 

Nomenclature 32 

 33 

𝑎, 𝑏, 𝑐,𝑑, 𝑒,𝑓  Coefficients of the Two-term mathematical model 34 

𝐷௘௙௙   Effective moisture diffusivity (m2/s) 35 

𝐷଴   Pre-exponential factor of the Arrhenius equation (m2/s) 36 

𝐸௔   Activation energy (kJ/mol) 37 

𝐿   Half-thickness of the slab (m) 38 

𝑚   Mass (kg) 39 

𝑁   Number of data 40 

𝑅   Universal gas constant (kJꞏmol-1ꞏK-1) 41 

𝑅ଶ   Coefficient of determination 42 

𝑅𝑀𝑆𝐸   Root mean square error 43 

𝑠   Straight line’s slope 44 

𝑡   Time (s) 45 

𝑇   Temperature (ºC, K) 46 

𝑣   Velocity (mꞏs-1) 47 

𝑥   Spatial dimension (m) 48 
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𝑋   Moisture content (kg moisture/kg dry matter) 49 

𝑋𝑅   Dimensionless moisture ratio 50 

𝑥௩   Drying rate (s-1) 51 

 52 

Subindex 53 

 54 

𝑐𝑎𝑙   calculated 55 

𝑑𝑠   dry solid 56 

𝑒   equilibrium 57 

𝑒𝑥𝑝   experimental 58 

𝑡   at time t 59 

𝑤   water 60 

0   initial 61 

 62 

1. Introduction. 63 

 64 

The mango fruit (Mangifera indica L.) belongs to the Anacardiaceae family. It is a 65 

sweet fruit with great benefits to human health (Torres-León et al., 2016). Its cultivation 66 

has expanded all over the world, mainly in coastal areas and subtropical climate zones. 67 

There are about 350 varieties of mango in the world, which are cultivated in over 100 68 

countries. Mango is mainly consumed as fresh fruit, although it is used for juice, nectar, 69 

preserves, puree, dried fruit, jams, ice creams, etc. (Maneepun and Yunchalad, 2004). 70 

The world’s production exceeded 55 million tonnes in 2019 (Manhongo et al., 2021). 71 

India is the world’s top producer whose production for that year was 21,800,000 tonnes, 72 

which is the equivalent of 40% of total output. Countries such as China, Thailand, 73 
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Indonesia, Pakistan and Mexico had a production of 4,800,000 tonnes, 3,790,000 74 

tonnes, 3,000,000 tonnes, 2,300,000 tonnes and 2,100,000 tonnes, respectively 75 

(FAOSTAT, 2018).  76 

 The food industry produces large quantities of by-products and wastes. Because 77 

of that, there is a global concern regarding their use and their recycling. In general, 78 

industries based on the production of juices and pulp fruits generate the vast majority of 79 

waste because of the removal of skin, pits and seeds (da Silva and Jorge, 2014). Wastes 80 

present serious management problems, from both the economic and environmental 81 

points of view. However, food industry wastes can be reused in other production 82 

systems, foremost in thermal and electrical energy production (Mirabella et al., 2014; 83 

Ishaq and Dincer, 2020). 84 

Up until now, the mango processing industry does not provide efficient, profitable 85 

and viable systems for wastes disposal, which means a new source of environmental 86 

pollution (Ajila et al., 2007). Depending on the variety, mango stone represents between 87 

10% and 25% of the fruit’s total weight (Torres-León et al., 2016). After one year, the 88 

mango fruit generates between five and thirteen million tonnes of mango stone, and 89 

these wastes, nowadays, are not used for commercial and energetic purposes 90 

(Leanpolchareanchai et al., 2014). In this sense, mango stone can be classified as a 91 

biomass by-product for thermal and electrical energy generation (Perea-Moreno, A. et 92 

al., 2018). Due to its high moisture content, drying is essential for improving the 93 

combustion yield and for avoiding water vapour condensation, which presents adverse 94 

effects in boilers (Saidur et al., 2011).  Furthermore, drying improves the storage and 95 

transport conditions (Gómez-de la Cruz, F. J. et al., 2017). 96 

Nevertheless, drying is a thermal process linked to high-energy consumption. For 97 

this reason, to optimize the process it is vital to know the main parameters involved 98 
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during the drying of mango (Chupawa et al., 2022; Perazzini et al., 2021). All these 99 

parameters are very important in mass transfer phenomena. These parameters, obtained 100 

in experimental equipment, provide information to improve the design of industrial 101 

dryers, and optimization of the drying conditions such as temperature, velocities and 102 

sample size. Furthermore, these variables can be used in numeric simulation in 103 

