
*Corresponding author: chinagorom.ajike@fedcs.gov.ng 

 

 

 

Unizik Journal of Technology, Production and 
Mechanical Systems (UJTPMS) 

 
jou rna l  homepage :  h t tps : / / jou rna l s .un iz ik .edu .ng / index.php /u j tpms /abou t   

Modelling of the drying characteristics of Gmelina arborea wood: 
kinetics and thermodynamics studies 

Chinagorom Ajike1*, Samuel Ogbonna Enibe1, Ugochukwu C. Okonkwo1, Amoo-Onidundu, O. N2 
 
1Department of Mechanical Engineering, Nnamdi Azikiwe University, Awka 420218, Nigeria. 
2Department of Forest Products Development and Utilization, Forestry Research Institute of Nigeria, Ibadan 200272, Nigeria. 

  
 

1. Introduction 

Basic hygroscopicity is a fundamental characteristic that governs the handling, storage and application, of agricultural 

materials [1]. Timber, as an agricultural material, is a valued natural resource that serves directly as a material for use in 

construction, paper manufacturing, specialty wood products such as furniture, and as a fuel source [2]. Notably, the functional 

development of the tree from which the lumber is cut takes place in the presence of moisture, and the wood remains "green" or 

moist throughout the life of the tree. This moisture is present in freshly cut lumber, and for many reasons must largely be removed 

by seasoning to ease its transportation, improve its shelf life and make them suitable for many of its various uses. 

In addition to the aforementioned benefits, drying timber is one method of adding value to sawn products from the primary 

wood processing industries. According to the Australian Forest and Wood Products Research and Development Corporation 

(FWPRDC), green sawn hardwood, which is sold at about $350 per cubic meter or less, increases in value to $2,000 per cubic 

meter or more with drying and processing. Prompt drying immediately after the felling of trees protects timber against primary 

decay, fungal stain and attack by certain kinds of insects. Thus, proper drying under controlled conditions before use is of great 

importance in the lumbering industry.  

There are two methods of removing excess moisture from greenwood, namely, the natural method (air seasoning) and the 

artificial method (kiln seasoning) [3]. With developments and advancements in technology, the artificial method of controlled 

drying of wood has come to stay with the accompanying benefits. According to Ohagwu, et al [4], industrial kiln-drying techniques 

have been developed for wood drying, though with limited implementation and validation regarding the woods grown in Nigeria. 

Also, the practical application of these kilns by typical small and medium scale wood processing artisans (who form the bulk along 

the wood processing value chain) is largely undocumented. 

Due to the complexity and multi-equilibrium nature of the drying process, numerous models with varying degrees of 

sophistication have been developed for their simulation. According to Onu, et al [5], the rate at which wood dries depends upon 

several factors, the most important of which are the temperature, the dimensions of the wood, and the relative humidity. Models 

are used to inform and optimize the design and control of process conditions [6]. Thin layer models describe the drying phenomena 

in a unified way, regardless of the controlling mechanism. They have been used to estimate the drying times of several products 

and to generalize drying curves. In the development of thin-layer drying models for agricultural products, generally, the moisture 
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content of the material at any time after it has been subjected to constant relative humidity and temperature conditions is measured 

and correlated to the drying parameters [7]. Similarly, the relationship between water activity, moisture content, and temperature 

is captured in the moisture desorption isotherm. Moisture desorption is a complex and unique process due to the different ways of 

interaction between water and the solid components of the material at different moisture contents. Several models are applicable 

for the determination of the desorption isotherms for different materials. 

The general desirability of GmW species in the Nigeria timber industry occasioned by the combined effects of its fast growth 

has been reported. Despite the fact that this specie is highly sought-after, an extensive literature survey portrayed the existence of 

few reports on its kinetics modelling and thermodynamics studies which hold great information on its large-scale drying 

application. Hence, this study tried to fill-up the identified knowledge gaps. 

The aim of this research was to carry out the kinetics modelling and thermodynamics studies of the drying characteristics of 

Gmelina arborea wood. 

 

2.  Materials and Methods 

2.1 Material collection and preparation 

 The pieces of unprocessed Gmelina arborea (GmW) used for the study were obtained from a local sawmill in the Edo State 

of Nigeria (Lat. 6.5438 oN and Long. 5.8987 oE). Categorization of the physical properties of the wood sample was achieved by 

visual inspection. The feel-and-touch approach was used to determine the wood grain texture composition. 

