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Abstract 
This research investigated the drying properties of yellow carrots (Daucus Carota) using an oven dryer, with the 
potential to significantly improve the design of oven dryers. The study utilized the DS Memmert Universal oven 
UF55 dryer, drying 1.5, 3.0, and 4.5-mm thick carrot slices at 60, 70, and 80℃ temperatures. The variation in 
moisture content with time was recorded during dehydration to monitor the drying progress. The drying, drying 
rate, and Krischer curve plots were constructed using the recorded variation in moisture content over time. The 
study estimated the effective moisture diffusivities and dehydration activation energies of the carrots, as well 
as their thermodynamic properties, such as changes in Enthalpy (∆H), Entropy (∆S), and Gibbs free energy (∆G). 
Observations indicated that carrot slices achieved a moisture ratio (dry basis) below 0.1 after approximately 25 
and 70 minutes of drying. The statistical analysis of the moisture ratio data revealed that all models fitted to 
the thin-layer drying model had a coefficient of determination (𝑅2) value better than 0.99. The effective 
moisture diffusivity of the 1.5, 3.0, and 4.5-mm thick carrot slices, dehydrated at 60, 70 and 80℃, varied 
between 8.30E-09 to 6.78E-10 m2s-1. The study observed that the activation energy of dehydration varied 
between 3.2753E+04 and 2.3449E+04 J/mol for different slice sizes based on the moisture-content history data. 
The thermodynamic properties, such as changes in ∆H, ∆S, and ∆G, were subsequently estimated to range 
between 20,514.37 and 29,984.58 J.mol-1, -123.77 and -109.38 J.mol-1.K-1, and 66,407.83 and 64,204.92 J.mol-1, 
respectively. The data obtained from the study will prove beneficial in the specification, design, modelling, and 
operation of oven dryers. 

Keywords: Carrots, Oven Drying, Drying Curves, Thin Layer Dying Models, Thermodynamic Characteristics.

1.0 INTRODUCTION 
arrots are root vegetables that are grown all over the world and are rich in nutrients. 
Although potatoes and broccoli are more nutritious (USFDA, 2008), carrots are still a 

great source of vitamins A and K, potassium and fiber. They also contain many valuable 
antioxidant nutrients, such as vitamin C and beta-carotene, which can help prevent certain 
cancers, reduce cholesterol and the signs of premature ageing, and improve vision. 
Additionally, carrots can positively affect human skin health, immune system, digestion, 
cardiovascular health, oral health, and body detoxification. 
 

Nutritionists recommend moderate carrot consumption due to their high sugar content, 
especially in overripe carrots (da Silva Dias, 2014; Joshi & Nande, 2024). Other than this, it is 
obvious that consuming carrots is beneficial.  In many regions, carrots are dried, powdered 
and used for bread, cakes, soups, stews, curries, and pies. They can also be eaten raw or as a 
snack. (Gupta, 2000) . They are sometimes eaten raw or eaten as a snack. The Chinese 
(Chapman, 2009), the Africans (Amagloh et al, 2012), and the Europeans (Rubatzky et al., 
1999), make carrot soup, carrot porridge and carrot puree respectively (Ding & Liu, 2024).  A 
post-harvest preservation method is therefore needed to ensure that carrots are available 
throughout the year. Drying is a common method used to preserve carrots. Grishin et al. 
(1973) studied the kinetics of dehydrating vegetables and changes in the main chemical 
constituents (ascorbic acid, carotenes, essential oils, total sugars) due to the drying process. 
It was suggested to dry diced carrots (5-8 mm cubes) at 160°C and use them with onions as 
essential snack ingredients. 
 

C 
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In 2002, Reyes et al. analyzed the drying process for carrot dice batches of 3 kg, measuring 9 
x 9 x 3 mm, in a mechanically agitated fluidized bed drier. The drier operated at 
temperatures ranging from 70 to 160°C, air velocities of 1.1 to 2.2 m/s and stirring rates of 
30 to 70 rpm. They found that drying at around 130°C with a drying time of less than 12 
minutes resulted in minimal loss of carotenes. In 2003, Machewad et al. studied the drying 
properties of carrots and their suitability for producing various value-added products. The 
study found that carrots were chemically suitable for drying, and carrot shreds were feasible 
for further processing. However, leaching losses were observed in reducing and total sugars 
during pre-treatments, negatively affecting the beta-carotene content. The reconstitution 
ratio of dried carrot shreds was higher in pre-treated samples than in untreated. The 
shredded and dried carrots dehydrated in the open air had a lower reconstitution ratio; this 
suggested that dried carrot shreds were suitable for use as a base material for the 
preparation of carrot halwa. Upadhyay et al. (2008) studied carrot pomace's 
characterization and dehydration kinetics in open sun and in a tray dryer at 60, 65, 70, 75 
and 80°C. Their observation indicated that by increasing the temperature from 60 to 75°C, 
β-carotene retention increased from 9.86 to 11.57 mg/100g, while ascorbic acid retention 
decreased from 22.95 to 13.53 mg/100g. Optimal drying was observed at 65°C based on β-
carotene and ascorbic acid retention. Upadhyay et al. (2008) claimed that the Page thin 
layer drying model better-predicted drying data than the Lewis model based on the 
correlation coefficient (R²). 
 
This study uses an oven dryer to examine the dehydration kinetics and thermodynamic 
characteristics of carrot slices. Understanding these kinetics will help design continuous 
processing equipment and reduce the production time of dehydrated products. 

