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Abstract 10 

Orange peel was dried applying three different processes: convective drying, microwave 11 

drying, and freeze-drying. Some physicochemical properties (moisture content, water activity, 12 

and color parameters) and phytochemical characteristics (total phenolic compounds and total 13 

antioxidant activity) were assessed in fresh and dried samples. Four kinetic models were tested 14 

aiming for convenient modeling of the convective drying curves. The Page and Approximation 15 

of diffusion models were adequate in data fitting, which was assessed by the magnitude of the 16 

adjusted coefficient of determination (𝑅𝑎𝑑𝑗
2

) and reduced 2. 17 

The moisture content and water activity of peel dried with the three processes were within 18 

acceptable levels for safe storage of products. All processes affected peel color. However, the 19 

browning index of freeze-dried samples was equivalent to fresh ones, being higher when 20 

convective and microwave drying were applied. Higher chroma parameters were obtained in 21 

dried samples indicating a more intense color than fresh peel. 22 

Freeze-drying enhanced total phenolic compounds and total antioxidant activity of orange peel 23 

when compared to convective and microwave drying. Therefore, from a quality point of view 24 

this process seems to be the most appropriate to produce dried orange peel. 25 

 26 

Keywords: orange peel by-product; drying modeling; total phenolic compounds; total 27 

antioxidant activity; convective, microwave and freeze-drying. 28 

 29 

Practical Applications 30 

 31 

Dried orange peel transformed in flour, or slices, cubes or different geometrical features, may 32 

be suitable for incorporation as an ingredient in many types of foods such as cakes, biscuits, or 33 

bread, enriching their content in phenolic compounds and total antioxidant activity, therefore 34 
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creating a value-added product. Within the drying conditions used in this study, it was found 35 

that the freeze-drying process is preferable when a lighter and more yellow dried orange peel 36 

is desired, with improved phytochemical characteristics. On the other hand, when a darker 37 

product with colour similar to the fresh peel needs to be attained, the micro-wave drying 38 

process should be chosen. 39 

 40 

 41 

1. Introduction 42 

 43 

The concentration of antioxidants and bio-active compounds present in waste parts of many 44 

fruits is considerably higher than in their respective edible tissues (Fundo et al., 2018). Orange 45 

peel is one example of an excellent natural source of phytochemicals (Okpala & Akpu, 2014; 46 

Obafaye & Omoba, 2018). The dietary intake of phytochemicals may promote health benefits 47 

like protection against chronic degenerative disorders, cardiovascular and neurodegenerative 48 

diseases (Okpala & Akpu, 2014).  Furthermore, the orange peel essences have analgesic, 49 

antiseptic and anti-inflammatory properties (Egbuonu & Osuji, 2016).  50 

It is challenging the development of strategies to transform orange peel into forms that can be 51 

consumed. Drying is one process that can be applied for such purposes. It reduces water activity, 52 

and consequently, microorganisms survival and deteriorative enzymes activity is affected 53 

(Bejar et al., 2011). Drying processes increase the products shelf life, facilitate storage and 54 

decrease the cost of packaging and transportation. However, chemical modifications, including 55 

Maillard reactions, lipids oxidation, color changes, vitamins degradation, and flavor losses may 56 

occur when a drying process is applied (Oliveira et al., 2015a). The quality of the final product 57 

is usually negatively affected by high temperatures and long drying periods (Bejar et al., 2011).  58 

Convective dehydration is the most common and effective drying process, being considerably 59 

less expensive when compared to other methods (Mundada et al., 2010). It has been mostly 60 

used for drying fruits and vegetables. However, certain disadvantages are associated to this 61 

technology, namely low process rates, significant quality decay of final products, and high 62 

energetic consumption due to the use of high temperatures (Sagar & Kumar, 2010; İncedayi et 63 

al., 2016; Oliveira et al., 2015a; İzli, 2017). In air-drying methods, the temperature level has a 64 

great impact in nutritional and visual characteristics. 65 

Microwave technology has been used in the food industry to dry vegetables, fruits, snack foods 66 

and dairy products (Sagar & Kumar, 2010; Bejar et al., 2011; Kamiloglu et al., 2016; Oliveira 67 

