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Abstract
This paper investigated the impact of microwave-assisted drying on the energy consumption, drying rate, surface temperature, 
drying time, static bending properties, and quality of dried rubberwood (Heavea brasiliensis) using different scenarios of 
combined microwave and convective air drying. Combined microwave and convective drying experiments were performed 
at frequencies of 2.45 ± 0.05 GHz and microwave power of 4.8 kW, air drying temperatures of 30, 50, and 70 °C, and air 
drying velocity of 5.0 m/s using a multifeed microwave-convection hot air and continuous belt system (CMCB). The test 
results showed that rubberwood drying in a microwave system with multiple wave feeding and convection heating together 
with a conveyor in a hybrid system reduced the moisture of rubberwood from 70% to an average of approximately 20%. In 
addition, the most suitable conditions for the experiment were drying at an air temperature of 30 °C for 30 min and then in a 
microwave at 30 °C, compared to 30 °C for 30 min and then turning on the microwave at temperatures of 50 and 70 °C. The 
minimum energy consumption for drying with this method was 16.3 kWh. The results also indicated that the end quality of 
rubberwood samples dried under microwave-assisted drying was similar to that of conventional drying but better than that 
of rubberwood samples dried under combined microwave and air drying.

1  Introduction

Rubberwood is a widely used utility wood due to its high 
density, tempered colour, dimensional stability (swelling and 
shrinkage) and suitability for decoration; additionally, it can 
be used in other industries (Ratnasingam et al. 2010). A cor-
rect drying operation stabilizes wood dimensions, improves 
mechanical properties, and protects them from biological 

attacks by reducing the moisture content to desirable values. 
However, the methods currently being used, such as the use 
of solar energy and hot air energy, have drawbacks in terms 
of drying time. Moreover, the quality of the workpiece, 
which depends on the traditional baking process, is affected 
due to the delay in heat transfer during the traditional dry-
ing process, which generates heat from the work surface 
toward the core material and results in damage to the work 
surface from overheating (Hansson and Antti 2003, 2006; 
Ratnasingam et al. 2010). By contrast, the alternative drying 
process, which uses microwave energy for drying, can evenly 
distribute heat throughout the workpiece due to the interac-
tion between the electromagnetic field and the entire work-
piece. This is a fast and instant process and therefore has the 
advantage of a shorter duration when compared to traditional 
drying methods. Additionally, the quality of the workpiece is 
improved, as the work surface reaches a very high heat but 
distributes that heat throughout the work. There are many 
methods of drying with microwave energy. Using microwave 
energy with hot air throughout the drying process can reduce 
the drying time more than when drying with only hot air; 
however, there have been observations about deformation in 
the structure after drying with heat. Another study presented 
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a microwave drying process with hot air, defined as a hybrid 
system, which turns on microwave or infrared power to help 
in the drying phase to reduce the effects of heat on the work-
piece (Kowalskii and Rajewska 2009; Chena et al. 2019; Lv 
et al. 2017).

The drying process of planks using superhot air and steam 
to improve the drying performance was studied by research-
ers such as Johansson et al. (1997) and Dubey et al. (2016). 
Kowalskii and Rajewska (2009) studied the effectiveness of 
microwave hot air drying and infrared radiation to reduce the 
drying time associated with maintaining the final quality of 
the product. Holtz et al. (2010) studied the average energy 
efficiency of microwaves with hot air for drying. In addition, 
the breakthrough of the use of microwave-assisted heating in 
wood was developed by Rattanadecho (2006), who created a 
2D mathematical model to study the phenomena occurring 
during the wood drying process using microwave energy 
as a heater within a pipe, i.e. a rectangular wave (rectangu-
lar wave guide). Vongpradubchai and Rattanadecho (2009) 
studied the phenomenon of drying wood using microwave 
energy while using a conveyor belt. This study examined 
the effectiveness of microwave energy to maintain high 
product quality and advances in a shortened drying time 
with volumetric (bulk) heating, as confirmed by Henin et al. 
(2014) and Ouertani et al. (2018). Furthermore, Prommas 
et al. (2012) analysed energy and exergy in the drying pro-
cess of dry porous materials using a continuous microwave 
conveyor. By focusing on the drying phenomenon under 
the microwave drying process in the industry, Charoenvai 
et al. (2013) compared the product properties and specific 
energy consumption values in the use of microwave energy 
and microwave energy with hot air. Their research utilized 
the drying of plywood made from Durian peel.