 

2.0 METHODS, METHODOLOGY AND MATERIALS 

2.1 Materials, Measurements and Sample Preparation 

Conical and cylindrical root vegetables, known as carrots (Daucus Carota), were obtained 
from the local market in Lagos, Nigeria. The moisture content of the carrot slices was 
measured using an OHAUS Moisture Analyzer (MB45, OHAUS, Parsippany, NI, USA) with a 
precision of 0.01g and 0.01% for weight and moisture content, respectively. Additionally, 
the average dimensions (L for length, W for width, and T for thickness in mm) of the carrots 
were measured using a digital Vernier caliper (+0.02 mm) (Mitutoyo, Waterbury, CT, US). To 
prepare the carrots for this study, they were thoroughly washed, peeled, and sliced into 1.5, 
3.0, and 4.5mm slices using a Mandolin slicer (SKU 1155700V2, OXO, Chambersburg, PA, 
USA). 
 

2.2 The Experimental Process 
The dehydration process was conducted using a DS Memmert Universal UF55 oven dryer 
(Memmert GmbH + Co.KG, 2022). Figure 1 provides a schematic diagram of the oven dryer. 
Fifty grams of uniformly sliced carrots were placed in each of the eleven Petri dishes. The 
dishes were then placed in the oven, pre-set to a specific temperature. After specific time 
intervals, one of the Petri dishes was removed from the oven, and the moisture content on 
a wet basis of the carrot slices was measured using a moisture analyzer. The experiments 
were conducted in triplicates to ensure the reproductivity of the results. The average values 
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of moisture content were taken for final calculations. The oven dryer has a built-in fan to 
ensure that the temperature of the oven is uniform.    

 
Figure 1: Schematic diagram of Oven dryer (Memmert GmbH + Co.KG, 2022) 

 

2.3 Processing Experimental Moisture Content History Data 
The moisture content history data gathered which was on a wet basis was first converted to 
the moisture content history data on a dry basis at any drying time and then to a moisture 
ratio using Equation 1. (Pala et al., 1996) and Doymaz, 2004),  
𝑀𝑅 =  𝑀𝐶𝑡 𝑀𝐶𝑖⁄  1 

where  
𝑀𝐶𝑡 is the moisture content of carrot after drying for time t and  
𝑀𝐶𝑖 is is the initial moisture content of fresh carrot all in the unit of g of water 

removed/g of solids. 
 

2.3.1 Thin-Layer Drying Models 

Many thin-layer drying models exists (Cihan and Ece 2001). However, the various drying 
models used in the food industry and listed in Table 1, were fitted to the moisture ratio 
(MR) to find the most used model for thin layer drying (Muhlbauer & Muller, 2020, El‐
Mesery et al., 2024; Wang et al., 2024). MATLAB Version R2023b employing the Trust 
Region and Levenberg-Marquardt Method for Nonlinear Least Square Problems (Gavin, 
2013) were used to determine the parametric coefficients of each model through regression 
analysis. The models with a Coefficient of Determination (R²) close to 1, Sum of Square Error 
(SSE) and Root Mean Square Error (RMSE) close to 0 were considered the most suitable 
(Akpinar, 2010; Tunde-Akintunde & Afon, 2010; El-Mesery & Mwithiga, 2014; John et al., 
2014; Ogunnaike, 2010). After selecting the appropriate thin-layer drying model, drying 
curves are plotted based on the obtained data. 

2.3.2 Effective Moisture Diffusivity Determination 
Fick second law relates Moisture ratio with drying time according to Equation 2 (Crank, 
1975). 
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Equation 3 simplifies Fick's law for thin slices (Lopez et al., 2000). Jena and Das (2007) and 
Taheri-Garavand et al. (2011) discussed extensively the reason for the simplification. 
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Where, 
 MR is the moisture ratio, 

effD (m2s-1) is the effective moisture diffusivity,  

L (m) is the sample thickness and  
t is the drying time (s). 
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from which effD  can be obtained according to the equation 6  

𝐷𝑒𝑓𝑓 = 4𝐿2 𝑘𝑑 𝜋2⁄  6 

 
2.3.3 Activation energy 

Effective Moisture Diffusivity is significantly affected by temperature 𝑇, so an Arrhenius-
type relationship is used to express the effect of temperature on effective diffusivity 
(Equation 7). 

𝐷𝑒𝑓𝑓 = 𝐷0𝑒−
𝐸𝑎
𝑅𝑇 7 

A linear regression analysis between )ln(MR  and time, 𝑡 , gives a slope 𝑘𝑟 as in Equation 8 

𝑙𝑛(𝐷𝑒𝑓𝑓) =  𝑙𝑛(𝐷𝑜) − (
𝐸𝑎

𝑅𝑇
) 

8 

Where, 

effD (m2s-1) is the effective moisture diffusivity,  

𝐷0 (m2s-1) is the pre-moisture diffusivity,  
T (K) is absolute temperature and 
R = 8.3145 J/mol·K. 

 

2.4.4 Thermodynamic Properties 
The thermodynamic properties of mass transfer process in the carrot slices were 
determined by Equations. 9, 10 and 11. The values obtained for the Activation energy (𝐸𝑎) 
were used to evaluate values for Differential Enthalpy (∆𝐻), Differential Entropy ((∆𝑆)) and 
Gibbs free energy ((∆𝐺)) by mathematical expressions (Sanchez et al., 1992):  
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The thermodynamic properties of the drying process were determined using Equations 9 to 
11 (Jideani and Mpotokwana, 2009; Costa et al., 2016; Nwakuba et al., 2018) 

 
∆H =  Ea − RT𝑎  9 

∆S = R (lnDo − ln
KB

hp
− lnT𝑎)  10 

∆G =  ∆H − ∆(T𝑎S)   11 
This study was carried out at constant temperature, therefore Equation 11 can be 

adjusted to give Equation 12 
∆G =  ∆H − T𝑎∆S   12 
Where: 

∆H = enthalpy variation (Jmol-1); 
∆S = entropy variation (Jmol-1K-1); 
∆G = Gibbs free energy variation (Jmol-1); 
 D0 = the pre-exponential factor of the Arrhenius equation (m2/s). 
 R = Universal gas constant 8.3145 J/mol·K. 
 KB = Boltzmann constant (1.38 x 10-34 Js-1); 
 hp = Planck constant (6.626 x 10-34 Js-1); 
T𝑎 = absolute temperature (oK). 