Computational Fluid Dynamics to validate the drying models (Kaya et al., 2008; Ture 104 

and Chandramohan, 2021; Jha and Tripathy, 2021).     105 

The drying of mango fruit has been widely studied in the literature for nutritional 106 

purposes. However, the drying of mango wastes for efficient biomass production, 107 

mainly mango stone, has been addressed in a few works. (Perea-Moreno, A. et al., 108 

2018) carried out both an ultimate analysis and a proximate analysis. Moreover, they 109 

determined the higher and lower heating values of mango stone. In this research, the 110 

mango stone moisture content was 59.7% (wet basis). On the other hand, (Wilkins et al., 111 

2018) studied the drying of mango stone placed on trays in a solar dryer under 112 

uncontrolled environments. They obtained drying rate models for these drying 113 

conditions. 114 

Industrial convective dryers are the best equipment to dry wet products obtaining 115 

high drying rates, drying times very short with respect to others such as: microwave 116 

drying, infrared dryers, solar dryers and fluidized bed dryers (Gómez-de la Cruz, F. J et 117 

al., 2015b). Furthermore, except solar dryers, convective dryers present low energy 118 

consumption for the same drying conditions. In this sense, this work presents detailed 119 

research on the drying of mango stone (per unit) in an experimental convective dryer 120 

through a set of experiments using three drying air velocities and five drying air 121 

temperatures, fifteen experiments in total. Drying times and drying rates experimental 122 

data are fitted with Gaussian models. Effective diffusivity values are obtained thanks to 123 
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the solution for the plane sheet of the partial differential equation of mass diffusion. 124 

Finally, activation energy values are determined from an Arrhenius law. The results 125 

obtained will contribute to defining the optimal drying conditions (temperature and 126 

velocity of the drying air) to reduce the drying times, and increase the drying rate and 127 

energy efficiency of the mango stone pieces avoiding the risk of combustion. The main 128 

findings are commented and possible future works are exposed in the conclusions.    129 

 130 

2. Materials and methods. 131 

 132 

2.1. Raw Material. 133 

 134 

Mango fruits were acquired in a supermarket in the southern region of Spain (on the 135 

Andalusian coast). After purchasing them, the samples were frozen until use. The 136 

studies were carried out using the Kent variety with a weight between 500 and 600 137 

grams. The mango stone samples presented a weight between 55 and 65 grams, 138 

approximately 10% of the total weight of the fruit. The samples were measured to 139 

obtain the following dimensions: 96.7  0.3 mm (length), 52.1  0.1 mm (width) and 140 

19.16  0.7 mm (thickness). To know the initial moisture content, the samples were 141 

dried in an oven (Memmert GmbH + Co.KG, SNB 167 Model 100, Germany) at 105 ºC 142 

for 24 hours. The drying process has been made on five different samples. An average 143 

moisture content of 58.5  2.3% (wet basis) was found. The same procedure was 144 

applied to obtain the equilibrium moisture content which was estimated at 5.3  1.1% 145 

(wet basis). Environmental conditions of the laboratory during the experiments were 146 

25ºC and 40% of room temperature and air relative humidity, respectively. 147 
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Furthermore, a proximate and elemental analysis was carried out from dried 148 

samples. The ultimate analysis was performed using a LECO TruSpect CHN2 elemental 149 

analyzer according to ASTM D5373. On the other hand, to carry out the proximate 150 

analysis a Thermogravimetric Analyzer TGA (Mettler Toledo) was used based on 151 

ASTM E790/830/897 standard. The higher heating value (HHV) and net calorific value 152 

(NVC) of this waste were determined using the PARR 6050 bomb calorimeter 153 

according to ASTM D240 standard. These experiments were made in triplicate. Table 1 154 

shows the results obtained.   155 

  156 

Table 1. Elemental analysis, proximate analysis and higher heating value (HHV) and net calorific 157 
value (NCV) of mango stone. 158 

Analysis Element Value  
  Seed Shell 

Elemental analysis (%) C 43.36 ± 1.26 43.32 ± 1.16 
 H 5.73 ± 0.18 5.42 ± 015 
 N 1.12 ± 0.05 0.39 ± 0.03 
 S 0.17 ± 0.01 0.32 ± 0.03 
 O (by difference) 49.62 ± 1.28 50.55 ± 1.42 
    