Regarding the drying process, most of the researchers 
used traditional systems such as hot air drying, which is 
a less efficient system and takes a long time to dry. New 
research utilizes modern systems such as vacuum, micro-
wave and infrared for drying; however, the parameters used 
as study criteria are not complete in all areas. In addition, 
the microwave system used in the experiment mostly works 
in batches (batch system). Moreover, the machine is just a 
prototype at the laboratory level—(laboratory-scale) only—
and not a system used in real industry. This is a point that 
future studies need to consider when trying to determine an 
efficient alternative method of drying. Due to the multipo-
sition microwave system and use of convection heat along 
with the continuous conveyor used in this research, the pre-
sent method is a continuous flow system that can be used 
on a commercial scale. Thus, this method can be used for 
industrial applications. In the design of the drying process in 
this research, there is a combined system to dry rubberwood 
using the energy from the microwave together with hot air 
from the heater from the beginning to the end of the drying 

process. This hybrid system, which is a two-step drying pro-
cess for rubberwood, involves a combination of the use of 
hot air at the initial stages of the drying process without 
turning on the microwave power system. After the specified 
period has elapsed, a microwave with hot air is turned on 
until the end of the drying process.

This research examined the heating process of a multi-
wave microwave feed system and continuous convection 
heating with a conveyor by studying information about the 
device-related working equipment, including the machine 
control procedures, to prepare for an experiment. The rub-
berwood drying process was studied by analysing param-
eters such as the drying rate, temperature of the rubberwood 
surface, percentage of moisture that decreased during the 
drying process and quality of the workpiece after drying in 
regard to its mechanical properties such as the internal wood 
strength and value of wood.

2 � Materials and methods

2.1 � Combined microwave drying system

Rubberwood drying experiments were carried out using 
a multiposition microwave and convection system with a 
continuous conveyor belt. This combined multifeed micro-
wave-convection air and continuous belt system (CMCB) 
(Figs. 1, 2) has a working frequency of 2.45 ± 0.05 GHz, 
which has been used in wide-ranging industrial applications 
as assigned by the International Microwave Power Institute 
(IMPI) (Metaxas 1991). The microwave oven used in this 
study has a total of 12 air-cooled magnetrons, resulting in a 
maximum power of 11.2 kW; this power is suitable for con-
tinuously baking a large number of workpieces. This setup 
can also adjust the wave feed direction on the workpiece 

Magnetrons 

On-off microwave 
controller

Driving-gear 
controller 

Heater 

Fig. 1   Multi-feed microwave-convection hot air and continuous belt 
system (CMCB)
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by controlling the position of the 12 magnetons. The wave 
receiving period of the workpiece can be adjusted more or 
less by adjusting the speed of the belt, which has a belt con-
veyor speed of 2.0 m/min and passes through the oven via 
the conveyor to evaporate the moisture from the workpiece 
using the exhaust fan.

2.2 � Sample preparation and drying experiments

In this paper, the kinetics of the drying process of rub-
berwood with dimensions of 5.0  cm wide × 2.5  cm 
thick × 30.0 cm long was studied using the multiposition 
microwave and convection system with a continuous con-
veyor system as a combined hybrid heating system and for 
conventional convective drying (hot air drying) to reduce the 
moisture content of rubberwood from 70% to an average of 
20% (dry basis). Initially, the dry weight of rubberwood was 
determined by taking samples of rubberwood and drying it 
with a hot air dryer at a temperature of 103 ± 0.05 °C until 
the weight of the rubberwood was reduced to a constant 
value. Then, these data were used to calculate the initial 
moisture percentage. In each case, 22 pieces of fresh rub-
berwood that had not undergone any chemical processing 
or drying before the case were used. The variable used in 
the experiment was the temperature of hot air (an accuracy 
of ± 1.0 °C) in conjunction with the microwaves and drying 
methods of various systems. The details are explained in 
Table 1.

Rubberwood was then dried in various cases until the 
drying kinetics were known. During the drying process in 
the combined system, the temperature distribution on the 
rubberwood surface was examined using a thermo-infrared 
camera with an accuracy of ± 0.05 °C at various time inter-
vals of 10, 30, 50, 70, 90, and 110 min. Sequentially, the 
suitable conditions of each process were evaluated, and the 
mechanical properties and energy used throughout the dry-
ing process were obtained. The physical properties of the 
rubberwood after drying—which could be initially evalu-
ated in a visual manner, such as by twisting and cracking—
using rubberwood with dimensions of 2.0 cm wide × 2.0 cm 
thick × 30.0 cm long under different processes, are shown 
in Table 2.