 

3.0 RESULTS AND DISCUSSIONS 

Thin carrot slices of 1.5, 3.0, and 4.5mm thickness, with an initial moisture content of 663% 
on a dry-basis, were dried until the moisture ratio was less than 0.1. The moisture ratio at 
each drying time was estimated using Equation 1. Five thin-layer drying models, presented 
in Table 1, were fitted to the moisture ratio data. The Regression Coefficients for fitting the 
moisture ratio history data to five thin-layer models are detailed in Table 2. Based on the 
results, all tested models accurately describe the drying kinetics of carrot slices with 
thicknesses of 1.5 mm, 3.0 mm, and 4.5 mm. The coefficient of determination (𝑅2) value 
was more significant than 0.98, and the RMSE and SSE were negligible. For simplicity, the 
Page Model is used to estimate predicted moisture ratios. Also presented in Table 3 are the 
Parametric Coefficients for the five models. 
 
Table 1: Thin Layer Drying Models 

S/N Name Model Source 

1 Page 𝑀𝑅 = exp(−𝑘𝑡𝑛)  (Page, 1949) (Akoy,  2014) 

2 Silva et al. Model 𝑀𝑅 = exp (−𝑎𝑡 − 𝑏√𝑡)   (Pereira ,2014) 

3 Modified Henderson and 
Pabis 

𝑀𝑅 = 𝑎 exp(−𝑘𝑡) + 𝑏 exp(−𝑔𝑡)
+ 𝑐 exp(𝑒𝑡 𝑎𝑙. −ℎ𝑡) 

 (Karathanos ,1999) 

4 Haghi & Ghanadzadeh 𝑀𝑅 = 𝑎 exp(−𝑏𝑡𝑐) + 𝑑𝑡2 + 𝑒𝑡 + 𝑓  (Haghi and Ghanadzadeh 
(2005). 

5 Logarithmic 𝑀𝑅 = 𝑎 exp(−𝑘𝑡) + 𝑐 (Togrul and Pehlivan, 2003) 
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Table 2: Regression Coefficients for fitting data to 5 thin-layer models for carrot slices 

Temperature → 60℃ 70℃ 80℃ 

Size Model R2 SSE RMSE R2 SSE RMSE R2 SSE RMSE 

1.5 mm 
 
 

Logarithmic 1.00 0.00 0.01 1.00 0.00 0.00 1.00 0.00 0.00 

Haghi and Ghanadzadeh  1.00 0.00 0.04 1.00 0.00 0.00 1.00 0.00 0.00 

Silva et al. 1.00 0.00 0.00 1.00 0.00 0.01 1.00 0.00 0.00 

Peleg 1.00 0.00 0.02 1.00 0.01 0.02 1.00 0.00 0.02 

Modified Henderson  
and Pabis 

1.00 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 

3.0mm 
 
 

Logarithmic 1.00 0.00 0.01 1.00 0.00 0.01 0.99 0.01 0.03 

Haghi and Ghanadzadeh  1.00 0.00 0.00 1.00 0.00 0.01 1.00 0.00 0.01 

Silva et al. 1.00 0.00 0.00 1.00 0.00 0.01 1.00 0.00 0.02 

Peleg 1.00 0.00 0.02 1.00 0.00 0.02 0.99 0.01 0.02 

Modified Henderson  
and Pabis 

1.00 0.00 0.04 1.00 0.00 0.00 1.00 0.00 0.02 

4.5mm 
 

Logarithmic 1.00 0.00 0.02 0.99 0.01 0.03 1.00 0.00 0.01 

Haghi and Ghanadzadeh  1.00 0.00 0.02 1.00 0.00 0.01 1.00 0.00 0.01 

Silva et al. 1.00 0.00 0.02 1.00 0.00 0.02 1.00 0.00 0.01 

Peleg 0.99 0.01 0.03 0.99 0.01 0.04 0.99 0.01 0.03 

Modified Henderson  
and Pabis 

1.00 0.00 0.02 1.00 0.00 0.02 1.00 0.00 0.01 

 
Table 3: Parametric Coefficients for The Models Obtained By Fitting Data To The Thin Layer Models For The Carrot Slices 