et al., 2015a). This process increases the probability of reducing drying time as it is energy 68 
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efficient. Therefore, it may improve the quality of the ended product. The main disadvantage 69 

of this technology is associated with the non-uniformity of heating, which creates hot spots in 70 

some parts of the food. Moreover, excessively high temperatures in the edges and corners of 71 

products might lead to overheating and irreversible drying out compromising the overall 72 

quality (Nijhuis et al., 1998). Yang et al. (2010) found that microwave drying could provide 73 

more phenolic compounds and stronger antioxidant activity in sweet potato when compared to 74 

hot-air drying and vacuum-freeze drying, despite the loss of ascorbic acid and carotene. 75 

In the freeze-drying process, food materials are dried under vacuum at very low temperatures, 76 

preventing deterioration and microbiological reactions and therefore resulting in products with 77 

higher quality (Kamiloglu et al., 2016). Moreover, the freeze-drying technique is more 78 

effective in preserving antioxidants but has some disadvantages, such as long drying times and 79 

high operational costs (Mundada et al., 2010; Pragati and Preeti, 2014). Due to being expensive, 80 

at the industrial scale, this process is usually applied to high-value products, like exotic fruits 81 

and vegetables, mushrooms, coffee, and berries (Pragati and Preeti, 2014). When comparing 82 

the effects of air-drying and freeze drying on the content of phenolic compounds in kale, its 83 

value decreased 60 % and 49 %, respectively, and for blanched leaves, 49 % and 28 %, 84 

respectively (Korus, 2011). On the contrary, the content of phenolic compounds was 4.6 times 85 

higher in hot air-dried than in freeze-dried pumpkin flour (Que et al., 2008). According to the 86 

study of Rahman et al. (2018), the total phenolic compounds of pomelo pulp waste augmented 87 

by 27 % after freeze drying, and 55 % after oven drying at 50 °C. Among the five different 88 

drying methods that were tested by Nindo et al. (2003), the higher total antioxidant activity 89 

retention in asparagus was obtained by freeze-drying (Oliveira et al., 2015a). 90 

Previous studies on orange peel drying are scarce, and only three research papers approaching 91 

drying kinetics were found. Slama and Combarnous (2011) presented the drying kinetics in the 92 

form of an exponential model and they studied the efficiency of a solar dryer. Erdem et al. 93 

(2014) tested several models to fit drying data of different microwave powers and concluded 94 

that the Midilli-Kucuk model presented the best fit. Bechlin et al. (2020) adjusted the Page 95 

model and the first term of Fick’s second law to drying data of orange peels. They reported that 96 

the application ozone prior to drying, increased moisture diffusion.  97 

A study that developed a dielectric isotherm methodology to determine water activity in orange 98 

peel by readjusting the GAB model was carried out by Talens et al. (2016). They determined 99 

as well, how the isosteric heat of the model was affected by microwave power coupled with 100 

hot air drying. 101 
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Regarding research on physicochemical or phytochemical properties of dried orange peel, it 102 

was only found the work of Bechlin et al. (2020). These authors reported that the application 103 

of ozone increased the antioxidant capacity of peels and the yield of extracted essential oil. 104 

Therefore, in order to fill in some gaps in the scientific knowledge of orange peel drying, the 105 

main objectives of this study were: i) to compare convective, microwave and freeze-dried 106 

orange peel regarding some physicochemical properties (color, moisture content, water 107 

activity) and phytochemical features (total phenolic compounds and total antioxidant activity); 108 

and ii) to model the convective drying data and analyze the characteristic drying curves. 109 

 110 

2. Materials and Methods 111 

 112 

 Sample preparation  113 

Fresh oranges (Citrus sinensis L. cv ‘Bollo’) without visual defects were purchased in a local 114 

supermarket and stored at refrigerated conditions for posterior analysis. Oranges were 115 

randomly sampled and peeled. Orange peel was cut into pieces of around 4 cm x 0.35 cm. Part 116 

of the samples was dried by convective (CD), microwave (MD) and freeze-drying (FD), and 117 

the other part did not suffer any process, being considered fresh peel (F). 118 

Three replicates of each drying process were carried out. Dried orange peel samples were 119 

packaged tightly in polyethylene plastic bags (20 x 19 cm), by removing air as much as possible. 120 