 
(a) Structure of the multi-position microwave and convection system together with 
a continuous conveyor belt 

Supporting Frame 

(b) Positions of the 12 magnetrons in the multi-wave microwave and continuous 
convection system with a conveyor belt 

Fig. 2   Combined microwave drying system. a Structure of the multi-
position microwave and convection system together with a continu-
ous conveyor belt. b Positions of the 12 magnetrons in the multi-wave 
microwave and continuous convection system with a conveyor belt

Table 1   Cases of the rubberwood drying experiments

a Combined heat system using microwave energy together with hot air from the beginning of the drying process to the end of the process
b Hybrid system turned on at the ambient temperature of 30 °C for 30 min. After that, microwave energy is combined with the hot air until the 
end of the process
c Drying with hot air from the beginning of the drying process to the end of the process

Case Process Energy source Conditions

1 Combined systema Microwave energy + hot air Microwave power with an ambient air temperature of 30 °C
2 Combined system Microwave energy + hot air Microwave power with an ambient air temperature of 50 °C
3 Combined system Microwave energy + hot air Microwave power with an ambient air temperature of 70 °C
4 Hybrid systemb Microwave energy + hot air Microwave power with an air temperature 30 °C
5 Hybrid system Microwave energy + hot air Microwave power with a hot air temperature 50 °C
6 Hybrid system Microwave energy + hot air Microwave power with a hot air temperature 70 °C
7 Hot air dryingc Hot air Hot air temperature of 50 °C and a relative humidity (RH) of 65 ± 1%
8 Hot air drying Hot air Hot air temperature of 70 °C and a relative humidity (RH) of 65 ± 1%
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2.3 � Mechanical properties measurement

A static bending test was carried out in accordance with the 
British Standard (BS 373 1957) to determine the modulus 
of rupture (MOR) and modulus of elasticity (MOE), and 
ultimate force in axial direction, as shown in Fig. 3. The 
structure of the rubberwood was examined using a high-
magnification microscope.

3 � Results and discussion

Rubberwood was dried using a multiwave microwave feed-
ing system and convection heating with a continuous con-
veyor in a combined heat system (hybrid system), and with 
hot air using a multimode microwave mode at a frequency 
of 2.45 ± 0.05 GHz with 6 magnetrons and a total power of 
4800 W. The temperatures and moisture content at the rub-
berwood surface, drying time, and energy used to dry were 
analysed as follows.

Table 3 shows the duration and total energy used in the 
drying of rubberwood in the combined system, hybrid sys-
tem, and hot air drying to reduce the moisture content of 
rubberwood from 70% to an average of approximately 20%. 

Table 2   Drying experiments to reduce the external damage of rubberwood after drying

a Combined heat system using microwave energy together with hot air from the beginning of the drying process to the end of the process
b Hybrid system turned on at the ambient temperature of 30 °C for 30 min. After that, microwave energy is combined with the hot air until the 
end of the process

Case Process Conditions Additional condition

1 Combined systema Microwave power with an ambient air temperature of 30 °C Not applicable
2 Combined system Microwave power with an ambient air temperature of 30 °C Reduce conveyor speed
3 Combined system Microwave power with an ambient air temperature of 30 °C Not applicable
4 Hybrid systemb Microwave power with a hot air temperature of 30 °C Not applicable

Fig. 3   Modulus of rupture (MOR) testing in tangential direction

Table 3   Energy consumption 
for drying rubberwood

Case Process Moisture (%) Time (min) Measured 
energy used 
(kWh)

1 Combined system at 30 °C 19.77 130 15.9
2 Combined system at 50 °C 19.99 120 18.0
3 Combined system at 70 °C 19.55 110 20.3
4 Hybrid system at 30 °C 17.32 150 16.3
5 Hybrid system at 50 °C 18.63 140 17.3
6 Hybrid system at 70 °C 18.22 130 20.5
7 Hot air drying at 50 °C 57.18 450 24.8
8 Hot air drying at 70 °C 56.78 450 46.6
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According to the data in the table, drying rubberwood with 
microwave energy in the system and the combined heat and 
hybrid systems can decrease or shorten the drying time and 
energy consumption compared to drying with only hot air.

As indicated in Table 3, the minimum energy consump-
tion of 16.3 kWh was obtained for hybrid system operated 
at 30 °C (ambient) for drying the rubberwood surface dur-
ing the first 30 min and an ambient temperature of 30 °C 
together with microwave energy. The lowest energy con-
sumption of only hot-air baking was 24.8 kWh, which took 
considerable time and energy to reduce the moisture in rub-
berwood. Both hot air temperatures—50 °C and 70 °C—
reduced the moisture content to the same level, but in terms 
of energy consumption during drying, the use of hot air at 
50 °C was found to consume less energy (24.8 kWh). In both 
cases, the drying time was 450 min, but the moisture could 
be reduced to 16.78. Thus, microwaves were found to cut 
drying times by one-third.