 60℃ 70℃ 80℃ 

Logarithmic Model    

Constants 1.5mm 3.0mm 4.5mm 1.5mm 3.0mm 4.5mm 1.5mm 3.0mm 4.5mm 

A 9.82E-01 9.94E-01 1.02E+00 9.90E-01 9.74E-01 1.13E+00 9.92E-01 9.59E-01 1.02E+00 

B 4.87E-02 3.96E-02 3.39E-02 8.68E-02 4.66E-02 1.43E-02 9.01E-02 7.03E-02 5.97E-02 

C 8.80E-03 6.00E-04 -1.43E-02 9.70E-03 1.23E-02 -1.02E-01 4.40E-03 8.30E-03 -7.20E-03 

Haghi & Ghanadzadeh Model 

Constants 1.5mm 3.0mm 4.5mm 1.5mm 3.0mm 4.5mm 1.5mm 3.0mm 4.5mm 

A 2.37E+00 8.95E-01 6.18E-01 7.31E-01 1.65E+00 -2.98E-02 1.05E+00 2.05E+00 8.33E-01 

B 3.81E-02 4.92E-02 4.09E-02 9.43E-02 5.23E-02 5.37E-01 9.67E-02 9.51E-02 5.23E-02 

c  8.45E-01 9.54E-01 1.03E+00 1.08E+00 8.03E-01 1.25E-01 9.52E-01 2.63E-01 1.07E+00 

D 0.00E+00 0.00E+00 0.00E+00 1.00E-04 0.00E+00 0.00E+00 0.00E+00 2.00E-04 1.00E-04 

E 1.51E-02 -2.00E-03 -7.20E-03 -9.10E-03 6.30E-03 -1.32E-02 1.30E-03 -2.22E-02 -6.00E-03 

F -1.37E+00 1.05E-01 3.83E-01 2.70E-01 -6.51E-01 1.03E+00 -4.73E-02 -1.05E+00 1.66E-01 

Silva et al. Model                   

Constants 1.5mm 3.0mm 4.5mm 1.5mm 3.0mm 4.5mm 1.5mm 3.0mm 4.5mm 

A 4.05E-02 3.77E-02 3.76E-02 7.96E-02 3.62E-02 2.40E-02 8.35E-02 5.29E-02 6.60E-02 

B 3.66E-02 1.10E-02 -1.46E-02 1.81E-02 4.81E-02 -5.41E-02 2.13E-02 7.49E-02 -2.43E-02 

Peleg Model                   

Constants 1.5mm 3.0mm 4.5mm 1.5mm 3.0mm 4.5mm 1.5mm 3.0mm 4.5mm 
A 1.46E+01 1.92E+01 ####### 8.70E+00 1.53E+01 6.07E+01 8.16E+00 1.04E+01 1.41E+01 

B 8.49E-01 8.10E-01 7.70E-01 8.28E-01 8.48E-01 6.16E-01 8.31E-01 8.19E-01 7.49E-01 

Modified Henderson and Pabis Model 

Constants 1.5mm 3.0mm 4.5mm 1.5mm 3.0mm 4.5mm 1.5mm 3.0mm 4.5mm 

  9.25E-01 9.43E-01 6.38E-01 2.89E-01 6.67E-02 -1.23E+01 -1.08E+00 9.51E-01 1.10E+00 

B 8.11E-02 3.10E-02 3.29E-02 7.77E-01 4.08E-02 3.05E-02 7.83E-02 2.93E-01 4.75E-02 

C -5.90E-03 2.19E-02 3.45E-01 -6.59E-02 8.93E-01 1.32E+01 2.00E+00 -2.47E-01 -1.39E-01 

g  1.76E+00 1.91E-02 3.89E-01 7.36E-02 1.75E+00 6.40E-03 4.09E-01 1.77E+00 8.78E-02 

K 4.43E-02 4.09E-02 3.53E-02 1.82E-01 1.79E+00 3.22E-02 7.41E-02 6.57E-02 5.82E-02 
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3.1 The Drying Curve 
Figures 2 to 4 present the drying curves of carrot slices, featuring experimental data points 
and the logarithmic model lines. The Logarithmic Thin layer model is chosen from all the 
models for its simplicity. All the models follow exponential decay, and no significant 
difference exists between them. The practical implications of these findings are evident in 
the drying times.  Carrot slices with a thickness of 1.5 - 4.5 mm took around 50-70 minutes 
to dry to a moisture ratio of approximately 0.1 when dried at a temperature of 60℃, as 
depicted in Fig. 2. Similarly, carrot slices with the same thickness took about 30-60 minutes 
to dry to a moisture ratio of 0.1 when dried at 70℃, as shown in Fig. 3. Finally, when dried 
at 80℃, carrot slices with a thickness of 1.5 - 4.5 mm took around 25- 40 minutes to dry to a 
moisture ratio of approximately 0.1, as indicated in Fig. 4. 

 
Figure 2 Comparison of experimental data and predicted moisture ratio using Logarithmic model for at 60℃ 
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Figure 3: Comparison of experimental data and predicted moisture ratio using Logarithmic model for at 70℃ 

 

 
Figure 4: Comparison of experimental data and predicted moisture ratio using Logarithmic model for at 80℃ 

 

3.2 The Drying Rate Curve 
Figures 5-7 illustrate drying rate curves for 1.5mm, 3.0mm, and 4.5mm carrot slices 
dehydrated at 60, 70, and 80°C. The selected thin-layer drying model was used to obtain 
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theoretical line plots of drying rates due to limited data points (Kemp et al., 2001). Drying 
rates increase to a maximum value and then decrease. Sensible heat is transferred to the 
carrot slices and the contained moisture during the increasing drying rate. The falling-
drying-rate period has two stages: unsaturated drying and saturated drying. The maximum 
drying rate happens in a short period, called the constant rate period. This characteristic is 
typical of drying thin-layer slices of agricultural products. (Akinola et al., 2018; Akinola & 
Ezeorah, 2020; Zielinska and Markowski, 2010; Seremet et al., 2016). 
 