 

2.2 Anatomical investigation 

 The GmW samples of 0.01 m x 0.01 m were obtained and boiled in water for 2 h for softening and to drive out trapped air. 

The sample was then cut into the transverse, radial and longitudinal sections (using the Reichert sliding microtome, model 843-02 

G) and afterwards washed in distilled. Sections of the sample were stained in safranin for 2 min in readiness for efficient 

microscopic study and then washed using distilled water to remove the safranin stains. After washing, the sections were tinkered 

with by dipping them into different ethanol concentrations (5 % to 50 %) to reduce the risk of damage. Thereafter, the wood 

sections were covered with clove oil for 1 h to remove any residual trace of ethanol from the specimen. Using filter paper, the 

excess clove oil was removed from the sample before mounting them (samples) on a slide. Slight Canada balsam, a mounting 

medium was added for preservation and the slide was covered again with glass. Colouring materials that could adversely affect 

visibility under the microscope were bleached off by dipping the specimen in 5 % sodium hydroxide (NaOH) for about 30 min. 

The specimen was later soaked in sodium hypochlorite (NaOCl) for 24 h and rinsed severally in water, while air bubbles were 

removed by gentle application of heat. Afterwards, a coloured photomicrograph of the sample was taken using the digital camera 

mounted on the Reichert light microscope. The descriptive terminologies, measurements and microscopic features for hardwood 

identification outlined above are all in line with Cooper, et al [8] and Angyalossy-Alfonso, et al [9]. 

 

2.3 Wood seasoning experimentation 

 The freshly sawn GmW sample of 0.5 m x 0.25 m x 0.0254 m, in length, width and thickness, respectively, were loaded in 

the laboratory-scale wood drying machine (LSWDM). The device was fabricated using a stainless-steel sheet and insulated from 

the environment with a 0.0254 m loose-fill thermal fiberglass insulator. The specified number of wood samples (about 10 samples 

of the aforementioned dimension per batch) were piled into the LSWDM while leaving about a 0.0254 m separation gap to ensure 

even and adequate circulation of air. The system was operated on a closed-loop basis, with a unidirectional airflow from the fan.  

 The incoming air was preheated using an electric 0.6 kW heater at the inlet duct and the heater power-control unit was used 

to adjust air temperature. The temperature inside the drying chamber was continuously monitored using a thermocouple (type K, 

±1 oC) that was embedded in the control component. Air was directed through a series of electrical resistance heaters to reach 

higher temperatures and was then redirected towards the drying chamber. The drying air flows horizontally over the samples. A 

blower creating axial flow and a module for controlling its rotation speed was used to adjust air velocity. A digital hot wire 

anemometer (TESTO 425, ±0.03 m/s, made in Germany) was used to measure the air velocity. The range of airflow velocity used 

is between 1.2 – 4.2 m/s and the air temperature was varied between 45 oC and 75 oC. The value range of the air temperature and 

airflow velocity were selected based on the available research literature on industrial air-drying applications. 

 Before each experiment, the dryer was left idle for about 30 min to provide attain a steady state based on predetermined 

experimental drying conditions. Then, a specific mass of the GmW samples was stacked uniformly in a thin layer on a perforated 

tray within the LSWDM. The moisture content (MC) reduction was recorded periodically (between 5 – 40 h). Consequently, the 

drying process was terminated once the samples’ MC reached equilibrium moisture content (EMC). To foreclose experimental 

error, all the drying experiments were conducted in triplicates and their mean value was subsequently adopted.  

 

2.4 Measurement of relevant drying parameters 

 The moisture content (MC) of the GmW sample on a dry basis was conducted following the standard procedure 

documented by the American Society for Testing and Materials standard method (ASTM D2974-14) [10]. The final moisture 

content at a given time is evaluated from Eq. (1). Similarly, the dimensionless moisture ratio (MR) and the water activity (aw) value 
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(which measures the extent to which inherent moisture content can get involved in physical and chemical deteriorative reactions) 

is evaluated from Eqs. (2) and (3), respectively. 

%MC =
w2

w1
∗ 100   (1) 

MR =
Mt−Me

M0−Me
   (2) 

aw =
%RH

100
   (3) 

Where w2 and w1 are the post and pre-drying weight of the GmW sample. RH is the relative humidity, while Mt, Mo, and Me are 

moisture contents (MC) at any instant of time, initial MC and equilibrium MC, respectively. 