Proximate analysis (%) Moisture 4.70 ± 0.08 4.74 ± 0.90 
 Ash 2.57 ± 0.84 1.92 ± 0.75 
 Volatile Matter 73.92 ± 3.34 75.5 ± 1.08 
 Fixed Carbon (by difference) 18.77 ± 2.50 17.69 ± 1.30 
    
Higher Heating Value (HHV) (MJ/kg)  19.70 ± 0.22 20.21 ± 0.25 
Net Calorfic Value (NCV) (MJ/kg)  18.41 ± 0.18 18.99 ± 0.17 

 159 

   160 

2.2. Design of experiments and procedures in the drying equipment. 161 

 162 

To perform the drying experiments, a set of experiments based on two variables, air 163 

temperature and air velocity, has been proposed. The tests were performed at five air 164 

temperatures and three air velocities. The range of drying air temperatures was proposed 165 

between 100 ºC and 200 ºC, and for the drying air velocities between 1 m/s and 3 m/s. 166 
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This is the range of values in which the drying of biomass is carried out in industrial 167 

convective dryers. For temperatures and velocities higher than 200 ºC and 3 m/s volatile 168 

matter and risk of fire can occur (Gómez-de la Cruz, F. J. et al., 2014; Arjona et al., 169 

1999). Considering the natural inhomogeneity of the by-products, all experiments were 170 

performed in triplicate, with forty-five isothermal experiments in total. Table 2 details 171 

each of the drying experiments for the mango stone samples.  172 

 173 

Table 2. Design of experiments for drying of mango stone.  174 

TEST Temperature (°C) Velocity (m/s) 
A 100 ± 1 

1 ± 0.1 
B 125 ± 1 
C 150 ± 1 
D 175 ± 1 
E 200 ± 1 
F 100 ± 1 

2 ± 0.1 
G 125 ± 1 
H 150 ± 1 
I 175 ± 1 
J 200 ± 1 
K 100 ± 1 

3 ± 0.1 
L 125 ± 1 
M 150 ± 1 
N 175 ± 1 
O 200 ± 1 

    175 

 176 

The experiments were performed in a convective dryer designed by the members of 177 

the INGEMER-TEP250 research group of the University of Jaén. The drying equipment 178 

has already been described in other research (Gómez-de la Cruz, F. J., Palomar-179 

Carnicero, Hernández-Escobedo and Cruz-Peragón, 2021) (figure 1). In summary, the 180 

equipment is formed by a blower, a group of electrical resistances (45 kW in total) and a 181 

tunnel of square section (0.15 m x 0.15 m x 2 m). A Variable Frequency Drive (VFD) 182 

connected to an electric AC motor allows for programming the air velocity. The 183 

resistances group heats the air to the test temperature. A PT100 sensor measures the 184 
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drying temperature before the samples. This sensor is connected to a PID control, which 185 

regulates the drying air temperature with a tolerance of  1ºC. The mango stone samples 186 

are placed on a basket, which is linked to a precision balance (Blauscal AH1200) with 187 

an error of  0.01 g. The balance is connected to a personal computer by a USB port, 188 

which measures the variation of mass by software developed by the authors. The 189 

information is stored in files, which are treated with the MATLAB® program. 190 

 191 

 192 

Figure 1: Scheme of the experimental convective dryer.  193 

      194 

2.3. Drying curves and drying rates. 195 

 196 

Moisture content represents the water contained in the solid. Moisture content 197 

can be measured on a wet basis or a dry basis. In general, drying curves represent the 198 

variation of moisture ratio, which is based on the moisture content on a dry basis, about 199 

time (Eq (1)). 200 

 201 
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𝑋 ൌ ௠ೢ

௠೏ೞ
ൌ ௠೟ሺ௧ሻି௠೏ೞ

௠೏ೞ
        (1) 202 

 203 

where 𝑚௪ is the mass of water, 𝑚௧ሺ𝑡ሻ is the total mass at time 𝑡 and 𝑚ௗ௦ is the dry 204 

mass of the sample. The moisture ratio can be expressed as follows: 205 

 206 

 𝑋𝑅 ൌ ௑೟ି௑೐
௑బି௑೐

         (2) 207 

 208 

where 𝑋௧ is the moisture content at time t, 𝑋଴ is the initial moisture content and 𝑋௘ is the 209 