 
Figure 5: Drying Rate curve for 1.5 – 4.5 mm thick carrot slices at 60℃ 

 

 
Figure 6: Drying Rate curve for 1.5 – 4.5mm thick carrot slices at 70℃ 
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Figure 7: Drying Rate curve for 1.5 – 4.5mm thick carrot slices at 80℃ 

 

3.3 The Krischer Curve 

Figures 8, 9, and 10 show the drying process of carrot slices at different thicknesses and 
temperatures. The plots, known as Krischer curves, include both the drying curve and the 
drying rate curve. The drying process has four stages: initial heating, constant rate, and two 
falling rate stages. The plots reveal that the drying rate increases from its initial value 
reaches a peak during the constant rate stage and then declines during the falling rate 
stages. The 1.5 mm thick carrot slices exhibit the most significant increase in drying rate 
because they offer the least resistance to moisture. 

 

 
Figure 8: Krischer curve for 1.5 – 4.5 mm thick carrot slices at 60℃  
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Figure 9: Krischer curve for 1.5 – 4.5mm thick carrot slices at 70℃ 

 

 
Figure 10: Krischer curve for 1.5 – 4.5mm thick carrot slices at 80℃ 

 
3.4 Effective Moisture Diffusivity and Activation Energy 
To obtain the Effective Moisture Diffusivity 𝐷𝑒𝑓𝑓of thin slices, a linear regression analysis is 

performed on 𝐿𝑛(𝑀𝑅) and drying time. The regression analysis is based on Equation 4 using 
the gathered moisture ratio history data. The slope 𝐾𝑑 of the linear relationship defined in 
Equation 5 is used to calculate the 𝐷𝑒𝑓𝑓value using Equation 6. Table 4 presents the 𝐷𝑒𝑓𝑓 

values for different sizes and temperatures. 
 
Table 4: Effective Moisture Diffusivity of carrot slices  𝑫𝒆𝒇𝒇(m2. s-1) 

Temperature ℃ 1.5 mm 3.0 mm 4.5 mm 

60 6.7833E-10 2.4333E-09 5.0500E-09 
70 1.2033E-09 2.5333E-09 2.7167E-09 
80 1.3200E-09 4.1667E-09 8.3000E-09 
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The Arrhenius-type relationship is used to estimate the Activation Energy of dehydration; this 
relationship links the Effective Moisture Diffusivity to the absolute temperature (as shown in 
Equation 7). To estimate the Activation Energy of dehydration, we need to calculate the slope of 
Equation 7 using the values of effective moisture diffusivity obtained at different temperatures. 
 
The resultant slope of the Arrhenius regression analysis gave the activation energy Ea (kJ/mol) 
computed as 3.2753E+04, 2.6060E+04  and 2.3449E+04 J/mol for 1.5 mm, 3.0 mm and 4.5 mm 
yam thickness respectively, see Table 5. This implies that removing 1 kg of water from carrot 
slices of thickness 1.5, 3 and 4.5 mm needs approximately 3.2753E+04, 2.6060E+04  and 
2.3449E+04 J of energy. The values of the activation energy obtained in this report are in the 
range for various food materials (Zogzas et al., 1996). Furthermore, the results show that low 
thickness results to lower activation energy while higher thickness results to higher activation 
energy, which corresponds to the literature reported by Sanful et al., 2015. 
 
Table 5: Activation Energy of Dehydration 𝑬𝒂 of carrot slices and the Pre-exponential factor of the Arrhenius 
equation 𝑫𝟎 

Carrot slice size    → 1.5mm 3.0mm 4.5mm 

Activation Energy of Dehydration 𝑬𝒂  (kJ/mol)  3.2753E+04 2.6060E+04 2.3449E+04 

Pre-exponential factor of the Arrhenius equation 𝑫𝟎 
(m2/s). 

1.0032E-04 2.7589E-05 1.8133E-05 

 
3.5 Thermodynamic parameters 
The changes in Enthalpy (∆H), Entropy (∆S) and Gibbs free energy (∆G) were calculated to 
study the thermodynamic behavior of the 1.5, 3.0- and 4.5-mm dehydrated carrot slices size 
at temperatures of 60, 70 and 80℃ respectively (Equations 9, 10 and 11). Table 6 shows 
Enthalpy (∆H) changes concerning operating temperature for a given Carrot size. There was 
no significant change in Enthalpy for any given slice size following an increase in process 
temperatures. However, given a temperature, the change in Enthalpy decreases as the 
Carrot slice thickness increases. This suggests a higher energy requirement to dehydrate 
larger sliced carrot slices. The results were positive (∆H > 0), indicating an endothermic 
process requiring a supply of heat energy for dehydration. 
 
Table 6: Differential Enthalpy ∆H (J. mol-1) for dehydration of Carrot slices 

Temperature ℃ 1.5 mm 3.0 mm 4.5 mm 

60℃     29,984.58      23,291.41      20,680.66  

70℃     29,901.44      23,208.26      20,597.51  

80℃     29,818.29      23,125.12      20,514.37  

 
Table 7 displays the variations in Entropy (∆S) for different Carrot slice sizes under different 
drying temperatures. ∆S does not change significantly with the temperature for any given 
slice thickness. However, the Entropy (∆S) for a given slice size decreases as the drying 
temperature increases. 
 
Table 7: Differential Entropy (∆S)  (J. mol-1. K-1) for dehydration of Carrot slices 

Temperature 1.5 mm 3.0 mm 4.5 mm 

60℃ -109.38 -119.88 -123.29 

70℃ -109.62 -120.12 -123.54 

80℃ -109.85 -120.36 -123.77 
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Table 8 presents the result obtained for changes in Gibbs free energy (∆G) for different 
Carrot sizes at the various operating temperatures. For a given temperature, ∆G decreases 
with slice size. For a given slice size, ∆G increases with temperature. The values obtained 
were all positive (∆G > 0), implying that energy is required to modify the internal structure 
of Carrot slices. ∆G increases upon an increase in operating temperature from 60 - 80℃. 
 