 

2.5 Mathematical modelling  

The GmW drying data were fitted into five (5) thin-layer drying models and five (5) moisture desorption isotherm models. 

The theoretical background of the models has been extensively discussed elsewhere [11, 12], while the mathematical expression 

of the models is presented in Tables 1 and 2, respectively. The experimental data were modelled using the SOLVER function of 

the Microsoft Excel software 2016 (Microsoft Corporation, Redmond, Washington, USA). The goodness of the respective model 

fit was ascertained from the values of coefficient of determination (R2) and the sum of squared error (SSE) values. According to 

Shi, et al [13], the higher the R2-values and the lower the SSE values the better the model fitting. The R2 and SSE values were 

determined using Eqs. (4) and (5), respectively [14]. 

 

 

SSE =
1

𝑁
∑ (MRi − MRpre)

2N
i=1   (5) 

Table 1 - Kinetics models adopted in the study 

 Model names Model equation 

 Geometric [15] MR = a𝐺t−n 

 Vega-Lemus [16] MR = (a𝑉 + k𝑉t)2 

 Logarithmic [17] MR = a𝐿 ∗ exp(−k𝐿t) + c𝐿 

 Parabolic [18] MR = a𝑃 + b𝑃t + c𝑃t2 

 Henderson-Pabis [19] MR = a𝐻 ∗ exp (−k𝐻t) 

 Demir et al. [20] MR = a𝐷 ∗ exp(−k𝐷t)n + b𝐷 

 Midilli [21] MR = a𝑀 ∗ exp (−k𝑀t) + b𝑀t 

MR = Moisture ratio 

Table 2 - Moisture desorption isotherm models adopted in the study 

 Model  Model equation 

 BET [22] 
EMC =

𝑥𝑚 ∗ C𝐵 ∗ aw

(1 − aw) ∗ (1 − aw + C𝐵aw)
 

  

GAB [23]   𝐸𝑀𝐶 =
𝑥𝑚 + 𝑘

𝑐𝐺
𝑇

𝑎𝑤

(1 − 𝑘𝐺𝑎𝑤) (1 − 𝑘𝐺𝑎𝑤 +
𝑐𝐺

𝑇
𝑘𝐺𝑎𝑤)

 

  

Henderson [24] 𝐸𝑀𝐶 = (−
𝑙𝑛(1 − 𝑎𝑤)

𝑐𝐻𝑒
)

1
𝑛ℎ

 

  

Halsey [25] 𝐸𝑀𝐶 = [−
𝑒𝑥𝑝(𝐴𝐻𝑎 + 𝐵𝐻𝑎𝑇)

𝑙𝑛 𝑎𝑤
]

1
𝐶

 

  

Oswin [26] 
𝐸𝑀𝐶 = 𝐶𝑂 [

𝑎𝑤

1 − 𝑎𝑤
]

𝑛𝑜

 

EMC = equilibrium moisture content; aw = experimentally derived water activity; and T = temperature 

 

 

 

 

(4) 
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2.6 Determination of the thermodynamic parameters 

The knowledge of the effective moisture diffusivity (Deff) of a given drying operation is indispensable for determining the 

relevant thermodynamic parameter. Fick’s diffusion equation for particles with slab geometry is used to calculate the effective 

moisture diffusivity. Therefore, Fick’s equation for describing effective moisture diffusivity is generally expressed as Eq. (6). 

 

MR =  
M−Me

M0−Me
=

8

π2
∑

1

(2n−1)2 exp (
−Deff(2n−1)2π2t

4L2 )∞
n−1    (6) 

Where ‘n’ is the number of terms taken into consideration, ‘t’ is the drying time (s), ‘Deff‘ is effective moisture diffusivity (m2/s) 

and ‘L’ is the average thickness of the sample (m). After considering the first term of Eq. (6) for a long drying period, Kingsly, et 

al [27] reported a simplification of Eq. (6) to Eq. (7). Upon linearization, Eq. (7) becomes Eq. (8). 

 

MR =  (
8

π2) exp (
π2Defft

4L2 )   (7) 

ln(MR) = ln (
M−Me

M0−Me
) = ln (

8

π2) − (
Deffπ2t

4L2 )   (8) 

Furthermore, the different thermodynamics properties can be determined such as enthalpy (∆H), entropy (∆S) and Gibbs 

free energy (∆G) according to Eqs. (9)  – (11). 