equilibrium moisture content. For low moisture content, the equilibrium moisture 210 

content value can be neglected and, therefore, the dimensionless moisture ratio can be 211 

expressed as: 212 

 213 

 𝑋𝑅 ൌ ௑೟
௑బ

         (3) 214 

 215 

 Due to the complexity of studying the drying process, drying curves are fitted 216 

with empirical, semi-empirical or semi-theoretical mathematical functions. One of the 217 

best models that fit the drying curve's experimental data is the Gaussian model (Gómez-218 

de la Cruz, F. J. et al., 2014). The Two-term Gaussian model allows fitting the drying 219 

curves with a coefficient of determination values of one (Eq (4)). 220 

  221 

𝑋𝑅 ൌ 𝑎 ⋅ exp ൤െ ቀ௧ି௕
௖
ቁ
ଶ
൨ ൅ 𝑑 ⋅ exp ൤െ ቀ௧ି௘

௙
ቁ
ଶ
൨        (4)  222 

      223 

In this model, 𝑡 is the independent variable (s) and 𝑎, 𝑏, 𝑐,𝑑, 𝑒 and 𝑓 are constants. 224 
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Although the model has six constants, presents great advantages over other models. A 225 

good fit in the drying curves removes the errors made when the derivate function is 226 

calculated to approximate the drying rate curves (Gómez-de la Cruz, F. J., Palomar-227 

Carnicero, Hernández-Escobedo and Cruz-Peragón, 2020). Analytically and 228 

experimentally, the drying rates can be expressed as follows: 229 

 230 

𝑥௩ ൌ െௗሺ௑ோሻ

ௗ௧
ൎ െ௑ோ೟శ∆೟ି௑ோ೟

∆௧
        (5) 231 

 232 

where 𝑋𝑅௧ା∆௧ and 𝑋𝑅௧ indicate the moisture content at time 𝑡 + ∆𝑡 and the moisture 233 

content at time 𝑡, respectively, and 𝑡 is the drying time (s). Subsequently, drying rate 234 

can be expressed as a function whose independent variables are the drying air 235 

temperature and moisture ratio for each air velocity, 𝑥௩ ൌ 𝑓ሺ𝑋𝑅,𝑇ሻ.    236 

  237 

2.4. Effective diffusivity and Arrhenius equation.  238 

 239 

Diffusion phenomenon within the solid is based on simultaneous coupled heat and 240 

mass transfer that includes several manifestations in the water elimination process such 241 

as:  242 

-Transport mechanisms like diffusion by capillary movements, osmosis and 243 

thermally driven for liquid state and Knudsen diffusion and Soret effect in the vapour 244 

state. 245 

-Volumetric sources, mainly phase change (evaporation and desorption) 246 

-Drying forces, among which are surface tension and gas-liquid pressure. 247 

On the other hand, at high temperatures not only appear convection and conduction 248 
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phenomena, but also radiation. In this sense, the effective diffusivity (𝐷௘௙௙) of mango 249 

stone can be obtained as a parameter that involves all these phenomena from the 250 

solution of the partial differential equation of mass diffusion for the plane sheet 251 

condition. 252 

 253 

డሺ௑ோሻ

డ௧
ൌ 𝐷௘௙௙

డమሺ௑ோሻ

డ௫మ
        (6) 254 

 255 

Eq. (6) is called the Fick’second law of diffusion, and on this occasion has been 256 

proposed in Cartesian coordinates for one sole dimension, 𝑥 axis (m). The solution for a 257 

non-steady state, plane sheet and uniform initial distribution considering surface 258 

concentration equal was obtained by (Crank, 1975): 259 

 260 

𝑋𝑅 ൌ ∑ ଼

ሺଶ௡ାଵሻమ గమ
ஶ
௡ୀ଴ exp ቀെ

ሺଶ௡ାଵሻమ గమ஽೐೑೑ ௧

ସ௅మ
ቁ          (7) 261 

 262 

where 𝐿 represents the half-thickness of the slab (m). The solution can be simplified to 263 

the first term for long drying times with good results in the solution as follows (Chen, 264 