Table 8 Change in Gibbs Free energy (∆G)  (J. mol-1) for dehydration of Carrot slices 

Temperature ℃ 1.5 mm 3.0 mm 4.5 mm 

60℃     66,407.83      63,211.70      61,737.83  
70℃     67,501.03      64,409.92      62,970.19  
80℃     68,596.60      65,610.51      64,204.92  

 
4.0 CONCLUSIONS 
The study examined the drying characteristics of yellow carrot slices using a DS Memmert 
Universal Oven UF55 dryer. The dryer operated at three different temperatures, namely 60 
℃, 70 ℃, and 80 ℃, to dry sliced carrots of varying thicknesses, i.e., 1.5 mm, 3.0 mm, and 
4.5 mm. After analyzing the data, the following conclusions were drawn. 
1. The time required to dry the carrot slices decreased with increased temperature. This 

finding has practical implications for the dehydration process, suggesting that higher 
temperatures can significantly reduce drying time. Similarly, the time required to dry the 
carrot slices increased with increased slice size, a finding that underscores the 
importance of slice size control in the dehydration process. These findings align with the 
work of Akinola and Ezeorah (2020), Akinola et al. (2019), and Akinola et al. (2020) on 
the Refractance Window dehydration of Yam, green plantain, and Taro respectively.  

2. The time required to dry 1.5 to 4.5-mm thick carrot slices to a moisture ratio of below 
0.1 in an oven dryer at 60 to 80℃ temperatures was approximately 25 and 70 minutes  
These findings align with the work of Akinola and Ezeorah (2020), Akinola et al. (2019), 
and Akinola et al. (2020) who dehydrated yam, plantain, Taro samples of similar slice 
size and temperatures and obtained similar drying times 

3. The variation in moisture ratio during dying was analyzed using regression analysis, and 
all tested thin-layer drying models showed a regression coefficient better than 0.98. The 
RMSE and SSE values, which were almost zero, provide a strong indication of the 
accuracy of our analysis. This should instill confidence in the robustness of our findings. 
The Logarithmic Thin-Layer drying Model was chosen because of its simplicity. 

4. The effective moisture diffusivity, 𝐷𝑒𝑓𝑓, varied from 8.30E-09 to 6.78E-10 m2s-1, showing 

that at a given temperature, 𝐷𝑒𝑓𝑓, increased with increasing sample size. 

5. The activation energy estimated for 1.5mm, 3mm and 4.5mm were 3.2753E+04, 
2.6060E+04 and 2.3449E+04 J/mol respectively. 

6. Changes in Enthalpy (ΔH), Entropy (ΔS) and Gibbs free energy (ΔG) were calculated to 
study thermodynamic behavior. ΔH varied between 120,514.37 and 29,984.58 J.mol-1, 
ΔS varied between 123.77 and -109.38 J.mol-1.K-1, and ΔG varied 66,407.83 and 
64,204.92 J/mol, respectively. 

7. A positive ΔG value indicates the additional energy must be input for dehydration to 
occur. 

 
NOMENCLATURE 
Symbol Definition 
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D0  Pre-exponential factor of the Arrhenius 

𝐷𝑒𝑓𝑓 Moisture Diffusivity (m2s-1)  

𝐸𝑎 Activation Energy (J.mol-1) 

∆G Changes in Gibbs free energy (J.mol-1) 

∆H Changes in enthalpy (J.mol-1) 

hp Planck constant (6.626 x 10-34 Js-1); 

KB  Boltzmann constant (1.38 x 10-34 Js-1); 

KB  Boltzmann constant (1.38 x 10-34 Js-1); 
R2 Coefficient of Regression (Dimensionless) 

L   Sample thickness (m) 
MR Moisture Ratio (Dimensionless) 

R Universal gas constant 8.3145 J/mol·K. 

RMSE Root Mean Square Error (Dimensionless) 

SSE Sum of Square Error (Dimensionless) 

∆S Changes in entropy (J.mol-1) 

T𝑎  absolute temperature (oK) 

 
REFERENCES 
Akinola, A. A. and Ezeorah, S. N., (2020), Some Thermodynamic Properties of White Yam (Dioscorea rotundata) 

Slices Dehydrated in a Refractance WindowTM Dryer. FUOYE Journal of Engineering and Technology, 
Vol 5, No. 1 (2020) pp 83 – 88 https://doi.org/10.46792/fuoyejet.v5i1.425 

Akinola, A. A., Ejiogu, E.O. and Eleoranmo, O. O., (2020), Dehydration Characteristics of Taro Root (Colocasia 
Esculenta) Slices in a Refractance Window Dryer, Journal of Engineering and Technology. Vol 10 No 2 
10(2) pp 121 - 140. Universti Teknikal Malaysia Malaka 

Akinola, A. A., Ogunbayo, A. O., Olanipekun, O. O. and Abdulsalam, A., (2019) Dehydration Characteristics and 
Thermodynamic Properties of Unripe Green Plantain dried Using a Refractance WindowTM Dryer, 
Journal of the Nigerian Academy of Engineering, Vol. 2, No. 2 pp 66-88 

Akinola, A. A., Talabi, O. G. and Ezeorah, S, N., (2018), Effective Moisture Diffusivity and Activation Energy 
Estimation of Cucumber Fruit Slices Using a Refractance WindowTM Dryer, Journal of The Association 
of Professional Engineers of Trinidad and Tobago, (JAPETT) Vol.46, No.2, pp.11-16 

Akinola, A. A. and Ezeorah, S. N., (2020), Some Thermodynamic Properties of White Yam (Dioscorea rotundata) 
Slices Dehydrated in a Refractance WindowTM Dryer. FUOYE Journal of Engineering and Technology, 
Vol 5, No. 1 (2020) pp 83 – 88 https://doi.org/10.46792/fuoyejet.v5i1.425 

 Akoy, E. O. M. (2014). Experimental characterization and modeling of thin-layer drying of mango slices. 
International food research journal, 21(5), 1911. 

