
molecules

Article

Comparison on Reduction of VOCs Emissions from
Radiata Pine (Pinus Radiata D. Don) between Sodium
Bicarbonate and Ozone Treatments

Ye Qin 1, Fei Qi 2, Zhiping Wang 1, Xianbao Cheng 1, Botao Li 1, Anmin Huang 1,* and Ru Liu 1

1 Research Institute of Wood Industry, Chinese Academy of Forestry, Beijing 100091, China;
qinye@caf.ac.cn (Y.Q.); 15321593606@163.com (Z.W.); cheng.xianbao@163.com (X.C.);
18360736480@163.com (B.L.); liuru@criwi.org.cn (R.L.)

2 Beijing Key Lab for Source Control Technology of Water Pollution, College of Environmental Science and
Engineering, Beijing Forestry University, Beijing 100083, China; qifei@bjfu.edu.cn

* Correspondence: ham2003@caf.ac.cn; Tel.: +86-10-62889437

Academic Editors: Marcello Locatelli, Angela Tartaglia, Abuzar Kabir, Dora Melucci,
Roberta Risoluti and Stefano Materazzi
Received: 20 December 2019; Accepted: 20 January 2020; Published: 22 January 2020

����������
�������

Abstract: Volatile organic compounds (VOCs) in wood furniture are an important factor that affects
indoor air quality. In this study, radiata pine (Pinus radiata D. Don) was treated with sodium
bicarbonate and ozone aqueous solution to reduce the VOC contents without sacrificing mechanical
properties. The VOCs of radiata pine were identified by gas chromatography-mass spectrometry
(GC-MS), and the functional group changes of wood samples were characterized by Fourier-transform
infrared spectroscopy (FTIR). The results showed that the main VOCs of radiata pine include alkenes,
aldehydes, and esters. The sodium bicarbonate and ozone treatments almost eliminated the VOC
contents of radiata pine. The two treatments mentioned above had little effect on compressive strength
and surface color of radiata pine.

Keywords: indoor air quality; volatile organic compounds; sodium bicarbonate treatment; ozone
treatment; radiata pine

1. Introduction

With the expansion of requirements for living quality, people have paid increasingly more attention
to the impact of volatile organic compounds (VOCs) released from furniture, which is an important
factor that affects indoor air quality. As one of the most common materials for furniture, the release
of VOC in wood and wood-based composites has attracted significant attention from researchers [1].
High concentrations of the total content of VOC (TVOC) are highly toxic to the human body [2];
many compounds in VOCs have carcinogenic risks [3]. VOCs in wood include alkenes, alcohols,
aldehydes, and ketones [4], and the main VOC constituents of radiata pine are composed of α-pinenes
and β-pinenes. Most children’s furniture in China is made of radiata pine; therefore, the reduction of
the VOC content of radiata pine has great significance.

Heat treatment can effectively remove aldehydes from wood [5], and is an effective wood
processing technology that affects the physical and chemical properties of wood [6]. Hyttinen et al. [7]
reported that heat treatment can significantly reduce the emission of VOCs, such as terpenes and
aldehydes, from European poplar samples due to the degradation or evaporation of small molecules.
Additionally, Jiang et al. [8] stated that caproaldehyde and pentaldehyde in wood VOCs were highly
sensitive to temperature. In a preliminary study, it was found that the main VOC content of southern
yellow pine samples decreased the most when heat treatment was conducted at 220 ◦C [9]. However,
the energy consumption of heat treatment in the wood industry is high, and it can cause other

Molecules 2020, 25, 471; doi:10.3390/molecules25030471 www.mdpi.com/journal/molecules

http://www.mdpi.com/journal/molecules
http://www.mdpi.com
https://orcid.org/0000-0001-5880-5504
http://dx.doi.org/10.3390/molecules25030471
http://www.mdpi.com/journal/molecules
https://www.mdpi.com/1420-3049/25/3/471?type=check_update&version=2


Molecules 2020, 25, 471 2 of 13

drawbacks including the change of surface color and decrease of mechanical strength [10]. As another
effective method, extraction is often used to modify wood chemical properties, and affects wood
thermal stability [11], cementing [12,13], and antibacterial properties [14]. Studies have shown that
wood VOCs mainly originate from their extraction [15]. Therefore, the compounds in wood can be
finely extracted by solvent extraction [16]. Researchers [17] have used ethanol-toluene to reduce wood
VOCs. However, the content of the solvent that remains in the treated samples is high. Some studies
have also shown that extraction with ethanol-cyclohexane can significantly reduce the emission of
terpenes and aldehydes in pine [18]. The reduction of VOCs by extraction has not been widely used
due to the high content of solvent that remains in the treated wood. It is also difficult for the extraction
of large samples in the actual production process, and for the treatment of waste liquid containing
chemical solvents generated by extraction.