The experiments were performed using the microwave set 
to temperatures of 30, 50, and 70 °C to reduce the moisture 
from the initial moisture content of 70% to an average of 
20%. A graph of the relationship between the temperature 
(left vertical y-axis) and moisture content (right vertical 
y-axis) at different drying times is shown in Fig. 4. From 
the experimental results, the drying of rubberwood using 
a CMCB reduces the moisture content from a 70% initial 
value (dry basis) to approximately 20%. Regarding the dry-
ing temperature, since rubberwood is a test material with a 
high initial moisture content before drying, during the first 
30 min of drying, the temperature of the rubberwood sur-
face (surface temperature) of all three cases tended to go in 
the same direction. The temperature increased rapidly. This 
high temperature occurred because of the presence of mois-
ture content in rubberwood (Rattanadecho 2006; He et al. 
2019). This property results in wood being able to absorb 
a large amount of microwave energy and efficiently con-
vert it into heat energy. Moreover, when the drying period 

elapsed and the moisture of the rubberwood decreased, this 
property resulted in the ability of the rubberwood to absorb 
microwaves, resulting in temperature rise at a decreasing rate 
because heat accumulated inside the wood pieces, prevent-
ing the temperature of the surface of the rubberwood from 
dropping immediately. The temperature remained relatively 
stable for a period of time as the moisture transfer from 
the wood was constant. After that, it took approximately 
80–100 min for the rubberwood to dry inside out and accu-
mulate on and near the surface, causing the temperature of 
the rubberwood surface to increase again.

As shown in Fig. 4 (left vertical y-axis), when consid-
ering the influence of hot air temperature combined with 
microwave energy, it was found that during the first 30 min, 
the rubberwood surface had a high temperature consistent 
with the temperature of the hot air used However, over time, 
with the temperature of the rubberwood surface remaining 
constant, it was found that the use of microwave energy with 
a hot air temperature of 70 °C resulted in the rubberwood 
surface temperature being slightly lower than the use of 
microwave power at hot air temperatures of 30 and 50 °C. 
Due to the rapidly decreasing moisture content (see Fig. 4, 
right vertical y-axis) causing considerable water evapora-
tion from the surface, this also resulted in substantial heat 
transfer out of the skin.

In terms of moisture percentage, the temperature of rub-
berwood increases dramatically during the first 30 min of 
drying from the absorption of microwave energy and con-
verts it into heat, causing moisture to rapidly decrease. 
Considering the drying rate, this period is called the initial 
adjustment period (IAP). The moisture on the surface of 
rubberwood is still high. As shown in Fig. 4, the use of 
microwave energy combined with high hot-air temperature 
resulted in a stable drying rate period that was faster than 
when using a low hot-air temperature.

With regard to the drying rate of rubberwood in the com-
bined heat system, a trend was found that corresponded to 

Fig. 4   Temperatures and mois-
ture content at different drying 
times of rubberwood in the 
combined and hybrid systems
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the decrease in the moisture percentage of the rubberwood 
at the beginning of the period. The drying rate increased in 
the first 30 min, but after that, the drying rate entered a con-
stant-rate period, which, in principle, is relatively stable and 
consistent throughout the period. However, Fig. 5 (left ver-
tical y-axis) shows that there was an increase and decrease 
in the drying rate throughout the period. This result can be 
found clearly in the case of using microwave energy with 
hot-air temperatures of 30 and 50 °C for the drying process. 
A complex phenomenon occurred over time when moisture 
was transferred from the wood during the drying process. As 
a result, the ability to absorb microwave energy and change 
it to heat changed constantly. Therefore, the drying rate was 
not constant. However, the use of a high hot-air temperature 
(70 °C) showed that the drying rate was relatively high and 
more stable than when using a low hot-air temperature.

As shown in Fig. 5, it was found that the drying rate 
period had a rather consistent value. When compared to the 
drying of rubberwood in the combined heat system, only 
the first microwave energy phase with a hot-air temperature 
of 30 °C showed a rapid change in the drying rate. When 

the microwave was turned on, heat and moisture transferred 
quickly and continuously, making the drying rate quite high.

The microwave was turned on at temperatures of 30, 50, 
and 70 °C to reduce the humidity from an initial moisture 
content of 70% to an average of approximately 20%, and the 
data were recorded. The relationship between the tempera-
ture (left vertical y-axis) and drying time and the relation-
ship between the moisture percentage (right vertical y-axis) 
and drying time (Fig. 6) are provided.

From the experimental results, drying rubberwood by 
hybrid system reduced the moisture from an initial value of 
70% to an average of approximately 20% in all three cases. 
During the first 30 min, at an ambient temperature of 30 °C, 
rubberwood was first subjected to the hot-air temperature to 
remove some surface moisture. When turning on the micro-
wave after 30 min, the temperature of rubberwood increased 
rapidly due to the presence of more moisture in the wood. 
After that, it took 100–110 min for the rubberwood to dry, 
resulting in the temperature of the rubberwood to increase 
again.