C. et al., 2020):  265 

 266 

𝑋𝑅 ൌ ଼

 గమ
exp ቀെ

 గమ஽೐೑೑ ௧

ସ௅మ
ቁ        (8) 267 

 268 

This last equation makes it possible to obtain the effective diffusivity by plotting 269 

experimental drying data in terms of 𝑙𝑛 𝑋𝑅 versus drying time for each experiment. The 270 

slope of these curves is used to calculate this variable as follows:   271 

 272 
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𝐷௘௙௙ ൌ െ𝑠 ସ௅
మ

గమ
         (9) 273 

 274 

where 𝑠 is the straight line’s slope that fits the curves 𝑙𝑛 𝑋𝑅 െ 𝑡. In this case, the 275 

effective diffusivity value is obtained as a constant value during all drying experiments.  276 

 On the other hand, effective diffusivity depends on the temperature and can be 277 

calculated from an Arrhenius-type equation as follows:  278 

  279 

𝐷௘௙௙ ൌ 𝐷଴𝑒𝑥𝑝 ቀെ
ாೌ
ோ்
ቁ        (10) 280 

 281 

where 𝐷଴ is the pre-exponential factor (m2/s), 𝑅 is the universal gas constant (kJꞏmol-282 

1ꞏK-1), 𝑇 is the absolute temperature (K) and  𝐸௔ is the activation energy (kJꞏmol-1). 283 

Applying logarithm in both side of the equation, activation energy and pre-exponential 284 

factor values can be obtained from the slope and interception of the plot 𝑙𝑛 𝐷௘௙௙ െ 1/𝑇 285 

(Eq. 11).  286 

 287 

 ln𝐷௘௙௙ ൌ ln𝐷଴ െ
ாೌ
ோ

ଵ

்
       (11) 288 

 289 

Activation energy represents the minimum energy to begin the diffusion phenomenon 290 

within of the sample.  291 

 292 

2.5. Statistical parameters to evaluate the mathematical models.  293 

 294 

To verify the quality of the fit in the mathematical models, we have used 295 

statistical parameters such as the coefficient of determination and the root mean square 296 
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error. These equations are:  297 

 298 

𝑅ଶ ൌ ∑
൫௑ோ೎ೌ೗,೔ି௑ோ೐ೣ೛,೔൯

మ

൫௑ோ೐ೣ೛,೔ି௑ோ೐ೣ೛,ഢതതതതതതതതതത൯
మ

ே
௜ୀଵ        (12) 299 

 300 

𝑅𝑀𝑆𝐸 ൌ ටଵ

ே
∑ ൫𝑋𝑅௘௫௣,௜ െ 𝑋𝑅௖௔௟,௜൯

ଶே
௜ୀଵ       (13) 301 

 302 

where 𝑁 is the number of data and the subscripts 𝑒𝑥𝑝 and 𝑐𝑎𝑙 mean experimental and 303 

calculated, respectively. 304 

 305 

3. Results and discussion.  306 

   307 

3.1.   Drying curves and drying times analysis. 308 

   309 

A moisture ratio in the function of drying time is represented for each drying air 310 

velocity in figure 2a-c. Each figure shows the drying tests for each drying air 311 

temperature. Drying times are very long for 100ºC and 125ºC regardless of the velocity, 312 

between 7 and 23 hours. However, for temperatures greater than 125ºC, the drying 313 

times are much shorter. The higher the drying temperatures, the lower the drying times. 314 

However, for these three temperatures, 150ºC, 175ºC and 200ºC, the air velocity hardly 315 

affects the drying process. Drying times for these temperatures ranged from 2 and 5 316 

hours.  317 

 318 
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 319 

 Figure 2: Drying curves during the drying process of mango stone at different drying air velocities: 320 
a) 1 m/s, b) 2 m/s and c) 3 m/s. 321 

 322 

An interesting behavior is observed for experiments carried out at 100ºC and 125ºC 323 

for all air velocities. When the drying time was between two and three hours, a 324 

meaningful change of tendency was observed. The angle of the drying curve decreases 325 

considerably. This phenomenon occurs for moisture ratios between 0.2 and 0.4. This 326 

fact can be explained by taking into account that water elimination is easier on the 327 

external surface of the samples. The water contained in the fibres and pulp attached to 328 

the shell of the mango stone is evaporated between two and three hours. However, the 329 

water migration from the seed to the outside is very difficult, mainly due to the low 330 

permeability of the shell. This fact impacts the drying time making them much longer. 331 