Samples were then stored in the dark at room temperature for 24 h prior to further analysis. 121 

 122 

 123 

 Drying processes 124 

 125 

2.2.1. Convective drying 126 

Approximately 140 g of chopped orange peel were placed on the upper second tray of the 127 

convective dryer (Armfield UOP8, Ringwood, England – Figure 1) until constant weight, 128 

which lasted approximately 4.5 hours. The dryer comprised a shielded propeller fan to 129 

distribute the hot air, an air oven provided with a heater, and a drying chamber with various 130 

trays directly exposed to the continuous hot air. The weight measure system was directly 131 

attached to the drying trays, and the samples’ weight was recorded by linking the scale to a 132 

computer with a data acquisition program (Ramos et al., 2014). 133 

During the drying processes, the air relative humidity averaged 51.12 ± 1.67 %, the temperature 134 

50.14 ± 0.99 C and air velocity 1.01 ± 0.03 m/s. 135 
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 136 

Figure 1 here, please. 137 

 138 

2.2.2. Microwave drying 139 

Approximately 60 g of orange peel were placed in a glass container positioned in the middle 140 

of the microwave (Beko 20 liter, P.C.R, dimensions: 454 mm (W) × 330 mm (D) × 262 mm 141 

(H)), for 1 h at 340 W of power. The equipment has an air vent that allows water to be removed 142 

from its interior.  143 

 144 

2.2.3. Freeze drying 145 

Approximately 60 g of orange peel samples were frozen at -80 °C for 20 h (Eurofrio Soft Lino, 146 

Italy), kept in plastic containers covered with parafilm with small holes. Thereafter, the samples 147 

were transferred to the freeze dryer equipment (SB4, Armfield, UK) at -50 °C, with vacuum 148 

ranging from 150 to 200 Pa, for 5 days. 149 

 150 

 Determination of physicochemical properties     151 

 152 

2.3.1. Moisture content 153 

Approximately 3 g of orange peel samples were weighted in an analytical balance (Mettler 154 

Toledo AE 200, Marshall Scientific, UK) with a precision of 0.0001 g. The samples were 155 

dehydrated in an air oven (Memmert, Labmetro, Germany) at 103 °C to allow for the release 156 

of moisture until constant weight, following the method 984.25 from AOAC International 157 

(2002). After removed from the oven, they were cooled down in a desiccator and were weighted 158 

again. Moisture content on a wet basis was calculated by the difference in wet and dry weight 159 

divided by wet weight (%), determined in triplicate. 160 

 161 

2.3.2. Water activity 162 

Water activity (aw) was measured by using a Hygrolab meter (AquaLab 3TE, Decagon Devices 163 

Inc., Washington, USA) at 22 °C, calibrated with deionized water (aw of 1.000). This equipment 164 

uses the chilled mirror dew point technology. Each sample was measured in triplicate. 165 

 166 

2.3.3. Color parameters 167 

Fresh peel was cut into small pieces, and dried samples were ground to a fine powder, with 168 

particles’ size ranging between 500 µm to 1 mm.  Color was determined in triplicate using a 169 
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Minolta CR-400 colorimeter (Konica-Minolta, Osaka, Japan), based on CIE  𝐿∗𝑎∗𝑏∗ 170 

coordinates. 𝐿∗ is a measure of lightness ranging from 0 (black) to 100 (white), 𝑎∗ ranges from 171 

-100 (greenness) to +100 (redness), and 𝑏∗ from -100 (blueness) to +100 (yellowness). The 172 

colorimeter was calibrated with a standard white plate. 173 

Total color difference (TCD), chroma, hue angle, and browning index (BI) were calculated 174 

according to the following equations (Alibas, 2009; Ihns et al., 2011): 175 

 176 

 TCD = √(𝐿0
∗ − 𝐿∗)2 + (𝑎0

∗ − 𝑎∗)2 + (𝑏0
∗ − 𝑏∗)2 (1) 177 

 178 

where 𝐿0
∗ , 𝑎0

∗ , and 𝑏0
∗ refer to fresh sample. Higher TCD values indicate more noticeable colour 179 

alterations in relation to fresh orange peel. 180 

Chroma is related to color saturation; higher values correspond to brighter samples and lower 181 

values to duller ones. 182 

 183 

Chroma = √𝑎∗2 + 𝑏∗2
 (2) 184 

 185 

Color maybe also defined by Hue angle: red at 0 °, yellow at 90 °, green at 180 °, and blue at 186 