Fig. 6   Temperatures and mois-
ture contents at different drying 
times of the rubberwood in the 
hybrid system for all 3 cases

Fig. 5   Drying rates and mois-
ture percentages when drying 
rubberwood in the combined 
heat system (combined system) 
for all 3 cases and hybrid 
system (hybrid system) for all 
3 cases
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According to Fig. 6 (left vertical y-axis), considering the 
influence of the hot-air temperature combined with micro-
wave energy, during the first 30 min, the rubberwood surface 
area was similar to the ambient temperature. When turning 
on the microwave with hot air, it was found that the use 
of microwave energy with hot-air temperatures of 50 and 
70 °C resulted in the temperature of the rubberwood surface 
becoming higher than when using microwave power with an 
ambient temperature of 30 °C.

In terms of moisture percentage, since the first 30 min of 
drying used only the ambient temperature of 30 °C, the sur-
face moisture content of rubberwood was slightly reduced. 
However, this slight decrease was important, as the main 
aim was to expel moisture from the skin so that the rub-
berwood texture was more porous due to moisture gradient. 
The absorbed microwave energy could be converted into 
heat, causing the moisture to rapidly decrease during the 
30–50-min time period, this period is called IAP. However, 
the moisture of rubberwood was still high, and the micro-
wave energy began to convert and transfer into heat in the 
wood and entered the constant rate period from the 50th min 
onward. Then, the moisture transfer continued until reaching 
120 min. Figure 6 (right vertical y-axis) shows that the use 
of microwave energy together with a hot-air temperature of 
30 °C resulted in a decrease in humidity that is less than the 
use of hot-air temperatures of 50 and 70 °C. When consider-
ing an average moisture percentage of approximately 20%, 
it was found that the influence of hot air affects the drying 
time. For example, if the microwave was opened and a tem-
perature of 50 and 70 °C was used to dry, this method was 
shorter than with an ambient temperature of 30 °C.

Regarding the drying rate of rubberwood in a hybrid sys-
tem, it was found that there was a trend corresponding to 
the decrease in the percentage of moisture in the rubber-
wood during each period. That is the drying rate increased 
slightly in all three cases, but after opening the microwaves, 
there was a rapid increase in the drying rates. This result is 

comparable to the initial adjustment period and entering the 
constant rate period after the 50th min and onward.

For conventional drying experiment, the temperature was 
set at 50 and 70 °C to reduce the initial moisture content 
of 70% to an average of approximately 60%. Figure 7 (left 
vertical y-axis) presents the relationship between the tem-
perature and drying time, and Fig. 7 (right vertical y-axis) 
presents the relationship between the moisture content and 
drying time. Convection heating reduced the moisture con-
tent in rubberwood from 70% to an average of approximately 
60%, which is significantly lower than that with the micro-
wave drying process incorporated. In both cases, the temper-
ature of the rubberwood surface gradually increased at the 
beginning of the drying process until it reached 180 min. As 
evident in the case of 70 °C hot air, the surface temperature 
of rubberwood did not increase beyond the temperature of 
the hot air used in the drying process. Owing to convection 
where heat was fed only to the surface of the rubberwood, 
when drying for a period of time, the rubberwood surface 
was dry, but the moisture inside the wood remained because 
heat was not fully conducted. A temperature difference to 
cause heat transfer into the wood was required. This was dif-
ferent from drying with microwave energy, which caused the 
rubberwood to heat thoroughly from the inside. Therefore, 
this process required a long drying time, resulting in high 
energy consumption.

The drying time was found to be very long when using 
hot air alone for drying rubberwood. Temperatures of 50 
and 70 °C did not yield very different rates of decreasing 
moisture content, with an average variation of only 1% com-
pared to the hot-air temperature, as shown in Fig. 7 (right 
vertical y-axis). Moreover the drying rate was 25 times lower 
in conventional heating than when using microwaves in the 
combined heat and hybrid system, as shown Fig. 8. When 
drying rubberwood at a hot air temperature of 70 °C, the 
average drying rate was slightly higher than that of drying 
at a hot-air temperature of 50 °C.

