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Abstract 

Heat treatment was an eco-friendly modification technology for rubberwood, without the addition of chemical 
reagents into the wood and wood performance has been improved remarkably. Many effluents are generated from 
heat-treated rubberwood process, which were rarely researched. The effluents contain relatively high content of 
volatile organic compounds, which may seriously threaten the environment and human health. In this study, effluents 
condensated during different heat-treated stages (125 ℃, 145 ℃, 175 ℃, 185 ℃, 215 ℃) and frequently used industrial 
heat treatment production technology (185 ℃/3 h, 215 ℃/3 h) were characterized by gas chromatography–mass 
spectrometry (GC–MS). The effluents were classified as aldehydes, phenols, esters, ketones, acids, alcohols, alkanes, 
anhydride, aromatics and compounds released the most during all heat-treated stages were aldehydes. With the tem-
perature increased, the relative amounts of aldehydes decreased, while the ketones, esters and aromatics increased 
under acidic constituents (pH ranged from 4.17 to 2.47) and high moisture condition. The vanillin and coniferyl 
aldehyde accounted for much higher proportion in the aldehydes. The mass loss of rubberwood was larger under 
215 ℃/3 h (16.61%), correspondingly the effluents had more kinds of compounds at 215 ℃. These results would pro-
vide guidance for research of effluent disposal and transform biomass residues into valuable things.
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Introduction
In China, the rubber (Hevea brasiliensis) plantations 
are mainly located in Hainan, Yunnan, and Guangdong 
provinces. The rubber trees, which provide not only 
raw materials for the rubber industry but also abundant 
wood resources, are the main plantation tree species of 
the tropics [1]. In 2009, the total planted area of rubber 
trees was 13.314 million hectares in the world’s rubber 
producing countries. Among them, 12.2251 million hec-
tares were in Asia, accounting for about 90% of the global 
rubber tree planting area. The rubber tree planted area 
of China ranked the third, with a total area of 1.161 mil-
lion hectares [2], and the rubber logs were updated more 

than 2 million cubic meters annually in China. The main 
problem associated with using rubberwood is its dimen-
sional instability due to moisture adsorption/desorption 
[3]. Because of the weak mechanical strength and dimen-
sional instability, rubberwood is usually used to make 
furniture, which is generally limited to indoor applica-
tions. The modification of the rubberwood has been 
found to be effective in extending the service life and field 
of rubberwood [4]. Therefore, it is necessary to adopt 
some methods to improve the value of rubberwood.

Heat treatment was an eco-friendly modification 
technology, without chemical reagents were added 
into the wood. Heat treatment improved various wood 
properties, including the dimensional stability, color, 
and decay resistance [5]. After the rubberwood was 
heat treated, the dimensional stability and decay resist-
ance of rubberwood were elevated [6]. However, due to 
the extracts and structural materials in rubberwood, it 
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can easily release volatile organic compounds (VOCs) 
and effluents into the environment during the heat-
treatment processing. Over time, the VOCs can cor-
rode the wall on the top of house in factory. Currently, 
there were already some reports on the physical and 
chemical properties of heat-treated wood, technologi-
cal parameters of heat treatment [7], although it was 
short of the study of VOCs emitted from heat-treat-
ment processing.

The VOCs are an important class of air pollutants 
commonly found in the atmosphere at ground level in 
all urban and industrial centers [8, 9]. And they usually 
emitted unpleasant odors and may threaten people’s 
health and affected their lives [10]. Its emissions caused 
lots of environmental problems and people’s health 
problems, such as stratospheric ozone depletion, pho-
tochemical ozone formation at ground level, toxic or 
carcinogenic effects on human health, intensification of 
global greenhouse effect, accumulation and persistence 
in the environment [11]. Some study on the VOCs emit-
ted from heat-treated wood has been reported [12–14], 
since heat-treated wood materials and products are used 
indoors, safety and impact of these new materials on the 
indoor air quality should be determined. Chu et al. [15] 
analyzed the VOC emissions and antimicrobial activi-
ties of its condensate produced from the production of 
heat-treated poplar wood and discovered that the con-
centrations of phenols and ketones in the liquid byprod-
ucts decreased when the treatment temperature was 
increased, the condensate collected at 160 ℃ exhibited 
considerable biological activity in the bacterial and mil-
dew resistance tests.