This behaviour indicates that the main driving force in the drying process is 332 

temperature. It is essential to indicate that for these low temperatures, the drying air 333 

velocity plays a role very important in the mass convection in the external surface of the 334 

shell, decreasing the drying time (Huang et al., 2022). For example, drying test A, at 335 

100ºC and 1 m/s, was approximately 23 hours while drying the test K, at 100ºC and 3 336 
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m/s, was 14 hours.     337 

On the other hand, the samples experimented with darkening the external surface. 338 

Figure 3a-f shows the darkening of the sample for different drying times for the test N 339 

performed at 175ºC and 3 m/s. Darkening started in the slimmest sections where the 340 

moisture content decreased rapidly. Surfaces exposed to high drying air temperatures 341 

usually present risk of combustion. In this research, samples did not burn. However, in 342 

the drying experiments carried out at 200ºC, the release of volatile particles was 343 

observed when the moisture content was near the equilibrium moisture content. This 344 

behaviour has been seen during the drying of other biomass by-products such as spent 345 

coffee grounds (Gómez-de la Cruz, F. J., Palomar-Carnicero, Hernández-Escobedo and 346 

Cruz-Peragón, 2021), olive mill wastes (Arjona et al., 1999) and olive stone (Gómez-De 347 

La Cruz, F. J. et al., 2015a). On the other hand, a small decrease in the volume of the 348 

samples can be seen in the external pulp linked to the shell. In the final, the seed is 349 

totally crushed, however, the samples did not show shrinkage in all experiments. This 350 

behaviour has been appreciated in other tropical fruit seed as Hass avocado (Avhad and 351 

Marchetti, 2016).  352 

Experimental data of drying curves have been fitted from the Two-term Gaussian 353 

model (Eq.4). Statistical parameters can be seen in table 3.  354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 
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Table 3. Coefficient of determination and root mean square error for the Two-term Gaussian model 362 
fit for each experiment.   363 

TEST R2 RMSE 

A 0.9985 ± 0.0001 0.014481 ± 3x 10-6 

B 0.9999 ± 0.0001 0.005255 ± 2x 10-6 

C 0.9999 ± 0.0001 0.005309 ± 3x 10-6 

D 0.9999 ± 0.0001 0.005891 ± 4x 10-6 

E 0.9996 ± 0.0001  0.010342 ± 3x 10-6 

F 0.9995 ± 0.0002 0.006079 ± 2x 10-6 

G 0.9993 ± 0.0002 0.008999 ± 4x 10-6 

H 1 ± 0.0001 0.002311 ± 1x 10-6 

I 0.9999 ± 0.0001 0.004311 ± 2x 10-6 

J 0.9998 ± 0.0001 0.007209 ± 2x 10-6 

K 0.9994 ± 0.0002 0.011491 ± 3x 10-6 

L 0.9998 ± 0.0001 0.004311 ± 2x 10-6 

M 0.9999 ± 0.0001 0.003675 ± 3x 10-6 

N 0.9999 ± 0.0001 0.003909 ± 3x 10-6 

O 0.9999 ± 0.0001 0.003494 ± 3x 10-6 

 364 

 365 

 366 
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 367 

 Figure 3: Moisture content and aspect evolution of the mango stone samples during the drying 368 
process for the test N:  a) Initial moisture content and cross-section, b) 59% (wet basis), c) 46.02% (wet 369 
basis), d) 37.1% (wet basis), e) 8.6% (wet basis), f) equilibrium moisture content and cross-section. 370 

 371 

3.2.   Evaluation of the drying rate. 372 

    373 

The drying rate has been obtained as a function of moisture ratio and temperature 374 

for each air velocity. To do this, first, the drying rate was calculated for each test from 375 

the derivate of the Two-term Gaussian model (Eq. (4)), since the drying rate from 376 

experimental data presented large fluctuations (Figure 4a). The model presented average 377 

𝑅ଶ and 𝑅𝑀𝑆𝐸 values of 0.99968 and 0.006463, respectively. Figure 4b-d shows the 378 

polynomial surface that fits the experimental data with a fourth-degree in 𝑋𝑅 and fifth-379 

degree in 𝑇. To perform the function, the linear least-squares fitting method was used 380 

with a coefficient of determination and a root mean square error of 0.9931 and 1.341ꞏ10-381 
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5 (for 1 m/s), 0.9989 and 5.71ꞏ10-6 (for 2 m/s) and 0.9976 and 1.07ꞏ10-5 (for 3 m/s), 382 

respectively. 383 

 384 

 385 

Figure 4: a) Fluctuations in the experimental drying rate calculation, b) drying rate at 1 m/s, c) 386 
drying rate at 2 m/s and d) drying rate at 3 m/s.   387 