∆H =  Ea − RT   (9) 

∆S = R [Ink − In (
kb

kh
) − ln T]  (10) 

∆G = ∆H − T∆S   (11) 

Where kb and kh are Boltzmann (m2 kg.s-2 K-1) and Planck's constant (J. s), respectively. 

 

3.  Results and Discussion 

3.1 Wood sample characterization 

According to the experimental findings, the GmW is a fast-growing wood species that has a medium-coarse texture, pale 

yellow colour and is lustrous when freshly sawn. The tissue dimension of the sample is shown in Table 3. From the data presented, 

an average lumen size of 147.44 µm was recorded. Notably, the lumen holds a majority of the available water in a wood sample 

and the relatively large lumen size obtained in the study indicates the presence of high moisture content in the GmW sample.  A 

proper understanding of the ray formation in wood anatomy is important because it has been established that common wood drying 

defects tend to occur along with the rays. The tangential and transverse photomicrograph of the GmW sample is presented in Figure 

1 (a and b), respectively. According to the photomicrograph, the GmW sample has a multi-seriate ray arrangement, hence the 

sample is more prone to wood drying defects when poorly processed during drying when compared to di-seriate wood samples. 

        

Fig. 1 - Photomicrograph of the (a) tangential (b) transverse section of the GmW sample (Mag. x100) 

 

Table 3 - Tissue dimensions of selected wood species 

 
Lumen size (µm) Fibre length (µm) Fibre diameter (µm) Density (kg/m3) Ray width 

147.44 790 165 510 Multi-seriate 

 

  

(a) 

 
(b) 
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3.2  Effect of process variables 

3.2.1 Effect of drying time on wood drying 

Figure 2 shows the effect of drying time (h) on moisture content reduction (%) for the GmW sample. As shown in Figure, the 

drying time varied by an interval of 5 h from 0 to 40 h, and with an initial moisture content of 90 % at zero (0) h, an increase in the 

drying time (from 0 to 30 h) generally caused a corresponding increase in the percentage of moisture loss. Beyond 30 h, a negligible 

moisture content reduction was recorded, hence the equilibrium moisture content (EMC) was achieved at the drying time of 30 h. 

Furthermore, upon close observation of the plotline of Figure 2, it was deduced that within the first 5 h of drying, rapid moisture 

loss was recorded which culminates in about 55 % reduction in the initial moisture content. A rapid loss of the free waters which 

are loosely held to the wood sample explains the observed initial rapid moisture loss [16]. Meanwhile, within the second 5 h of 

drying (that is after drying for 10 h), the previously observed rapid moisture content loss was no longer the case. Incidentally, only 

about 5.6 % of moisture content was lost from the sample. As expected, the % moisture loss decreased as the duration of drying 

extended. This is because the moisture content remaining in the wood samples sequel to the initial rapid loss of the free waters are 

now bound more and more strongly to the interior of the wood. The % moisture content loss from the samples further diminished 

as the drying time extended beyond 10 h. As seen in Figure 2, only a minimal % moisture loss of 7.09% was recorded within the 

next 20 h (that is from 10 h to 30 h) of drying. This is because the % moisture content within the wood interior at this point is 

bound by very strong chemical bonds. Hence, moisture escapes more slowly even at a relatively high operating temperature of 

700C. 

 

  

Fig. 2 - Plot of the effect of time on the final moisture content [Air velocity = 4.2 m/s, Temp = 70 0C] 

3.2.2 Effect of air velocity on wood drying 

 For efficient and effective drying of moisture-laden material, uniform air movement over the surface of such material is 

essential [29]. This is because effective airflow is relevant for two reasons; for transferring heat energy sufficient to evaporate the 

moisture and to carry away the vaporized moisture from the wood surface. The graphical representation of the relationship between 

air velocity and % moisture content is presented in Figure 3. It was observed that at the optimum drying time of 30 h, there existed 

a consistent decrease in % moisture content with an increase in the air velocity, from 1.2 to 4.2 m/s. 