Fig. 7   Temperatures and mois-
ture contents at different drying 
times of rubberwood with hot 
air in both cases
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3.1 � Temperature distribution on rubberwood 
surface

Figure 9 shows the temperature distribution on the rubber 
wood surface during the drying process in the combined 
system after 10, 30, 50, 70, 90 and 110 min. In the first 
phase of the drying process, rubberwood absorbed micro-
wave energy, and heat was generated around the edges and 
at the end of the rubberwood on both sides. As time went on, 
the distribution was consistent throughout the wood pieces, 
with the slowest heat generating point located at the bottom 
of the rubberwood. The temperature uniformity of the rub-
berwood was caused by the transfer of heat from the inside 
to the outside with the interaction between the rubberwood 
and the microwaves and the movement of the rubberwood 
on the belt. The wave feeding position allowed the material 
to be hit in many directions and caused the wave to be dis-
tributed widely throughout the area. Therefore, rubberwood 
received waves thoroughly in all areas.

3.1.1 � Temperature field on the surface of samples 
under hybrid drying

The temperature distribution patterns on the rubberwood 
surface during the drying process in the hybrid system at 
10, 40, 70, 100, 120, and 150 min are shown in Fig. 10. 
At the beginning, only a temperature of 30 °C (ambient) 
was required to first expel some of the moisture from the 
skin. The temperature distribution was found to be consistent 
throughout the wood pieces. Rubberwood had a tempera-
ture close to the temperature of the surrounding atmosphere. 
When microwaves were turned on at 30 min, the distribution 
pattern was similar to the case of the combined heat system. 
Rubberwood absorbed microwave energy, and heat was gen-
erated at the edges and end on both sides. As time went on, 
the distribution became even across the wood pieces.

Fig. 9   Temperature distribution 
on the surface of the rubber-
wood subjected to combined 
heat (combined system) at vari-
ous times

at 10 min at 30 min at 50 min

at 70 min at 90 min at 110 min

Fig. 8   Drying rates and mois-
ture contents when drying rub-
berwood with hot air in 2 cases
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3.1.2 � Temperature field on the surface of samples 
under hot air drying

The temperature distribution on the rubberwood surface dur-
ing the hot-air drying process (50 °C) at various times of 30, 
120, 210, 300, 390, and 450 min is shown in Fig. 11. The 
temperature first gradually increased to a moderate degree 
and remained relatively stable or slowly increased until the 
end of the drying process. When drying with hot air, the 
temperature distribution was uneven across the wood pieces. 
One side had a temperature higher than that of the other, 
as it was heated from the outside to the inside by hot air. 
This method resulted in a less thorough transmission of heat 
compared to uniform heating in wood pieces with microwave 
energy.

3.2 � Mechanical properties of dried rubberwood

The duration and energy used throughout the drying process, 
including the physical properties of the rubberwood after 

drying such as twisting, cracking, and overall integrity, were 
evaluated initially by sight. Suitable cases were selected for 
use in the mechanical testing of wood as follows:

1.	 Combined heat system (combined system at 30 °C)
2.	 Hybrid system (hybrid system at 30 °C)
3.	 Drying using hot-air method (50 °C)

3.2.1 � Modulus of elasticity (MOE) and modulus of rupture 
(MOR)

Twenty-two rubberwood samples for each specific test with 
dimensions of 2.0 cm wide × 2.0 cm thick × 30.0 cm long 
were subjected to the drying process in all three cases. Sam-
ples from all three drying methods were tested for mechani-
cal properties using a bending test to obtain the modulus of 
rupture (MOR), modulus of elasticity (MOE) and the ulti-
mate force as shown in Table 4.

The MOE, MOR, and ultimate force applied to all three 
cases indicated that rubberwood dried by microwave energy 

Fig. 10   Temperature distribu-
tion on the surface of the rub-
berwood in a hybrid system at 
various times

at 10 min at 30 min at 50 min

at 70 min at 90 min at 110 min

Fig. 11   Temperature distribu-
tion on the surface of rubber-
wood during hot air drying at 
various times

at 30 min at 120 min at 210 min 

at 300 min at 390 min at 450 min
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Table 4   Modulus of elasticity 
(MOE), modulus of rupture 
(MOR), and ultimate force 
applied to 3 cases

Process MOE (MPa) (axial 
direction)

MOR (MPa) (tangential 
direction)

Ultimate force 
(kN) (axial direc-
tion)

Mean COV Mean COV Mean COV

Combined system at 30 °C 5206 0.007 88.42 0.049 2919 0.001
Hybrid system at 30 °C 5404 0.002 97.34 0.069 3434 0.009
Hot-air drying at 50 °C 4643 0.004 88.43 0.027 2952 0.004

Fig. 12   Rubberwood structure 
of a non-treated rubberwood 
and rubberwood structure dried 
by b the combined process, c 
the hybrid process, and d the 
hot-air process

with the combined heat system and hybrid system resulted 
in rubberwood being similar to drying with hot air. Owing 
to the presence of a magnetron that emitted microwaves in 
many directions along with the directions and movement 
of the conveyor belt, the rubberwood thoroughly received 
microwaves. Heat was therefore conducted throughout the 
rubberwood, resulting in a low temperature difference in 
the wood. Highest mechanical properties were obtained in 
samples dried through hybrid system.