270 ° (Hammond, 2007). 187 

 188 

Hue angle (°) = tan−1(𝑏∗/𝑎∗) (3) 189 

 190 

The browning index represents the purity of brown color and is reported as an important 191 

parameter in processes where enzymatic or non-enzymatic browning occurs (Buera et al., 1986; 192 

Guerrero et al., 1996): 193 

                                                  194 

 BI =100 (x −  0.31) / 0.17           (4) 195 

being   196 

  x = (𝑎∗ + 1.750 𝐿∗) / (5.645 𝐿∗ + 𝑎∗ −  3.012 𝑏∗)          (5) 197 

 198 

 Determination of phytochemical properties  199 

Total phenolic compounds (TPC) were determined by using the Folin-Ciocalteu reagent 200 

method, and total antioxidant activity (TAA) was determined by using ABTS radical method. 201 

These methods are briefly described below and in Oliveira et al. (2015b) and Fundo et al. 202 
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(2018), and the same equipment and reagents were used. The sample extraction and the 203 

determination of TPC and TAA were prepared and analyzed in triplicate for each sample. 204 

 205 

2.4.1. Samples extraction 206 

The extraction from orange peels was done using the method of Oliveira et al. (2015b) and 207 

Fundo et al. (2018), with slight modifications for total antioxidant activity and total phenolic 208 

compounds. Three grams of fresh samples or 0.45 g of dried samples were weighted by using 209 

an analytical balance (Mettler Toledo AE 200, Marshall Scientific, UK) having a precision of 210 

0.0001 g, extracted with 20 mL of pure methanol (HPLC Gradient grade, Fisher Scientific UK) 211 

and homogenized with an ultra-turrax homogenizer (Ika digital T25, IKA®-Werke GmbH & 212 

Co, Staufen, Germany). Then, they were centrifuged at 5000 rpm and 4 C for 10 minutes, with 213 

a centrifuge machine (Multifuge X3 FR centrifuge, Barcarena, Portugal) and filtered using 214 

filter papers. Further analysis was carried out on the same day. 215 

 216 

2.4.2. Total phenolic compounds 217 

In a brief explanation, the chromophore development reaction occurred by oxidation of 218 

polyphenols with the Folin-Ciocalteu reagent. The calibration curve for total phenolic 219 

compounds determination was made with different concentrations of Gallic acid in pure 220 

methanol: 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35 and 0.40 mg/mL. The reaction was attained  221 

by adding the standard solution or the orange peel extract to the Folin-Ciocalteu's phenol 222 

reagent, Na2C03 75 g/L and distilled water. After incubating the mixture for 1 h in the dark at 223 

room temperature, the absorbance at 750 nm was measured in triplicate, using an UV/VIS 224 

spectrophotometer (Model 5625, ATI Unicam, UK). 225 

The results of total phenolic compounds were calculated by interpolating the corresponding 226 

absorbance values in the calibration curve, and were expressed as mg of Gallic Acid Equivalent 227 

(GAE) per 100 g of the sample on dry basis (db). 228 

 229 

2.4.3. Total antioxidant activity 230 

In a concise explanation, the calibration curve for total antioxidant activity was done with 231 

different ascorbic acid standards in pure methanol, with concentrations of 0, 0.04, 0.06, 0.08, 232 

0.10, 0.15, 0.20 and 0.25 mg/mL. The reaction was developed by adding the ascorbic acid 233 

standards or the orange peel extract to the ABTS solution. The mixture incubated 6 min in the 234 

dark at room temperature, and then the absorbance values at 734 nm were read in triplicate. 235 
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The results of total antioxidant activity were calculated by interpolating the absorbance values 236 

in the calibration curve, and expressed as mg of Ascorbic Acid Equivalent (AAE) per 100 g of 237 

the sample on dry basis (db). 238 

 239 

 Data analysis 240 

Data were analyzed by one-way analysis of variance (ANOVA) and Tukey’s test for post-hoc 241 

analyses, to assess significant differences between the drying processes applied. 242 