As the VOCs of wood mainly result from extraction, easily realized chemical methods were used
to treat radiata pine in this study. Alkali treatment is a common chemical treatment, and studies have
shown that alkaline solutions can promote the hydrolysis of fats and resins in wood [19]. It has been
found that the sodium hydroxide solution can partially remove terpenes and aldehydes from pine
extract [18]. Sodium bicarbonate has been used as a buffer to significantly reduce the VOC contents in
styrene-acrylate emulsion [20] and acrylic elastic emulsion [21]. Additionally, researchers have found
that treating cannabis leaves with sodium bicarbonate could inhibit their VOC acidity and reduce
aldehyde emissions [22]. However, the treatment of wood with sodium bicarbonate will lead to the
increase of hydroxyl on the surface of wood [23], which can easily decompose hemicellulose and lignin,
thereby damaging the structure of wood [24] and affecting its use. In this experiment, weakly alkaline
sodium bicarbonate was used to treat the radiata pine for reducing VOCs, and exhibited less impact
on the performance of samples while removing VOCs. In addition, oxidants can be used to simply
and efficiently treat wood extracts and remove VOCs. Studies have shown that removing VOCs from
pine wood with hydrogen peroxide as an oxidant can reduce the emission of monoterpenes [25]. As a
type of oxidant, ozone can effectively reduce the TVOC concentration of sewage [26] and promote the
photodegradation of VOCs in the atmosphere [27]. Researchers have found that wood reacts with an
ozone solution [28], which degrades partial extracts in the wood [29]. Therefore, ozone treatment can
also play a positive role in the removal of VOCs from wood and creates fewer by-products [30].

As mentioned previously, VOCs of wooden furniture are important factors that affect indoor air
quality [31,32], which in turn affects human health. Currently, there are few technologies to remove
wood VOCs without sacrificed other properties of wood. Therefore, in this paper, radiata pine was
respectively treated by sodium bicarbonate and ozone aqueous solution to reduce its VOC content.
Solid-phase microextraction (SPME) coupled with gas chromatography-mass spectrometry (GC-MS)
was used to determine the changes in VOC content [33,34]. Fourier-transform infrared spectroscopy
(FTIR) was used to analyze the changes in functional groups of various VOC components [35,36]. The
method proposed in this paper can effectively reduce the VOC content of radiata pine, and promote
the use of radiata pine furniture due to its decreased VOCs release.

2. Results

2.1. FTIR Results and Analysis of Functional Groups

The FTIR spectra of the untreated and treated radiata pine samples are presented in Figure 1. The
characteristic chemical band of wood in the FTIR spectra was determined according to the existing
literature [37]. The detailed peak positions are listed in Table 1.
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Figure 1. Fourier-transform infrared (FTIR) spectra: (a) untreated radiata pine (RP), (b) sodium
bicarbonate-treated RP, (c) ozone-treated RP.

Table 1. Main bands of the infrared spectrum of RP and their functional groups.

Wave Number (cm−1) Functional Groups

1730 C=O stretching of acetyl or carboxylic acid
1640 C=C stretching of the aromatic ring
1510 C=C stretching of the aromatic ring
1425 C-H plane deformation (aromatic ring skeleton)
1370 C-H bending vibration
1270 Benzene ring–oxygen bond stretching vibration (lignin)
1160 C-O-C anti-symmetric telescopic vibration
1109 C-O-C vibration

From the FTIR results, some chemical changes were found to have occurred after the treatments
with different processing methods. As shown in Table 2, the relatively stable aromatic ether at 1270
cm−1 was selected as the internal standard control peak and the control values of other peak areas
were obtained.

Table 2. The value of main infrared spectral bands of RP relative to the reference peak.

Wave Number (cm−1)
Relative Value

Untreated Sodium Bicarbonate Treatment Ozone Treatment

1730 1.38 0.93 1.10
1640 1.32 0.81 1.00
1510 1.49 1.30 1.16
1425 0.64 0.56 0.59
1370 0.66 0.46 0.61
1160 0.39 0.40 0.42
1109 0.28 0.49 0.26