At an air velocity of 1.2 m/s a final moisture content of 24.01 % was recorded, thus translating to about 65.99 % moisture 

loss from the initial moisture content of 90 %. Similarly, with a further increase in the air velocity (up to 4.2 m/s), a consistent 

increase in % moisture loss (decrease in final moisture content) was recorded. This observed decreasing final moisture content 

with a decrease in air velocity (from 4.2 to 1.2 m/s) could be explained thus. The movement of air across wet surfaces are 

accompanied by a drop in the air temperature and a corresponding rise in the air humidity. This temperature drops and rise in 

relative humidity is a function of the volume of airflow. Therefore, at low air velocity, there is limited airflow across the wet 

surface; thus, resulting in a quick rise in the relative humidity of the air, with an attendant drop in the air temperature. When this 

is the case, a low % moisture content loss will be recorded as rightly observed in the study [29]. Similarly, the increase in air 

velocity (from 1.2 to 4.2 m/s), causes an increased airflow volume through the surface and interstitial space of the sample. This 

increase in airflow implies more airflow across the surface of the wood samples, thus a smaller temperature drop and a smaller 

relative humidity rise. 
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Fig. 3 - Plot of the effect of airflow velocity on the final moisture content [Time = 30h, Temp = 70 0C] 

3.3  Drying process modelling 

3.3.1 Modelling of moisture desorption isotherm 

 The desorption equilibrium moisture relationship is important for the determination of the lowest attainable moisture 

content at constant temperature and pressure [30]. In this work, five (5) mathematical models were used to describe the desorption 

isotherm. Meanwhile, due to the inadequacy of the coefficient of determination as adjuring criteria for selecting the model of best 

fit in nonlinear regression, the sum of the square error model was adopted. Hence, the lower the SSE value for a given desorption 

isotherm model, the better the model fit [31, 32]. 

 From the data presented in Table 4, the GAB model emerged as the best fit with the lowest SSE value of 0.046. Furthermore, 

the model’s R2 value is unity, thus indicating that 100 % of the observed variation in the drying data could be explained by the 

model.  Having identified the best fit model, there is the need to relate the models’ theoretical background to the current moisture 

desorption system. Accordingly, the GAB model is a blend of Langmuir and BET isotherm models and describes the classical 

mono-molecular layer expression in Langmuir’s adsorption isotherms and the multilayer adsorption corresponding to Raoult’s law. 

It describes most of the temperature effects on isotherms using Arrhenius type equations. GAB model postulates that the state of 

sorbate water molecules in the second adsorption layer is identical to the one in the superior layers, but different from those of the 

pure liquid state. With the incorporation of a third parametric constant ‘k’ to the isotherm equation, the differences in the chemical 

potential standard between the trapped water molecules on the wood material and those of the pure liquid state could be effectively 

accounted for. 

 To further validate the best fit models, the experimentally derived equilibrium moisture content was compared with the 

predicted data sets generated by the different models as shown in Figure 4. Halsey, Oswin, BET and Henderson models emerged 

as the second, third, fourth and fifth best-fit model for GmW, with SSE values of 14.66, 33.98, 38.45 and 51.11 respectively. 

Further observation of (Table 4), showed that the SSE (14.66) values for Halsey (second best-fit) model was about three hundred 

and eighteen (318) times greater than those recorded for the GAB model. Equally, the SSE values for Oswin, BET and Henderson 

models progressively increased indicating higher sum of squared errors. This observation elucidates the fact that even though the 

Halsey model emerged as the second best-fit, the fitting ability is no way near that of GAB model. Upon visual inspection, a close 

correlation was observed between the experimental and GAB plotlines, thereby confirming the validity of the emergence of the 

GAB model as the best fit. 

Table 4 - Isotherm parameters and corresponding goodness-of-fit test values 

BET GAB Henderson Halsey Oswin 

M0 = 22.80 kG = 14.16 CH = 0.056 A = 4.44 CO = 67.96 

CB = 27.85 xG = 8.86 nH = 0.067 B = -0.03 nO = 0.54 

R2 = 0.99 CG = 5.60 R2 = 0.99 C = 0.37 R2 = 0.99 

SSE = 38.45 R2 =1.00 SSE = 51.11 R2 = 0.99 SSE = 33.98 

 SSE = 0.046  SSE = 14.66  
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Fig. 4 - Plot of the predicted and experimentally derived equilibrium moisture content 

3.3.2 Modelling of wood drying kinetics 

 Thin-layer drying equations constitute an important tool in the mathematical modelling of various materials drying. This 

is because they describe the drying phenomena in a unified way, regardless of the controlled mechanism, and they have found wide 

applications due to their ease of use. In this study, five (5) thin-layer models were employed to describe the drying kinetics of the 