Levene and Shapiro-Wilk test were used to evaluate the homogeneity and normality of data, 243 

respectively. Whenever these assumptions were not verified, alternative non-parametric tests 244 

were used. Kruskal-Wallis test was used instead of ANOVA and Mann-Whitney test for 245 

multiple comparisons of data. The significance level assumed was 5 % in all analyses. The 246 

results were expressed as average plus or minus the margin of confidence interval at 95 %. 247 

SPSS statistics (version 20) for Windows was used in all analyses performed. 248 

 249 

 Modeling of convective drying data 250 

Four kinetic models were used in convective drying data fitting (Table 1): Approximation of 251 

diffusion, Henderson and Pabis, Newton and Page. These models have been used by several 252 

authors and extensive lists may be found in Kucuk et al. (2014) and Onwude et al. (2016). 253 

 254 

Table 1 here, please. 255 

 256 

In all models X represents the water content on dry basis, at time t, X0 the initial water content 257 

on dry basis, Xe the equilibrium water content on dry basis, and k the drying rate. The remaining 258 

letters (a, b and n) are different model parameters and were an output predicted by each model, 259 

as well as Xe and k. 260 

Randomness, normality and homoscedasticity of residuals were primary criteria for model 261 

selection. In the models in which these assumptions were verified, the following additional 262 

criteria were the adjusted coefficient of determination (𝑅𝑎𝑑𝑗
2 ) and reduced 2, defined as follows 263 

(Yaldiz et al., 2001): 264 

 265 

𝑅𝑎𝑑𝑗
2 = 1 − ∑ (𝑋𝑒𝑥𝑝,𝑖 − 𝑋𝑚𝑜𝑑𝑒𝑙,𝑖)

2
(n − 1)/ ∑ (𝑋𝑒𝑥𝑝,𝑖 − 𝑋̅𝑒𝑥𝑝 )

2n
𝑖=1 (n − p)n

𝑖=1  (10) 266 

 267 
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2 = ∑ (𝑋𝑒𝑥𝑝,𝑖 − 𝑋𝑚𝑜𝑑𝑒𝑙,𝑖)
2n

𝑖=1 /(n − p) (11) 268 

 269 

where n is the total number of data points, p the number of model parameters, and the indexes 270 

exp and model refer to experimental observations and values predicted by the model, 271 

respectively; 𝑋̅𝑒𝑥𝑝 is the average value of experimental data. 272 

The above presented coefficients can be used to evaluate model adequacy and goodness of fit. 273 

𝑅𝑎𝑑𝑗
2  represents the proportion of the variance for a dependent variable that is explained by the 274 

model assumed; the closer to 1 the more adequate is the model. Reduced 𝜒2expresses a mean 275 

deviation between experimental observations and model predictions; the lower the values of 276 

the reduced 2, the better the goodness of the fit (Yaldiz et al., 2001). 277 

The software SPSS statistics (version 20) for Windows was used to fit the models to the drying 278 

curves. 279 

 280 

3. Results and Discussion 281 

 282 

 Physicochemical properties of dried orange peel 283 

 284 

3.1.1. Moisture content and water activity 285 

Moisture content in wet basis and water activity of fresh and orange peel dried by the three 286 

different methods (convective, microwave, and freeze drying) are presented in Table 2. The 287 

fresh orange peel contains 75.66 ± 0.33 to 78.23 ± 0.35 % of water in wet basis, which is similar 288 

to the value obtained by Slama and Combarnous (2011) – 76 %, but lower than moisture 289 

content in frozen orange peel (79.80 ± 0.015 %) reported by Hiri et al. (2015). The dried orange 290 

peels presented values from 11.10 ± 0.35 to 11.46 ± 0.22 of water content (wet basis) for the 291 

microwave dried ones; from 10.85 ± 0.37 to 13.03 ± 0.56 for the convective dried; and 5.49 ± 292 