Although there are no reports of effluents emitted 
from heat-treated rubberwood processing, which con-
tains large quantities of sugar, starch and extracts [16], 
greater quantities of effluents were released during heat-
treatment processing. Now the heat-treated rubberwood 
is an important wood resource for making furniture for 
export and for the production of panel products, such as 
particleboard, medium density fiberboard (MDF), wood 
fiber cement-bonded particleboard, and plywood [17]. 
It’s necessary to investigate the effluents emitted from 
the heat-treatment processing of rubberwood. The aim 
of our work is the characterization of these emissions 
by gas chromatography–mass spectrometry (GC–MS), 
and focus on the condensable effluents emitted by rub-
berwood heat-treatment processing. It would help to 
speculate, if the effluents may cause discomfort [18] and 
if they contained valuable products, which are sufficient 
for an economically viable recovery [19–21]. The results 
will also be useful for the collection and application of 
the byproducts of the heat-treated wood production 
industry.

Materials and methods
Heat treatment of rubberwood
Air dried rubberwood blocks (600 mm × 100 mm × 20 mm) 
were collected from a rubber tree of rubber clone PR107 
(25 years old) at Team 5 of the Experimental Farm of Chi-
nese Academy of Tropical Agricultural Science, in Dan-
zhou, from the Hainan province in China. The rubberwood 
blocks, whose size was similar with the blocks heat treated 
in the factory, were chosen for experiment. The heat treat-
ment of rubberwood was carried out in a small-size plant 
equipped with a heating kiln with a maximum capacity of 
0.3 m3 of wood per treatment. The treatment was started 
at an initial temperature of 60  °C and heated to 105  °C. 
And then the temperature was increased up to 185 °C or to 
215 °C by increasing by 10 °C every hour and maintained 
over a setting period, meanwhile, stream was continuously 
introduced into the kiln as a shielding gas. When the heat-
treatment temperature was increased to 185 °C or 215 °C, 
the kiln’s temperature maintained over 3  h. The conden-
sable effluent samples were taken directly from the kiln’ 
flue-gas line by means of a condensable system (circulating 
condensate water) during the heat-treatment processing, 
and they were collected at the end of each 10  min heat-
ing temperature of 125 °C, 145 °C, 175 °C, 185 °C, 215 °C 
(Fig.  1). After each sample collection, the collected con-
denser was carefully washed. The selected heat-treatment 
temperatures (185 °C or 215 °C) in this study were consist-
ent with the technical parameters used in heat-treatment 
production process of plant. The effluent samples were 
taken directly at the end of each 10  min heating tem-
perature and time of 185  °C/1  h, 185  °C/3  h, 215  °C/1  h, 
215  °C/3  h, and the collection method was similar with 
above. The wood samples used before and after heat treat-
ment was oven dried for 12 h at 60 ℃ and 12 h at 103 ± 2 ℃ 
to a constant weight. The mass loss during heat treatment 
was calculated as follows:

M = (m1 −m2)/m1 × 100%,

Fig. 1 The condensable effluent samples collected at different 
heat-treatment stages
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where m1 was the oven dry weight of wood before treat-
ment and m2 was the oven dry weight of wood after 
treatment.

Chemical analysis
The condensable effluent samples were collected and 
extracted using ethyl acetate at a volume ratio of 1:1, and 
the captured components were injected into a sample 
cube for further GC–MS analysis. The GC–MS analysis 
was carried out on a Agilent 7890B-7000B (Agilent Tech-
nologies Inc., USA) with a 30 m Hp-5 column, 0.32 mm 
i.d., 1.0  μm thickness, with the following temperature 
program: the temperature program of GC began at 50 °C 
and increased at the rate of 20 °C/min until 180 °C, and 
5  °C/min until 280  °C (20  min) was reached, helium as 
the carrier gas with a flow rate of 0.8 mL/min, splitless. 
The program of MS was scanned over a mass range of 
m/z 20–500, with an ionizing voltage of 70  eV and an 
ionization current of 150 μA of electron ionization. The 
ion source temperature was 230 °C, the quadrupole tem-
perature was 150  °C. The mass spectra were compared 
with the National Institute of Standards Library (2011) 
database to determine the pattern of organic compounds, 
whose matching rate is more than 90%, and the relative 
amounts was calculated using the area normalization 
method. The pH of the effluents condensated by VOCs 

of rubberwood from different heat-treatment stages was 
performed using a Mettler pH meter.