The absorption peaks at 1640 cm−1, 1510 cm−1, and 1425 cm−1 were attributable to the vibration of
the aromatic ring framework. The absorption peak strengths of the treated samples decreased compared
to those of the untreated samples. Both of these treatments will cause C=C to be destroyed. Alkali
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treatment can remove lignin in wood powder, exposed more cellulose and increase the concentration of
hydroxyl on the surface of cellulose [38]. Ozone treatment can oxidize lignin and lead to hemicellulose
degradation. The absorption peak at 1730 cm−1 is attributable to C=O. The absorption peaks of the
treated radiata pine samples were slightly moderate here, indicating that the sodium bicarbonate and
ozone treatments reduced the amount of aldehyde compounds. The wavelength at 1640 cm−1 is the
wide absorption peak of C=C stretching vibration, and the strength of this characteristic peak of the
ozone-treated samples was slightly lower than that of the untreated samples, indicating that C=C was
fractured under the action of ozone. The absorption peaks at 1160 cm−1 and 1109 cm−1 were generated
by expansion vibration absorption of aliphatic ether. Table 2 shows that the relative value of fat ether
of ozone-treated samples is smaller than that of sodium bicarbonate treated samples. Both of these
reactions were accompanied by the formation of small molecules, so there is an increase in the group at
peaks 1160 and 1109.

2.2. GC-MS

The occurrence times, specific names, and relative contents of different VOC compounds in radiata
pine before and after treatment as determined by GC-MS are exhibited in Table 3. The corresponding
characteristic peaks in the GC-MS chromatograms of the samples are presented in Figure 2.

Table 3 lists the main VOCs before and after treatment. The high-content (>5%) compounds
in the untreated radiata pine included Methoxyacetic acid, pentyl ester (peak 2, 9.29%),
Furfural (peak 6, 19.98%), 3,5-Dimethylpyrazole (peak 9, 11.19%), 1H-3a,7-Methanoazulene,
2,3,4,7,8,8a-hexahydro-3,6,8,8-tetramethyl-, [3R-(3.alpha.,3a.beta.,7.beta.,8a.alpha.)]- (peak 25,
5.28%)—and Di-epi-.alpha.-cedrene—(peak 28, 38.63%). After the sodium bicarbonate and ozone
treatments, the contents of these compounds changed greatly. Both treatments effectively reduced the
VOC contents, and these major compounds were significantly reduced. In general, the VOC contents
of the sodium bicarbonate-treated samples were lower than those of the ozone-treated samples.

Figure 2. Gas chromatography-mass spectrometry (GC-MS) chromatograms of untreated and treated RP.
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Table 3. Comparison of volatile organic compound (VOC) contents of untreated and treated RP.

Peak Number RT(min) Compounds Percentage (%) 1

Untreated Sodium Bicarbonate Treatment Ozone Treatment

1 0.50 Acetone 0.67 —— ——
2 1.10 Methoxyacetic acid, pentyl ester 9.29 —— ——
3 1.61 n-Hexylmethylamine —— —— 1.10
4 1.81 Actinobolin —— —— 2.38
5 4.36 Hexanal 1.85 0.20 ——
6 5.21 Furfural 19.98 —— ——
7 5.58 Arsenous acid, tris(trimethylsilyl) ester —— —— 1.47
8 5.83 n-Butyl ether —— 0.35 0.29
9 5.85 3,5-Dimethylpyrazole 11.19 —— ——
10 7.24 1-Cyclopentyl-2,2-dimethyl-1-propanol —— 0.24 ——
11 7.32 Octane, 3-methyl- —— —— 0.21
12 9.26 Benzaldehyde 2.51 1.05 0.88
13 9.35 1,3,2-Dioxaphosphorinane-2-methanol, 2-oxo-.alpha.-phenyl- —— 2.11 ——
14 9.58 Butanoic acid, butyl ester —— —— 0.39
15 10.04 7H-Dibenzo[b,g]carbazole, 7-methyl- —— 0.66 1.97
16 10.20 2,5-Dihydroxyacetophenone, bis(trimethylsilyl) ether —— 0.58 ——
17 10.22 Decane, 2,2-dimethyl- 1.33 —— ——
18 11.49 D-Limonene 0.45 —— ——
19 11.57 N-carbobenzyloxy-l-tyrosyl-l-valine —— 1.24 ——
20 11.58 Benzyl alcohol 1.34 1.49 0.87
21 13.72 Nonanal —— 0.60 ——
22 13.75 Undecane 0.42 —— ——
23 13.84 Cyclohexanol, 4-methyl- —— 0.39 0.19
24 16.61 Cyclohexene, 1-methyl-5-(1-methylethenyl)-, (R)- 1.98 —— ——

25 22.80 1H-3a,7-Methanoazulene, 2,3,4,7,8,8a-hexahydro-3,6,8,8-tetramethyl-,
[3R-(3.alpha.,3a.beta.,7.beta.,8a.alpha.)]- 5.28 —— 0.15

26 23.02 1H-3a,7-Methanoazulene, octahydro-3,8,8-trimethyl-6-methylene-,
[3R-(3.alpha.,3a.beta.,7.beta.,8a.alpha.)]- 4.58 0.29 0.12