 Akpinar, E. K., (2010), Drying of Mint Leaves in a Solar Dryer and Under Open Sun: Modelling, Performance 
Analyses, Energy Conversion and Management, Vol. 51, Iss. 12, p 2407-2418, 2010. 
https://doi.org/10.1016/j.enconman.2010.05.005 

 Amagloh, F. K., Weber, J. L., Brough, L., Hardacre, A., Mutukumira, A. N., & Coad, J., (2012), Complementary 
food blends and malnutrition among infants in Ghana: a review and a proposed solution. Scientific 
Research and Essays, 7(9), 972-988 https://doi.org/10.5897/SRE11.1362 

 Chapman, P., (2009), India Food and Cooking: The Ultimate Book on Indian Cuisine. New Holland Publishers. 
Cihan, A., & Ece, M. C. (2001). Liquid diffusion model for intermittent drying of rough rice. Journal of Food 

Engineering, 49(4), 327-331. https://doi.org/10.1016/S0260-8774(00)00230-2 
 Costa, C. F., Corrêa, P. C., Vanegas, J. D. B., Baptestini, F. M., Campos, R. C., & Fernandes, L. S. (2016). 

Mathematical modeling and determination of thermodynamic properties of jabuticaba peel during 
the drying process. Revista Brasileira de Engenharia Agrícola e Ambiental, 20(6), 576-580. 
https://doi.org/10.1590/1807-1929/agriambi.v20n6p576-580 

 Crank J., (1975), The Mathematics of Diffusion, 2nd ed., Oxford University Press, Oxford, 104 - 106. 
 da Silva Dias, J. C., (2014), Nutritional and health benefits of carrots and their seed extracts. Food and 

Nutrition Sciences, 5(22), 2147.  https://doi.org/10.4236/fns.2014.522227 
Ding, H., & Liu, M. (2024). From root to seed: Unearthing the potential of carrot processing and comprehensive 

utilization. Food Science & Nutrition, 12(11), 8762-8778. https://doi.org/10.1002/fsn3.4542 

https://doi.org/10.1002/fsn3.4542


JER Vol. 29, No. 4    Akinola et al.     pp 15-30 

 

29 

 

Doymaz, I., (2004a), Effect Of Pre-Treatments Using Potassium Metabisulphite and Alkaline Ethyl Oleate on the 
Drying Kinetics of Apricots, Biosystems Engineering, 89, 281-287. 
https://doi.org/10.1016/j.biosystemseng.2004.07.009 

 El-Mesery, H. S., and Mwithiga, G., (2014), Mathematical Modelling of Thin Layer Drying Kinetics of Onion 
Slices Hot-Air Convection, Infrared Radiation and Combined Infrared-Convection Drying, Advances in 
Environmental Biology, pp 1-18. 

El‐Mesery, H. S., Ashiagbor, K., Hu, Z., & Rostom, M. (2024). Mathematical modeling of thin‐layer drying 
kinetics and moisture diffusivity study of apple slices using infrared conveyor‐belt dryer. Journal of 
Food Science, 89(3), 1658-1671. https://doi.org/10.1111/1750-3841.16967 

 Gavin, H., (2013), The Levenberg-Marquardt Method for Nonlinear Least Squares Curve-Fitting Problems, 
Department of Civil and Environmental Engineering, Duke University, Durham, NC, 27708, USA. 
Retrieved January 08, 2015 from http://people.duke.edu/~hpgavin/ce281/lm.pdf 

Grishin, E. V., Sukhikh, A. P., Lukyanchuk, N. N., Slobodyan, L. N., Lipkin, V. M., Ovchinnikov, Yu. A., and 
Sorokin, V. M. (1973). Amino acid sequence of neurotoxin II from Najanajaoxiana venom, FEBS Letters 
36: 77-78 https://doi.org/10.1016/0014-5793(73)80340-0 

Gupta, N. (2001), Cooking the UP Way, Orient Blackswan. 
 Haghi, A. K. and Ghanadzadeh, H., (2005), A Study of Thermal Drying Process. Indian Journal of Chemical 

Technology, Vol. 12, November 2005, pp. 654-663. 
 Henderson, S. M. and Pabis, S., (1969), Grain Drying Theory I. Temperature Effect on Drying Coefficient, 

Journal of Agriculture Engineering Research, Vol. 6, Iss. 3, pp 169-174. 
 Jena, S. and Das H., (2007). Modelling for Vacuum Drying Characteristics of Coconut Presscake, Journal of 

Food Engineering, 79, 92-99. https://doi.org/10.1016/j.jfoodeng.2006.01.032 
Jideani, V. A., & Mpotokwana, S. M. (2009). Modeling of water absorption of Botswana bambara varieties 

using Peleg's equation. Journal of Food Engineering, 92(2), 182-188. 
https://doi.org/10.1016/j.jfoodeng.2008.10.040 

 John, S. G., Sangamithra, A., Veerapandian, C., Sasikala, S. and Sanju, V., (2014), Mathematical Modelling of 
the Thin Layer Drying of Banana Blossoms, Journal of Nutritional Health & Food Engineering, 1(2), 
00008. https://doi.org/10.15406/jnhfe.2014.01.00008 

Joshi, P. N., & Nande, P. J. (2024). Diabetes Management: A Journey To Wellness through Nutrition and 
Lifestyle Choices. Notion Press. 