0.09 to 5.79 ± 0.26 for the freeze-dried peels. According to FAO (2010), the desired final 293 

moisture content of dried fruits is 15 % for conventionally dried fruits and 20-25 % for 294 

osmotically dried fruits (wet basis). 295 

 296 

Table 2 here, please. 297 

 298 

In the present study, the water activity of fresh orange peel was around 0.990 ± 0.00. For 299 

microwave, convective and freeze dried samples aw values were respectively 0.399 ± 0.00 to 300 



10 

 

0.425 ± 0.00, 0.332 ± 0.00 to 0.381 ± 0.00, and 0.085 ± 0.00 to 0.090 ± 0.00. The highest 301 

acceptable aw value for safe storage of food products is 0.60 (Hiri et al., 2015; Oliveira et al., 302 

2015a). In the study of Maltini et al. (2003), the maximum water activity required for dried 303 

fruit and bonbons ranged from 0.60 to 0.65.  304 

Therefore, the dried orange peels produced in this research attained the acceptance levels of 305 

water activity and moisture content, that allow their safe storage. 306 

 307 

3.1.2. Color  308 

Browning index (eq. 4) and chroma values (eq. 2) of fresh and dried orange peel samples are 309 

presented in Figure 2.  The highest browning index was obtained for CD orange peel (112 ± 310 

4.5), followed by MD samples (103 ± 2.5). Both values were significantly higher than the ones 311 

observed for fresh and freeze-dried samples, which means that CD and MD processes induced 312 

browning. No significant differences were observed for FD and fresh samples (p>0.05), being 313 

the lowest values observed.  314 

The Chroma value of CD sample (54.9 ± 1.8) was significantly higher than the remaining ones, 315 

corresponding to the brightest orange peel with the highest color saturation. No significant 316 

differences were obtained for Chroma of FD (51.0 ± 0.6) and MD (50.9 ± 0.9) samples. The 317 

lowest Chroma value was for fresh orange peel (45.3 ± 2.9), which means that this was the 318 

dullest sample. 319 

 320 

Figure 2 here, please. 321 

 322 

In relation to Hue angle (Figure 3), similar values were obtained for fresh, CD, and MD orange 323 

peels (79.9 ± 2.6, 79.1 ± 1.5, and 79.1 ± 1.2 º, respectively). The highest significant value was 324 

for FD orange peel, 86.0 ± 1.4 º, which reveals yellowness. 325 

 326 

Figure 3 here, please. 327 

 328 

L*, a*, and b* values that allow TCD assessment are in Table 3.  Samples dried with all 329 

processes are lighter than fresh orange peel, with FD with the highest values of L*. The FD 330 

samples also showed the lowest a* parameter, considerably lower than the one of fresh peel 331 

(i.e., less red). The b* parameter was also higher in FD samples than in fresh ones, revealing a 332 

more yellow color.  333 
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 334 

Table 3 here, please. 335 

 336 

Results of TCD are also presented in Figure 3. The average TCD of orange peels for FD, CD 337 

and MD processes is, respectively 14.4 ± 3.4, 11.5 ± 2.4, and 7.0 ± 1.5. Statistically, there is 338 

no significant difference between FD and CD processes, yet MD allowed the lowest differences 339 

when compared to fresh orange peel. This means that FD and CD processes have more effect 340 

on color changes of orange peels than MD process. This could be perceived by visual inspection 341 

of the samples, whose pictures are included in Figure 4. 342 

 343 

Figure 4 here, please. 344 

 345 

Regarding color characteristics and within the conditions used in this study, the overall 346 

conclusion is that the FD process is better when a lighter and more yellow dried peel is 347 

desirable, and the MD process when a darker product, with color similar to the fresh peel, needs 348 

to be attained. 349 

 350 

 Phytochemical properties of dried orange peel 351 

 352 

3.2.1. Total phenolic compounds 353 

Data of TPC in samples dried with the different drying methods were normalized in relation to 354 

the ones of fresh orange peel, on a dry basis (db). Results are presented in Figure 5. Statistically, 355 

there are significant differences among MD, CD, and FD samples (p<0.05). The TPC of orange 356 

peel microwave dried at 340 W was reduced by 13.7 % when compared to fresh peel. However, 357 