 388 

Figure 4b-d depicts the different drying stages during the drying process of mango 389 

stone: the warming-up period, the first falling rate period and the second falling rate 390 

period (Chen, D. et al., 2012). In the first period, the maximum values of the drying rate 391 

were found between 2ꞏ10-4 and 4ꞏ10-4 s-1 for tests performed at 1 m/s and 2 m/s at the 392 

beginning of the process. For tests carried out at 3 m/s drying rates were found between 393 

4ꞏ10-4 and 6ꞏ10-4 s-1 at temperatures higher than 125 ºC. These results are higher than 394 

those obtained by Wilkins et al., 2018 during the solar drying of mango waste at low 395 

temperatures. In this stage, the sample surface, which is formed by mango pulp affixed 396 

to the sell, is totally wet and the water evaporation is fast. Here, the drying air 397 

temperatures above 100 ºC originate high vapour pressures. The warming-up period 398 

tends to disappear as the air velocity increases regardless of the temperature. 399 
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The falling rate period occurs in practically all drying process, which is governed 400 

by the convection and diffusion phenomenon (Richter Reis et al., 2017). The limit 401 

between the first and second falling rate period can be perfectly seen for tests between 402 

100ºC and 150ºC where the slope changes strongly due mainly to the barrier 403 

phenomenon that presents the shell to eliminate the water contained in the seed, as was 404 

commented in section 3.1. At these temperatures, in the second falling rate period the 405 

drying rates decrease slightly up to the equilibrium content. In this stage, diffusion is the 406 

predominant phenomenon where the external surface of the sample is totally dry and the 407 

water migration is carried out from seed to surrounding air throughout the shell (Zhao et 408 

al., 2021). As expected, the best range of temperature and velocity that minimizes the 409 

drying time and increases the drying rates is found to be between 150 ºC and 200 ºC and 410 

2 and 3 m/s, respectively.  411 

 412 

3.3.   Determination of effective diffusivity and activation energy.  413 

 414 

Table 4 indicates the effective diffusivity values obtained for each test. The results 415 

showed that this variable increases as the drying air temperature and velocity increase as 416 

well. The experiments performed at the temperatures 150ºC, 175ºC and 200ºC presented 417 

effective diffusivity values higher than those carried out at 100ºC and 125ºC. This fact 418 

newly indicates the barrier effect that presents the shell of the mango stone sample at 419 

low temperatures. In general, effective diffusivity is an overall parameter that includes 420 

all complex phenomena during drying and plays a fundamental role in the design, 421 

optimization, drying kinetics and mass transfer (Zheng et al., 2023).  Figure 5 depicts 422 

the tendency of effective diffusivity taking into account the drying air temperature and 423 

velocity, but furthermore include other variables such as moisture content, thickness and 424 
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nature of the product. The results obtained ranged from 0.71ꞏ10-9 to 13.6ꞏ10-9 m2/s. 425 

 426 

Table 4. Effective diffusivity values and the coefficient of determination for each experiment.  427 

TEST 𝐷௘௙௙ x 109 (m2/s) R2 

A 0.71 ± 0.03 0.9530 ± 0.0022 

B 2.66 ± 0.02 0.9765 ± 0.0013 

C 5.40 ± 0.01 0.9905 ± 0.0004 

D 7.69 ± 0.01 0.9960 ± 0.0009 

E 13 ± 0.02 0.9649 ± 0.0018 

F 1.01 ± 0.05 0.8739 ± 0.0065 

G 2.74 ± 0.04 0.9391 ± 0.0052 

H 5.38 ± 0.01 0.9969 ± 0.0003 

I 8.53 ± 0.02 0.9889 ± 0.0012 

J 13.2 ± 0.02 0.9824 ± 0.0022 

K 1.65 ± 0.02 0.9837 ± 0.0018 

L 2.95 ± 0.02 0.9826 ± 0.0015 

M 5.98 ± 0.01 0.9919 ± 0.0008 

N 9.75 ± 0.01 0.9895 ± 0.0018 

O 13.6 ± 0.02 0.9814 ± 0.0022 

    428 

   429 

 430 

Figure 5. Effective diffusivity tendency considering the drying air temperature and velocity.  431 