3.2.2 � Microstructural characteristics

Drying rubberwood with combined system and hybrid sys-
tem (hybrid system) caused no changes to the internal struc-
ture of the wood. After examing the pictures from a digital 
microscope (taken from the top at the same coordinate ref-
erence position as shown in Fig. 12), it can be observed 
that the structure of the pores in the wood keeps the same 
shape without any distortion or damage as the rubberwood 
was thoroughly microwaved. Heat was therefore generated 
throughout the rubberwood. The temperature difference was 

low. Therefore, the occurrence of thermal stress (heat stress) 
was reduced. This was different from drying with hot air. 
Hot-air drying deformed the internal structure of the wood 
which can be observed from the shape of the damaged poros-
ity, as in Fig. 12d, which is consistent with the results of the 
mechanical property tests detailed in the previous section.

3.2.3 � Evaluation of surface appearance of dried 
rubberwood samples

Considering the quality of the rubberwood that could be 
observed visually, it was found that the colour of the wood 
remained the same, and the shape of the wood experi-
enced a slight contraction after drying due to shrinkage of 
rubberwood.

After drying the rubberwood with both the combined 
heat and hybrid systems, it was found that the quality of 
most pieces was good, and the pieces were similar in both 
colour and original shape, as shown in Figs. 13 and 14. The 
quality of the wood depended on the temperature of the hot 
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Fig. 13   Rubberwood after 
drying in the combined system 
with hot air at the following 
temperatures: a 30 °C, b 50 °C, 
and c 70 °C

5.0 cm 5.0 cm 

5.0 cm 5.0 cm 

5.0 cm 5.0 cm 

(a.1) Before drying 

(b.1) Before drying 

(c.1) Before drying 

(a.2) After drying at 30 oC

(b.2) After drying at 50 oC 

(c.2) After drying at 70 oC

Fig. 14   Rubberwood after dry-
ing in the hybrid system with 
hot air at different temperatures: 
a 30 °C, b 50 °C, and c 70 °C

5.0 cm 5.0 cm 

5.0 cm 5.0 cm 

5.0 cm 5.0 cm 

(a.1) Before drying (a.2) After drying at 30 oC 

(b.1) Before drying (b.2) After drying at 50 oC 

(c.1) Before drying (c.2) After drying at 70 oC
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air, which was different in each drying process, as opening 
the microwave with a high air temperature had a significant 
effect on the quality of the wood. In other words, the higher 
the hot-air temperature, the more likely the wood was to be 
deformed, warped, or split.

4 � Conclusion

The results of rubberwood drying experiments using a 
microwave system with multi-position wave feeding and 
convection heat together with a continuous conveyor can be 
summarized as follows:

•	 The combined system reduced the moisture content 
from 70% to an average of approximately 20% within 
110–130 min depending on the temperature of the hot 
air. Using this method, it was found that the minimum 
energy consumption for drying was 15.9 kWh, and the 
shape was also less distorted than that of drying alone 
with hot-air at temperatures of 50 and 70 °C.

•	 Hybrid system reduced the moisture content of rubber-
wood from 70% to an average of approximately 20% in 
130–150 min depending on the temperature.

•	 Rubberwood dried by the hybrid system had the 
highest strength. The modulus of elasticity was 
5,404 ± 12.8  MPa, the modulus of rupture (MOR) 
was 97.34 ± 6.7  MPa, and the maximum force was 
3434 ± 31.7 N.

•	 Rubberwood after drying using the hybrid process was 
better than drying in the combined heat system.

Acknowledgements  The authors gratefully thank you for Thailand 
Government Budget Grant and PMU B (Contract No. B05F630092) 
provided financial support for this study.

Author contributions  All authors whose names appear on the submis-
sion as follows: (1) made substantial contributions to the conception 
or design of the work; or the acquisition, analysis, or interpretation 
of data; or the creation of new software used in the work; (2) drafted 
the work or revised it critically for important intellectual content; (3) 
approved the version to be published; and (4) agreed to be account-
able for all aspects of the work in ensuring that questions related to 
the accuracy or integrity of any part of the work are appropriately 
investigated and resolved.

Funding  This research was financially supported by the Thailand 
Research Fund (TRF) under RTA 5980009 (Funder ID: http://​doi.​org/​
10.​13039/​50110​00043​96).

Availability of data and material (data transparency)  None.

Code availability (software application or custom code)  None.