CD and FD processes increased the TPC values of the orange peel by 6.4 % and 19.5 %, 358 

respectively.  359 

 360 

Figure 5 here, please. 361 

  362 

These results are in accordance with the ones obtained by Bejar et al. (2011). Those authors 363 

concluded that microwave drying at 180 W decreased TPC in orange peels up to 6.1 %. 364 

However, at 450 W the content increased till 75.5 %. The microwave power affected TPC of 365 

orange peels and, at certain levels, TPC increased. At those levels, the structure of the fiber 366 

matrix may become larger and looser and successively facilitate the extraction with solvent. 367 



12 

 

Contrary, at certain microwave powers, TPC decreased due to the longer drying times that 368 

could destroy some of them.  369 

The FD process had a stronger effect on the variation of TPC in dried orange peels than CD. 370 

According to the study of Rahman et al. (2018), TPC of pulp waste of Pomelo augmented by 371 

27.0 % after freeze drying, and 55.0 % after oven drying at 50 °C. The reason for the high TPC 372 

content might be caused by the occurrence of non-enzymatic reactions, such as Maillard 373 

reactions and caramelisation, when high temperatures are involved. The contents of phenolic 374 

compounds vary also among different types of fruits, the structure of tissues, cultivar, 375 

cultivation conditions, and geographical location. 376 

 377 

3.2.2. Total antioxidant activity 378 

Data of TAA in samples dried with the different methods were normalized in relation to the 379 

ones of fresh orange peel, on a dry basis (db). Results are presented in Figure 6. Statistically, 380 

there is a significant difference between MD and FD samples (p<0.05). However, TAA in CD 381 

peel is equal to MD and to FD ones. The highest increase of TAA was observed in FD samples; 382 

the value increased 44.1 % when compared to the one detected in fresh peel. CD allowed an 383 

increase of 25.0 % while MD 18.1 %.  384 

 385 

Figure 6 here, please.  386 

 387 

As stated by Kamiloglu et al. (2016), the FD process is more effective in preserving 388 

antioxidants and originates higher quality on final products. When TPC increases, antioxidant 389 

activity may also increase due to phenolics compounds enhance (Bejar et al., 2011; Rahman et 390 

al., 2018).  391 

 392 

 Characteristic drying curves 393 

The characteristic drying curves of orange peel are shown in Figure 7. One may observe that 394 

there is the settling down period and the falling rate period (FRP), and there is almost no 395 

constant rate period (CRP) in these curves. The first stage of these convective drying curves 396 

demonstrates that the samples are starting to be heated until the solid surface conditions reach 397 

equilibrium with the drying air temperature. Then, the drying rate is constant (CRP) during a 398 

small period of time when samples reach around 2.5 and 2 gH2O.gdb
-1. Subsequently, the drying 399 

rate falls down in the FRP at the critical moisture content, around 2 gH2O.gdb
-1.min-1. 400 

 401 
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Figure 7 here, please. 402 

 403 

The absence of a constant-rate drying period or a short one, is observed when drying most 404 

foods (Mazza & Le Maguer, 1980) and it is associated with small water quantities at the food 405 

surface. A long falling-rate period like in this case, indicates that drying is controlled by internal 406 

water transfer (Foust et al., 1980) and external resistance is negligeable.  407 

 408 

 Modeling drying curves 409 

Table 4 presents the results of the regression analyses performed with convective drying data, 410 

including parameter estimates, the margin of 95% confidence and goodness of fit indicators 411 

(𝑅𝑎𝑑𝑗
2  and χ2). The residuals from Henderson and Pabis model and the Newton model were not 412 

normally distributed, and consequently, these models were not adequate for data fitting.  413 

 414 

Table 4. here, please 415 

 416 

The Approximation of diffusion and Page models revealed random residuals with normal 417 

distribution and homoscedasticity. Also, both models had the highest 𝑅𝑎𝑑𝑗
2 values (which are 418 

equal to 1.000) and low 2 values; however, the Page model presented the smallest values. Data 419 

fits of Page and Approximation of diffusion models can be seen in Figures 8 and 9, respectively. 420 

The two models are adequate for convective drying prediction at the conditions of this study. 421 