Results and discussion
Effluents condensated by VOCs during different 
heat‑treated rubberwood stages
Some VOCs compounds emitted during the heat-treat-
ment process of rubberwood were condensated to efflu-
ents by the cooling device and the relative amount of 
effluents at different heat-treatment stages were meas-
ured via gas chromatography–mass spectrometry (see 
Fig. 2 and Table 1).

The rubber trees were planted for the production of 
latex, and the rubberwood was rich in starch, soluble 
sugars and other carbohydrates. The hemicellulose of 
wood decomposed easily during heat treatment, and the 
acetic acid formed by deacetylation acted as a catalyst to 
promote the degradation of carbohydrates [22]. Hemicel-
lulose started to degrade at relatively low temperatures, 
forming phenols and aldehydes due to the cleavage of 
acetic acid from the acetyl side chain [23, 24]. It showed 
that the main components of effluents released at 125 ℃ 
were phenol compounds and aldehyde compounds, 
accounting for 41.64% and 16.93% of the total, respec-
tively (see Fig. 2). The amounts of phenols were the larg-
est at 125 ℃, dramatically decreased to 4.75% at 145 ℃, 
and then gradually increased from 145 to 215 ℃. Due to 
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Fig. 2 Relative amounts of the effluents condensated by VOCs of rubberwood from different heat-treatment stages
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Table 1 Relative amounts of the effluents condensated by VOCs of rubberwood from different heat-treatment stages