GmW sample. As already explained in section 3.3.1, the respective models’ consistency and fitting adequacy was informed by 

their SSE values. Based on all goodness-of-fit test criteria (R2 and SSE values), the top three superior and perfect fitting of the 

experimental data were observed employing Demir et al, logarithmic and Henderson-P models, respectively (Table 5). Considering 

the theory behind the top three best-fitting models with regards to all the adjuring criteria (highest R2 value and lowest SSE values); 

the Henderson-P model supposes that the moisture particles are homogenous and isotropic. The model also assumes that these 

moisture particles have negligible pressure variation during their transport from the interior layer of the wood material. The Demir 

et al model postulates that the initial moisture content of the wood material is independent of other variables; thus, moisture 

equilibrium is assumed to occur at the wood-air interface during the drying operation. The logarithmic model assumes that the 

temperature distribution within the wood material is uniform and equal at air temperature; thus, the effective moisture diffusivity 

is constant. 

 However, the selection of Demir et al., Logarithmic and Henderson-P as the top three best-fitting models for GmW, do not 

in any way suggest that Midilli-Kucuk, and Parabolic models should be considered as poor-fitting models. In fact, with regards to 

the criteria for adjuring best fit models (high correlation coefficient, R2 and low error value, SSE), it could be concluded that 

Midilli-Kucuk, and Parabolic models also showed good fitting of the experimental kinetics data for GmW, returning SSE values 

of 6.3E-03 and 1.4E-04 respectively.  

 To further evaluate the accuracy and consistency of the various models in parameter prediction, curve fitting was applied. 

This helps in describing the correlation between the model predicted MR data sets and experimental MR data sets. The predicted 

data points generated by the various models Henderson-P, Demir et al and Logarithmic models were plotted alongside the 

experimental data points as shown in Figure 5. The better the correlation between the data points of a given model with the 

experimental data points, the more accurate the model description becomes. By visual inspection, the plotlines of Demir et al, 

Logarithmic and Henderson-P models showed greater correlation with the experimental data points. Such observation validates 

the emergence of these models as the all-time top three (3) models for describing the drying kinetics of GmW.  

Table 5 - Kinetic parameter and corresponding goodness-of-fit test values  

Henderson-Pabis Midilli-Kucuk Logarithmic Demir et al Parabolic 

aH = 0.36 aM = 2.03 aL = 0.35 aD = 0.35 aP = 0.27 

kH = 0.13 bM = 1.7E-03 kL = 0.12 bD = -5.4E-03 bP = -0.02 

R2 = 0.99 KM = 0.47 cL = -5.4E-03 kD = 0.35 cP = 4.1E-04 

SSE = 4.6E-05 R2 = 0.99 R2 = 0.99 nD = 0.35 R2 = 0.99 

 SSE = 6.3E-03 SSE = 3.7E-05 R2 = 0.99 SSE = 1.4E-04  

   SSE = 3.7E-05  
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Fig. 5 - Plot of the predicted and experimental moisture ratios 

3.4 Thermodynamics 

 The study of the thermodynamic properties of a system is important in the design of drying equipment, for evaluating the 

drying process kinetics and modelling. Generally, the thermodynamic study approach assumes that the heat of desorption of the 

bound water inherent in the wood sample depends on the moisture content state, the superficial layer energy state, and the 

environmental properties [33]. The thermodynamic parameters (the enthalpy change, ∆H, entropy change, ∆S and Gibbs free 

energy, ∆G) values for GmW were calculated from the desorption data and presented in Table 6. For effective discussion of the 

subject matter, the different thermodynamic properties will be accorded independent considerations further down the sections. 

3.4.1 Enthalpy change (∆H) 

 Usually, the value of ∆H is a useful indicator for elucidating the water-wood bond strength.  It is also related to the quantity 

of energy released and the available free pressure accompanying the drying operation [33, 34, 35]. The ∆H values shown in Table 

5 were negative at all temperatures. However, these values became increasingly negative with a temperature increase from 323 to 

343 K. Theoretically, the negative sign convention depicted by the ∆H values is expected considering the temperature dependence 

of ∆H. It is a well-known fact that the breakage of the intermolecular bond between the water molecules and the wood, as well as 

the subsequent diffusion of those water molecules to the drying surface, requires sufficient energy. Thus, the progressive decrease 

in the ∆H values suggests that with temperature increase, the energy required for the drying operation is reduced [36,37,38], while 

studying the variation of the physical properties of soybeans during cooking, also observed similar behaviour. 