Declarations 

Conflict of interest  On behalf of all authors, the corresponding author 
states that there is no conflict of interest.

References

British Standards Institution (1957) BS 373: methods of testing small 
clear specimens of timber is classified in these ICS categories: 
79.040 Wood, sawlogs and sawn timber. Pilsen, Czech Republic

Charoenvai S, Yingyuen W, Jewyee A, Rattandecho P, Vongpradubchai 
S (2013) Comparative evaluation on product properties and 
energy consumption of single microwave dryer and combination 
of microwave and hot air dryer for durian peel particleboards. 
Energy Procedia 34:479–492

Chena L, Yu Z, Xu H, Wan K, Liao Y, Ma X (2019) Microwave-
assisted co-pyrolysis of Chlorella vulgaris and wood sawdust 
using different additives. Bioresour Technol 273:34–39

Dubey MK, Janowiak J, Mack R et al (2016) Comparative study of 
radio-frequency and microwave heating for phytosanitary treat-
ment of wood. Eur J Wood Prod 74:491–500

Hansson L, Antti AL (2003) The effect of microwave drying on Nor-
way spruce woods strength: a comparison with conventional dry-
ing. J Mater Process Technol 141:41–50

Hansson L, Antti AL (2006) The effect of drying method and tem-
perature level on the hardness of wood. J Mater Process Technol 
171:467–470

He Z, Qian J, Qu L, Wang Z, Yi S (2019) Simulation of moisture 
transfer during wood vacuum drying. Results Phys 12:1299–1303

Henin JM, Leyman M, Bauduin A et al (2014) Phytosanitary treat-
ment of European pallets by microwave: developing a program to 
ensure compliance with ISPM 15 and monitoring its efficacy on 
the house longhorn beetle (Hylotrupes bajulus L.). Eur J Wood 
Prod 72:623–633

Holtz E, Ahrne L, Rittenauer M, Rasmuson A (2010) Influence of 
dielectric and sorption properties on drying behaviour and energy 
efficiency during microwave convective drying of selected food 
and non-food inorganic materials. J Food Eng 97:144–153

Johansson A, Fyhr C, Rasmuson A (1997) High temperature convective 
drying of wood chips with air and superheated steam. Int J Heat 
Mass Transf 40(12):2843–2858

Kowalskii SJ, Rajewska K (2009) Effectiveness of hybrid drying. Chem 
Eng Process 48:1302–1309

Lv H-F, Ma X-X, Zhang B et al (2017) Microwave-vacuum drying of 
round bamboo: a study of the physical properties. Constr Build 
Mater 211:44–51

Metaxas AC (1991) Microwave heating. J Microw Power Electromag 
Energy 237–247

Ouertani S, Koubaa A, Azzouz S et al (2018) Microwave drying kinet-
ics of jack pine wood: determination of phytosanitary efficacy, 
energy consumption, and mechanical properties. Eur J Wood Prod 
76:1101–1111

Prommas R, Rattanadecho P, Jindarat W (2012) Energy and exergy 
analyses in drying process of non-hygroscopic porous packed bed 
using a combined multi-feed microwave-convective air and con-
tinuous belt system (CMCB). Int Commun Heat Mass Transfer 
39:242–250

Ratnasingam J, Grohmann R, Scholz F (2010) Drying quality of rub-
berwood: an industrial perspective. Eur J Wood Prod 68:115–116

Rattanadecho P (2006) The simulation of microwave heating of wood 
using a rectangular waveguide: influence of frequency and sample 
size. Chem Eng Sci 61:4798–4811

http://doi.org/10.13039/501100004396
http://doi.org/10.13039/501100004396


European Journal of Wood and Wood Products	

1 3

Vongpradubchai S, Rattanadecho P (2009) The microwave process-
ing of wood using a continuous microwave belt drier. Chem Eng 
Process 48:997–1003

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Influence of the microwave-accelerated process on the drying kinetics, mechanical properties and surface appearance of rubberwood (Heavea brasiliensis)
	Abstract
	1 Introduction

	2 Materials and methods
	2.1 Combined microwave drying system

	2.2 Sample preparation and drying experiments
	2.3 Mechanical properties measurement
	3 Results and discussion
	3.1 Temperature distribution on rubberwood surface
	3.1.1 Temperature field on the surface of samples under hybrid drying

	3.1.2 Temperature field on the surface of samples under hot air drying
	3.2 Mechanical properties of dried rubberwood
	3.2.1 Modulus of elasticity (MOE) and modulus of rupture (MOR)

	3.2.2 Microstructural characteristics
	3.2.3 Evaluation of surface appearance of dried rubberwood samples
	4 Conclusion
	Acknowledgements 
	References