Groups Rt/min Compounds 215 ℃
3 h

215 ℃
1 h

185 ℃
3 h

185 ℃
1 h

175 ℃
1 h

145 ℃
1 h

125 ℃
1 h

Aldehydes 3.061 3-Furaldehyde – 0.33 – – – – –

4.091 5-Methyl-2-furancarboxaldehyde 0.05 1.56 1.53 1.86 4.41 3.72 –

4.603 1H-Pyrrole-2-carboxaldehyde 0.17 – 0.78 1.20 6.65 7.92 –

5.507 1-Methyl-1H-pyrrole-2-carboxaldehyde – – – – 0.68 – –

6.506 5-Hydroxy methyl furfural 2.22 1.03 – – – – –

7.512 Vanillin 7.26 – 12.06 10.56 22.56 36.23 5.45

7.606 3-Hydroxy-4-methoxy benzaldehyde – 5.93 – – – – –

9.655 4-Hydroxy-3,5-dimethoxy benzaldehyde 8.37 6.89 5.81 5.50 5.72 4.23 7.30

10.689 Coniferyl aldehyde 6.28 9.37 25.68 20.25 11.22 3.44 4.18

14.374 3,5-Dimethoxy-4-hydroxycinnamaldehyde 3.07 5.49 9.25 6.19 2.11 – –

Total 27.42 30.6 55.11 45.56 53.35 55.54 16.93

Ethers 3.587 Methyl acetoxy acetate 0.12 0.13 – – – – –

4.272 4-Oxo-pentanoic acid methyl ester 0.14 0.16 – – – – –

8.309 4-Hydroxy-3-methoxy benzoic acid methyl ester 3.42 – 0.30 – – – –

9.033 6-Methoxy eugenyl isovalerate – 5.06 – – – – –

Total 3.68 5.35 0.30 – – – –

Ketones 3.646 1-(2-Furanyl)-ethanone 0.02 0.06 – – – – –

3.795 2-Hydroxy-2-cyclopenten-1-one – – – – 0.48 – –

3.684 2-(5H)-Furanone 0.40 0.49 0.54 1.13 1.83 – –

3.813 1,2-Cyclopentanedione 0.42 0.45 0.17 – – – –

4.241 5-Methyl-(E)-2-hepten-4-one 0.04 – – – – – –

4.436 2,5-Piperazinedione 2.62 0.32 – – – – –

4.446 1,1-Di(isobutyl)acetone 2.31 – – – – – –

4.665 2-Hydroxy-3-methyl-2-cyclopenten-1-one 0.57 – 0.78 – 0.45 – –

4.968 1-(1H-pyrrol-2-yl)-ethanone – – – – 1.41 1.83 –

5.128 3-methyl-3-hepten-2-one – 0.16 – – – – –

6.652 3,4-Dihydroxyacetophenone 1.92 1.97 – – – – –

6.666 1-(2,5-Dihydroxyphenyl)-ethanone – – 1.04 0.43 – – –

6.875 4-Hydroxy-2-methylacetophenone – – 0.28 – 0.39 – –

7.345 2,5-Dihydroxy propiophenone – 1.24 0.87 – – – –

8.114 Apocynin – – 1.35 1.05 1.06 1.29 1.55

8.149 1-(3-Hydroxy-4-methoxyphenyl)-ethanone 2.08 1.76 – – – – –

8.420 1-(4-Hydroxy-3-methoxyphenyl)-2-propanone 6.35 5.89 2.31 1.34 1.69 – 2.62

8.671 1-(3,4-Dimethoxyphenyl)-ethanone 1.63 1.47 0.28 – – – –

8.653 3′,5′-Dimethoxyacetophenone – – 0.17 – – – –

8.921 Butyro vanillone – – 2.52 1.88 2.10 3.50 –

Total 18.36 13.81 10.14 5.83 9.41 6.62 4.17

Acids 3.670 4-Hydroxy-butanoic acid – – – – 1.72 3.01 –

3.228 Methylenecyclopropane carboxylic acid 2.28 4.40 11.41 – – – –

Total 2.28 4.40 11.41 – 1.72 3.01 –

Alcohols 3.204 3-Furanmethanol – – – 24.37 20.62 17.33 –

4.711 5-Methyl-2-furanmethanol – 2.25 – – – – –

5.960 Creosol 0.69 0.71 – – 0.28 – –

7.769 3,5-Dimethoxy-4-hydroxytoluene 6.37 – 0.94 – – – –

11.914 trans-Sinapyl alcohol – 0.17 – – – – –

Total 7.06 3.13 0.94 24.37 20.90 17.33 –
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with the increase of heat treated temperature, the lignin 
began to thermally degrade. Lignin is composed of some 
functional groups, such as phenolic hydroxyl groups, ali-
phatic hydroxyl groups and so on, and the phenols were 
mainly attributed to the cleavage of β-O-4 linkages in 
the lignin [15]. Among the phenols, the most abundant 
amount was (E)-2, 6-dimethoxy-4-(prop-1-en-1-yl)phe-
nol (24.51%), which was the reactant of vanillin [25], 
thus the vanillin was synthesized and its amount was 
increased to 36.23% at 175 ℃ (see Table 1).

The amounts of aldehydes were emitted a much higher 
proportion at different heat-treatment stages of rubber-
wood, increasing a quantity from 125 to 145 ℃, and then 
declined from 175 to 215 ℃. Among the aldehydes, the 
most abundant amounts were vanillin and coniferyl alde-
hyde. The lignin was composed of three typical units, i.e., 
p-coumaryl alcohol, coniferyl alcohol, and sinapyl alco-
hol [15] that possess functional groups, such as hydroxyl 
groups, which were easily oxidized to aldehyde. With 

the temperature increased, the lignin was decomposed 
and oxidized to form vanillin and coniferyl aldehyde. 
The amount of coniferyl aldehyde was most at 185 ℃, 
accounting for 25.68% of the total (see Table 1). The total 
ion chromatograms and the chemical composition of the 
effluent from 185 ℃ heat treatment are shown in Fig.  3 
and Table  1. According to the structural comparison of 
the aldehyde products in the effluent with the building 
units of lignin, it was concluded that the aldehyde sub-
stances were mainly derived from the degradation of 
lignin.