Conclusions may be different if other drying processes are being studied. Erdem et al. (2014) 422 

reported that the Page and Approximation of diffusion models were not the most adequate 423 

models to describe microwave drying of orange peel (at 180, 360, 540, 720 and 900 W), and 424 

the Midilli-Kucuk model was the selected one.  425 

  426 

Figure 8 here, please. 427 

 428 

Figure 9 here, please. 429 

 430 

Drying rates of convective dried orange peels estimated with the Page model were obtained for 431 

the 3 replicates: 0.144x10-2, 0.230x10-2, and 0.296x10-2 min-n (Table 4) with ‘n’ values varying 432 

between 1.347 and 1.536. Bechlin et al. (2020) determined an average drying rate of 0.0067 433 

with a ‘n’ value of 1.06 for the Page model, which are in the same order of magnitude of the 434 
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ones obtained in this study. This was for orange peel samples pretreated with ozone at 4 g.L−1. 435 

Toĝrul and Pehlivan (2004) reported for open-air sun drying of apricots, grapes, peaches, figs, 436 

and plums, drying rates of respectively 0.401x10-2, 0.0460x10-2, 0.250x10-2, 0.099x10-2, and 437 

0.032x10-2 min-n, and ‘n’ values between 0.63534 and 0.956815.  438 

For amaranth seeds from open sun drying and solar tent drying, Ronoh et al. (2009) also 439 

concluded that the Page model showed the best performance among the six tested drying 440 

models.  441 

Drying rates of convective dried orange peel estimated with the Approximation of diffusion 442 

model were 2.6x10-2, 2.6x10-2 and 2.2x10-2 min-1 (Table 4), with ‘a’ values ranging from 2.8 to 443 

3.3 and ‘b’ values of 1.4 and 1.5. Toĝrul and Pehlivan (2004) estimated drying rates with this 444 

model, for apricots, grapes, peaches, figs, and plums, which were respectively 0.454x10-2, 445 

0.100x10-2, 0.549x10-2, 0.47x10-2, and 1.081x10-2 min-1, with ‘a’ values varying from 0.032756 446 

to 0.501645 and ‘b’ values from 0.004417 and 0.149185.  447 

All these different drying rate values may be related to the use of diverse fruit species, with 448 

different characteristic dimensions, as well as the use of different equipments and air condition 449 

drying patterns. 450 

 451 

4. Conclusions 452 

 453 

Moisture content and water activity of dried orange peels obtained from the three drying 454 

methods attained acceptance levels for safe storage of products.  455 

According to what was expected, the freeze-dried orange peels presented better quality 456 

parameters, when compared to the other drying techniques. Freeze-dried orange peel was 457 

brighter, more yellow, and less red than the fresh product. Moreover, the FD process enhanced 458 

considerably the amount of total phenolic compounds and total antioxidant activity when 459 

compared to the remaining applied drying processes. However, the microwave drying 460 

originated products with a color close to the one observed for the fresh one. 461 

The characteristic drying curves of convective drying revealed a settling down and a falling 462 

rate periods, with a very short constant rate interval.  Water removal from orange peel in the 463 

convective drying process occurred mainly in the falling rate period, starting from initial to 464 

final moisture contents within the range 0.034–0.227 gH2O.gdb
-1. This reveals that convective 465 

drying of orange peels is manly driven by internal water transfer. 466 

The kinetic study showed that the models that best fitted the convective drying data were the 467 

Page and the Approximation of diffusion models. They presented randomness, normality and 468 
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homoscedasticity of the residuals, providing the highest 𝑅𝑎𝑑𝑗
2  (1.000) and the lowest 2 values, 469 

having originated excellent fits. 470 

In conclusion, the main objectives of this study were attained and give a first insight into the 471 

comprehension of the effects of convective, microwave, and freeze-drying on orange peel.  472 

Regarding the application of dried orange peel, it may be transformed in flour, or in slices, 473 

cubes or different geometrical features, and further incorporated as an ingredient in many types 474 

of foods such as cakes, biscuits, or bread, enriching their content in phenolic compounds and 475 

total antioxidant activity, therefore creating a value-added product. Concerning future studies 476 

on dried orange peel, it would be interesting to focus on dietary fibers and other nutritional 477 

properties. Sensorial analysis of food products with dried orange peel and determination of 478 

their physical properties, like texture, would also be interesting. 479 
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