 Karathanos, V. T., (1999), Determination of Water Content of Dried Fruits by Drying Kinetics, Journal of Food 
Engineering, 39, 337-344. https://doi.org/10.1016/S0260-8774(98)00132-0 

 Kemp, I. C., Fyhr, B. C., Laurent, S., Roques, M. A., Groenewold, C. E., Tsotsas, E., Sereno, A. A., Bonazzi, C. B., 
Bimbenet, J. J. and Kind, M., (2001), Methods for processing experimental drying kinetics data. Drying 
Technology, 19(1), pp.15-34. https://doi.org/10.1081/DRT-100001350 

 Lopez A., Iguaz A., Esnoz A., Virseda P., (2000), Thin-layer drying behaviour of vegetable waste from wholesale 
market, Drying Technology 18: 995-1006 https://doi.org/10.1080/07373930008917749 

 Machewad, G.M., Kulkarni, D.N., Pawar,V. D. and Surve., V. D., (2003), Studies on Dehydration of Carrot, 
Journal of Food Science and Technology 40: 406-408. 

 Muhlbauer, W., & Muller, J. (2020). Drying atlas: Drying kinetics and quality of agricultural products. 
Woodhead Publishing. 

Nwakuba, N. R., Okafor, V. C., Abba, E. C., & Nwandikom, G. I. (2018). Thin-layer drying kinetics of fish in a 
hybrid solar-charcoal dryer. Nigeria Agricultural Journal, 49(1), 46-56. 

 Ogunnaike, B. A. (2009). Random phenomena: fundamentals of probability and statistics for engineers. CRC 
Press. 

 Page, G. E., (1949), Factors Influencing the Maximum Rates of Air Drying of Shelled Corn in Thin Layer, M.Sc. 
Thesis, Purdue University, Lafayette, IN, USA. 

 Pala, M., Mahmutoǧlu, T., & Saygi, B. (1996). Effects of Pretreatments on the Quality of Open‐Air And Solar 
Dried Apricots, Food/Nahrung, 40(3), 137-141. https://doi.org/10.1002/food.19960400308 

 Pereira W, Silva CMDPS, Gama FJA. 2014. Mathematical models to describe thin layer drying and to determine 
drying rate of whole bananas. J Saudi Soc Agric Sci 13(1):67-74. 
https://doi.org/10.1016/j.jssas.2013.01.003 

 Reyes, A., Alvarez, P. I., & Marquardt, F. H. (2002). Drying of carrots in a fluidized bed. I. Effects of drying 
conditions and modelling. Drying Technology, 20(7), 1463-1483. https://doi.org/10.1081/DRT-
120005862 

 Rubatzky, V. E., Quiros, C. F., & Simon, P. W. (1999). Carrots and Related Vegetable Umbelliferae, CABI 
publishing. 



JER Vol. 29, No. 4    Akinola et al.     pp 15-30 

 

30 

 

 Sanful, R. E., Addo, A., Oduro, I., & Ellis, W. O. (2015). Air drying characteristics of aerial yam (Dioscorea 
bulbifera). Scholars Journal of Engineering and Technology (SJET), 3(8), 693-700. 

 Seremet, L., Botez, E., Nistor, O. V., Andronoiu, D. G., & Mocanu, G. D. (2016). Effect of different drying 
methods on moisture ratio and rehydration of pumpkin slices. Food chemistry, 195, 104-109. 
https://doi.org/10.1016/j.foodchem.2015.03.125 

 Taheri-Garavand, A., Rafiee, S., & Keyhani, A. (2011). Effective moisture diffusivity and activation energy of 
tomato in thin layer dryer during hot air drying. International Transaction Journal of Engineering, 
Management, & Applied Sciences & Technologies, 2(2), 239-248. 

 Togrul, I. T. and Pehlivan, D., (2003), Modelling of Drying Kinetics of Single Apricot, Journal of Food 
Engineering., Vol. 58, pp 23-32. https://doi.org/10.1016/S0260-8774(02)00329-1 

 Tunde-Akintunde, T. Y., and Afon, A. A., (2010), Modeling of Hot-Air Drying of Pretreated Cassava Chips, 

AgricEngInt: CIGR Journal, 2010, Vol. 12, Iss. 2, pp 34－41. 

 Upadhyay, A., Sharma, H. K., & Sarkar, B. C., (2008), Characterization and Dehydration Kinetics of Carrot 
Pomace, Agricultural Engineering International: The CIGR EJournal. 

 USFDA, (2008), Vegetable, Nutrition Facts, U. S. Food and Drug Administration Poster. (January 2008). 
Wang, W., Yan, Y., & Pan, Z. (2024). Drying characteristics and thin layer drying model of semi-mature rice 

paper. Nordic Pulp & Paper Research Journal, 39(2), 113-125. https://doi.org/10.1515/npprj-2023-
0077 

 Zielinska, M., & Markowski, M. (2010). Air drying characteristics and moisture diffusivity of carrots. Chemical 
Engineering and Processing: Process Intensification, 49(2), 212-218. 
https://doi.org/10.1016/j.cep.2009.12.005 

 Zogzas, N. P., & Maroulis, Z. B. (1996). Effective moisture diffusivity estimation from drying data. A comparison 
between various methods of analysis. Drying Technology, 14(7-8), 1543-1573. 
https://doi.org/10.1080/07373939608917163 

Zogzas, N. P., Maroulis, Z. B., & Marinos-Kouris, D. (1996). Moisture diffusivity data compilation in foodstuffs. 
Drying technology, 14(10), 2225-2253. https://doi.org/10.1080/07373939608917205 