With the temperature increased, the relative amounts 
of aldehydes decreased, while the ketones, esters and 
aromatics increased in Fig.  2. Some secondary reac-
tions easily occurred under the acidic constituents of 
the effluents and high moisture condition. For example, 
the aldehydes were further oxidized to form ketones 
or acids at high temperature. The aldehyde and alco-
hol components undergo the aldol reaction to form a 

Table 1 (continued)

Groups Rt/min Compounds 215 ℃
3 h

215 ℃
1 h

185 ℃
3 h

185 ℃
1 h

175 ℃
1 h

145 ℃
1 h

125 ℃
1 h

Phenols 4.982 2-Methyl phenol 0.14 0.16 – – – – –

5.198 2-Methoxy-phenol 2.55 3.55 – – – – –

5.382 Maltol 2.22 1.26 1.94 1.62 2.53 – –

6.266 Catechol 3.55 5.14 6.31 4.86 – – –

6.750 3-Methyl-1,2-benzenediol 0.54 0.97 – – – – –

6.617 2-Acetyl resorcinol 0.20 – – – 0.71 – –

6.889 2-Methoxy-4-vinylphenol – – 0.18 – – – –

7.129 2,6-Dimethoxy phenol 0.64 2.75 7.76 4.75 6.21 4.75 7.33

7.769 Eugenol – – – – – – 0.51

7.926 2-Methoxy-4-propyl phenol 0.77 – – – – – –

8.291 5-tert-Butylpyrogallol – – – – – – 2.03

8.782 4-(1-Hydroxyallyl)-2-methoxyphenol 0.47 0.84 0.24 – 0.45 – –

8.945 2,6-Dimethoxy-4-(2-propenyl)-phenol 2.19 – – – – – 4.01

10.042 (E)-2,6-Dimethoxy-4-(prop-1-en-1-yl)phenol 12.77 9.31 – 0.54 – – 24.51

12.296 2,5-Bis(1,1-dimethylethyl)-1,4-benzenediol 0.33 0.25 – – – – 3.25

Total 26.37 24.23 16.43 11.77 9.90 4.75 41.64

Alkanes 4.248 2,2,4,6,6-Pentamethyl-heptane – – – – – 1.85 0.60

4.251 4-(1-Methylethyl)-heptane – – 0.21 – – – –

4.418 2,2-Diethyl-3-methyl- oxazolidine – – 1.02 1.24 – – –

Total – – 1.23 1.24 – 1.85 0.60

Anhydride 5.295 2-Methyl-propanoic acid anhydride 0.31 – – – – – –

Aromatics 7.727 1,2,4-Trimethoxy benzene – – – – – – 0.77

8.354 1,2,3-Trimethoxy-5-methyl benzene 3.89 2.25 – – – – –

Total 3.89 2.25 – – – – 0.77
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C–O–C bond, and hydroxyl groups combine with car-
bonyl groups to form hemiacetals. The reverse reaction 
would produce aldehydes and alcohols. The alcohol 
components underwent an increasing quantity from 
145 to 185 ℃, and then declined to 3.13% at 215 ℃.

The amounts of acids of effluents were gradually 
increasing, accounting for more than 4.40% of the total 
at 215 ℃ (Fig.  2), which made the condensate acidic, 
thus the pH values ranged from 4.17 to 2.47 (Fig.  4), 
with the temperature increased from 125 to 215  ℃. 
When the temperature was at low stages, the main 
compounds of effluents were aliphatic acids, such as 
4-hydroxy-butanoic acid. It showed that when the 
temperature gradually increased, the main acid was 
aromatic acid, and the relative amount of methylenecy-
clopropane carboxylic acid was decreasing from 11.41 
to 2.28%, ranging from 185 to 215 ℃ (Table 1).

Comparison of effluents discharged from different 
technological parameters of heat treatment 
of rubberwood
To explore whether the effluents discharged from heat 
treatment of rubberwood had harmful impact on the 
environment, we chose the usual heat treatment techno-
logical temperature, i.e., 185 ℃ and 215 ℃ for studying, 
and simulating the plant production. The comparison of 
effluents discharged from different technological param-
eters of heat treatment of rubberwood is exhibited in 
Fig. 5.