 432 

Activation energy is the variable that allows obtaining the power required for 433 

moisture transmission during the drying, design and modelling mass transfer processes 434 
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(Mishra et al., 2021). It is a property characteristic of a substance and that depends on 435 

its nature, geometry and drying conditions. These values were obtained for each drying 436 

air temperature considering the five temperatures (figure 6). As expected, the results 437 

indicate that the activation energy value is lower as the air velocity rises (table 5). 438 

However, this value seems to be stabilizing at 3 m/s, suggesting that this variable does 439 

not depend on the drying air velocity for higher values. This fact shows that fast water 440 

diffusion in the sample depends strongly on the temperature and do not depend on the 441 

air velocity for values higher than 2 m/s.   442 

  443 

 444 

Figure 6. Arrhenius-type relationship between effective diffusivity logarithmic and the reciprocal of 445 
absolute temperature for different drying air velocities.  446 

  447 

Table 5. Activation energy, pre-exponential factor and coefficient of determination values for each 448 
air velocity. 449 

v (m/s) 𝑬𝒂 (kJ/mol) 𝑫𝟎 (𝒎𝟐/s) R2 

1  36.7 ± 0.36 1.581ꞏ10-4 ± 4x 10-3 0.9857 ± 0.0025 

2  32.2 ± 0.15 4.859ꞏ10-5 ± 2x 10-3 0.9955 ± 0.0011 

3  32.1 ± 0.18 5.524ꞏ10-5 ± 3x 10-3 0.9922 ± 0.0015 

 450 

 451 
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Effective moisture diffusivity and the activation energy values of mango stone are 452 

not found in the literature, but similar results were obtained for mango slices. Goyal et 453 

al., 2006 obtained in a convective dryer effective diffusivity values between 2.62ꞏ10-10 454 

and 4.39ꞏ10-10 m2/s at 55, 60 and 65 ºC air temperatures. Recently, Wang et al., 2018 455 

studied the drying of mango in an indirect forced convection solar dryer obtaining 456 

values between 6.41ꞏ10-11 and 1.18ꞏ10-10 m2/s, over the temperature range of 40–52 °C.  457 

Akoy, 2014 found activation energy during the drying of a mango slice (3 mm) at 0.5 458 

m/s in a convective air oven of 37.99 kJ/mol. Kumar et al., 2022 obtained values of 459 

24.11 kJ/mol, 25.82 kJ/mol and 26.32 kJ/mol for sample thicknesses of 2 mm, 4 mm 460 

and 6 mm, respectively, during foam-mat drying of mango in a convective dryer. 461 

For other biomasses some different can be observer according to the drying 462 

conditions. Claudio et al., 2022 found effective moisture diffusivities values between 463 

9ꞏ10-11 and 7ꞏ10-10 m2/s and activation energy values between 38 and 58 kJ/mol for 464 

drying temperatures between 55 and 85ºC and drying air velocities between 2.5 and 4 465 

m/s for acai residues. Agbede et al., 2020 studied the drying kinetics of green 466 

microalgae and the effective moisture values ranged between 4.64ꞏ10-10 and 3.91ꞏ10-9 467 

m2/s and an activation energy value of 28.7 kJ/mol for temperatures between 50 and 70 468 

ºC and different sample thicknesses in a solar dryer.  469 

 470 

4. Conclusion. 471 

 472 

Mango stone, which represents 10% of the total fruit weight, was drying at different 473 

drying air temperatures and velocities. During drying, mango stone presented darkening 474 

of the external surface without shrinkage. Samples did not burn. At low temperatures 475 

(100ºC and 125ºC), drying times are very long, until 23 hours, mainly due to the barrier 476 
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effect that presents the mango stone shell. At these temperatures, mass convection is 477 

very important decreasing the drying time considerably as the air velocity is increased. 478 

At high temperatures (150ºC, 175ºC and 200ºC), drying times ranged between 2 and 5 479 

hours. Drying rate and effective diffusivity verified the results obtained in the 480 

experiments where the higher values of drying rate and effective diffusivity were found 481 

for high temperatures and velocities. The activation energy value tended to be constant 482 

from 3 m/s. According to the results obtained in this work, it would be interesting to 483 

carry out new studies on the drying of crushed mango stones. The energy consumption 484 

in this mechanics process would be very low with respect to the thermal process, and 485 

the drying times would be considerably reduced.    486 
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