3.4.2 Entropy change (∆S) 

 The values of ∆S are related to the degree of disorderliness within the wood sample. As shown in Table 6, the ∆S values 

were negative and also vary linearly with temperature. As was the case with ∆H, the ∆S values became increasingly negative as 

the temperature increased from 323 to 343 K. In this case, the negative sign convention is attributed to the existence of chemical 

desorption and/or structural alterations of the sample; hence, the drying processes are considered to be entropically unfavourable. 

Similarly, Corrêa, et al [39] reported that the decrease in ∆S-values with temperature increment can be explained by the fact that 

when the product is being dehydrated, moisture content decreases and the movement of water molecules become more restricted, 

thereby limiting the number of available sites. Bayram, et al [37], while studying the variations of the physical properties of 

soybeans during cooking, observed positive values for entropy changes. 

3.4.3 Gibbs Free Energy (∆G) 

 ∆G is related to the energy required to ensure the availability of sorption sites [40]. According to the values depicted in 

Table 6, ∆G-values were positive, an indication that the drying process in this study is non-spontaneous, as the wood samples often 

possess high moisture content at harvest. This trend of result characterizes an endergonic reaction, where energy is supplied from 

the external to induce the spontaneity of the reaction. Expectedly, this observation is not surprising, since Nkolo, et al [40] and 

Okonkwo, et al [41] opined that drying is a non-spontaneous process. Meanwhile, Corrêa, et al [42] attributed the magnitude of 

∆G values to the amount of work required to create available desorption sites. In Table 6, the magnitude of ∆G values was in the 

range of 105 kJ/mol, thus suggesting that substantive work was put into the creation of active desorption sites on GmW. Oliveira, 

et al [36], Corrêa, et al [42] and Martins, et al [43] obtained similar values for strawberry, coffee cherry and timbó leaf drying 

studies, respectively. 
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Table 6 - Thermodynamic properties showing ∆H, ∆S and ∆G 

Temp 

(K) 

+∆G 

(kJ/mol) 

-∆H 

(kJ/mol) 

-∆S 

(J/mol*K) 

323 105437.0 2432.72 333.962 

328 107107.1 2474.29 334.090 

333 108777.9 2515.86 334.215 

338 110449.3 2557.43 334.339 

343 112121.3 2599.00 334.461 

 

4.  Conclusions 

 This study carried out the modelling of the drying characteristics of GmW. The anatomical features of GmW show distinct 

and unique differences and further confirm the complex relationship and interactions observed in the drying process parameters. It 

was generally observed that the percentage moisture loss decreased as the duration of drying extended, with the establishment of 

the optimum drying condition at 30 h. Also, a consistent decrease in percentage moisture content was observed for all the wood 

samples as the air velocity increased from 1.2 to 4.2 m/s, while the increase in temperature caused a corresponding increase in the 

percentage moisture content loss. The GAB and Henderson-Pabis models emerged as the best fit for the experimental moisture 

desorption and thin-layer kinetic data for GmW. Equally, thermodynamics studies showed a consistent decrease in the ΔH and ΔS 

values with temperature increase, while ΔG values increased with the elevation of drying temperature. The positive ΔG values 

indicate the non-spontaneity of the drying process. 

 
NOMENCLATURE 

aw    Water activity 

∆G   Gibbs free energy    

∆H   Enthalpy change  

∆S    Entropy change 

Deff   Effective diffusivity (m2/s) 

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

kb    Boltzman constant (m2 kg.s-2 K-1) 

kh    Planck’s constant (J. s) 

MRexp   Experimentally derived moisture ratio 

MRi   ith value of the moisture ratio to be predicted 

MRpre   Model predicted moisture ratio 

R2   Coefficient of determination 

t   Time (s) 

T    Absolute air temperature (K) 

 

 

LIST OF ABBREVIATIONS 

BET   Brunauer-Emmett-Teller 

EMC   Equilibrium moisture content 

GAB   Guggenheim, Anderson and de Boer 

GmW    Gmelina arborea wood 

LSWDM  Laboratory scale wood drying machine 

MC   Moisture content 

MR   Moisture ratio 

SSE   Sum of squared error 
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