It is shown that the effluents at 215 ℃ had more com-
pounds than the one at 185 ℃, the reason could be that a 
higher heat-treatment temperature led to more intricate 
reactions of the wood cell wall chemicals, thus produc-
ing more complicated gas components [19]. Correspond-
ingly, the mass loss of rubberwood was larger at 215 ℃ 
than the rubberwood’s at 185 ℃, accounting for 16.61% 
and 2.87%, respectively. As shown in Fig.  4, aldehydes 
had the highest proportion among the effluents at the 
beginning of heat treatment of rubberwood. With the 
heat-treatment temperature increased and the treatment 
time became longer, the relative amounts of aldehydes 
and acids declined, while the amounts of ketones, esters 
and phenols became much more. Because the treatment 
temperature became higher, the thermal-oxidation reac-
tion among compounds was further more intense [26]. 
When the technological parameters of heat treatment 
were 215 ℃/3 h, new compounds the emerged from the 
effluents, such as aromatics and anhydrides, due to the 
severer reactions (see Table 2).

The effects of effluents on the environment and potential 
application
Environmental concerns related to discharges of vola-
tile organic compounds arise since they are potential 

Fig. 3 The total ion chromatograms of the effluent from 185 ℃/1 h heat treatment
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precursors for photochemical formation of ozone, other 
atmospheric oxidants and aerosols. As exhibited in 
Table 1, this study provided substantial data on the chem-
ical composition of emissions from heat treatment of 
rubberwood, which simulated the production used by an 
industrial kiln. The aldehydes were the main compounds 
in the effluents at all of the different heat-treatment 
stages of rubberwood. Aldehydes were some of the most 
undesirable VOCs because of their unpleasant odor and 
potential toxicity [27]. Due to the acids in the VOCs gen-
erated from the heat treatment of rubberwood, the roof 
of the plant was corroded. According to the “China wood 
protection industrial development plan (2016–2020)”, 
the heat-treated wood anticipated to be approximately 

100,000 m3 until 2020 [15]. As the main tropical planta-
tion, the heat-treated rubberwood accounts for a certain 
proportion of the total production. If the effluents were 
discharged randomly, many of the VOCs would cause 
nonnegligible environmental pollution to water and soil.

Table  1 exhibits that the amounts of vanillin and 
coniferyl aldehyde accounted for much higher pro-
portion in the aldehydes, and these byproducts could 
be used for disease treatment due to their anti-bacte-
rial and anti-oxidant properties, which could trans-
form waste material into things of value [28]. Since 
some research reported antioxidant activity of wood 
extractives and lignin-derived compounds [29, 30], 
the effluents of heat-treated rubberwood contain lots 
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Table 2 Relative amounts of  the  effluents condensated by  VOCs of  rubberwood from  different heat-treatment 
technological parameters

Temperature/time Aldehydes Esters Ketones Acids Alcohols Phenols Alkanes Anhydride Aromatics

185℃/1 h 45.56 – 5.83 – 24.37 11.77 1.24 – –

185℃/3 h 55.11 0.3 10.14 11.41 0.94 16.43 1.23 – –

215℃/1 h 30.60 5.35 13.81 4.40 3.13 24.23 – – 2.25

215℃/3 h 27.42 3.68 18.36 2.28 7.06 26.37 – 0.31 3.89
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of phenols. They need to be recycled for further study 
on its antioxidant properties and application value and 
these will improve the profitability of the industrial 
process.

Conclusion
The characterization of effluents generated during heat-
treated rubberwood can be used to undertake prelimi-
nary assessments of potential environmental impacts 
on cleaner heat-treated production. The results showed 
that the effluents emitted from heat-treated rubber-
wood can be classified into aldehydes, phenols, esters, 
ketones, acids, alcohols, alkanes, anhydride, and aro-
matics. The heat-treatment temperature affected the 
total output and chemical composition of the effluents. 
The amounts of aldehydes accounted for much higher 
proportion among all compounds at different heat-
treatment stages and some of the aldehydes had appli-
cation value. With the temperature increasing from 125 
to 215 ℃, the amounts of acids of effluents were gradu-
ally increasing, and the pH values ranged from 4.17 to 
2.47. Thus the effluents could not discharge directly, 
which would cause nonnegligible environmental pol-
lution to water and soil. This study provided guidance 
for research of effluent disposal and transform biomass 
residues of effluent into things of economic value.
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