27 27.51 Cedrol —— 1.24 0.68
28 27.59 Di-epi-.alpha.-cedrene 38.63 0.36 ——
29 27.91 Silane, [[4-[1,2-bis[(trimethylsilyl)oxy]ethyl]-1,2-phenylene]bis(oxy)]bis[trimethyl- —— 0.28 0.12

Total content 99.52 11.09 10.80

1 The percentage contents of the main compounds were calculated according to the peak area. 2 “—” indicates that the phase pair content of the substance was lower than the detection limit.
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However, these two treatments had different effects on the contents of different
VOCs. The sodium bicarbonate treatment reduced the contents of 1H-3a,7-Methanoazulene,
2,3,4,7,8,8a-hexahydro-3,6,8,8-tetramethyl-, and [3R-(3.alpha.,3a.beta.,7.beta.,8a.alpha.)]—(peak
25)—more efficiently. The ozone treatment more efficiently reduced the contents of other
compounds, including Hexanal (peak 5), Benzaldehyde (peak 12), Benzyl alcohol (peak
20), 1H-3a,7-Methanoazulene, octahydro-3,8,8-trimethyl-6-methylene-, [3R-(3.alpha.,3a.beta.,7.beta.,
8a.alpha.)]—(peak 26)—Di-epi-.alpha.-cedrene—(peak 28)—Silane, and [[4-[1,2-bis[(trimethylsilyl)
oxy]ethyl]-1,2-phenylene]bis(oxy)]bis[trimethyl—(peak 29).

All compounds within the radiata pine VOC range were classified (Table 4) as alkenes, aldehydes,
esters, alkanes, alcohols, ketones, amines, ethers, and others. Figure 3 indicates that, after the sodium
bicarbonate and ozone treatments, the VOC contents of main compounds such as alkenes, aldehydes,
and esters in the radiata pine samples were significantly reduced.

Table 4. Main VOCs of RP before and after treatment.

Group Compounds

Alkenes

d-Limonene; Cyclohexene, 1-methyl-5-(1-methylethenyl)-, (R)-; 1H-3a,7-Methanoazulene,
2,3,4,7,8,8a-hexahydro-3,6,8,8-tetramethyl-, [3R-(3.alpha.,3a.beta.,7.beta.,8a.alpha.)]-;
1H-3a,7-Methanoazulene, octahydro-3,8,8-trimethyl-6-methylene-,
[3R-(3.alpha.,3a.beta.,7.beta.,8a.alpha.)]-; Di-epi-.alpha.-cedrene

Aldehydes Hexanal; Furfural; Benzaldehyde; Nonanal

Alkanes
Octane, 3-methyl-; 1,3,2-Dioxaphosphorinane-2-methanol, 2-oxo-.alpha.-phenyl-; Decane,
2,2-dimethyl-; Undecane; Silane,
[[4-[1,2-bis[(trimethylsilyl)oxy]ethyl]-1,2-phenylene]bis(oxy)]bis[trimethyl-

Ketones Acetone
Amines n-Hexylmethylamine; Actinobolin

Esters Methoxyacetic acid, pentyl ester; Arsenous acid, tris(trimethylsilyl) ester; Butanoic acid,
butyl ester

Alcohols 1-Cyclopentyl-2,2-dimethyl-1-propanol; Benzyl alcohol; Cyclohexanol, 4-methyl-; Cedrol
Ethers n-Butyl ether; 2,5-Dihydroxyacetophenone, bis(trimethylsilyl) ether

Others 3,5-Dimethylpyrazole; 7H-Dibenzo[b,g]carbazole, 7-methyl-;
N-carbobenzyloxy-l-tyrosyl-l-valine

Figure 3. Contents of VOC groups in RP before and after different treatments.
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Studies had found that pinene compounds in pine were easy to be oxidized, which were usually
shown as aromatization [39]. Terpenes reacted quickly with ozone or hydroxyl radicals to produce
different organic compounds, including aldehydes and small amounts of ketones [40].

Hoigne [41] initially proposed the advanced oxidation technology and mechanism, which is a
process of producing free radicals by different methods. The oxidation of organic compounds by ·OH
radicals can be divided into three reactions [42], and the reaction formula is as follows.

RH + OH→ H2O + R

It can be seen that the ·OH radical can stimulate the inert hydrogen on the organic ring and react
with dehydrogenation to form an R radical, which becomes the initiator of further oxidation. For the
electrophilic addition reaction, the reaction formula is as follows.

OH + PHX→ HOPHX

Finally, for the electron transfer reaction, the reaction formula is as follows.

OH + RX→ RX+ + OH

Ozone interacted with water molecules to produce ·OH radicals and superoxide radicals to act
on samples [43]. Studies have found that lignin degrades in ozone [44], cellulose glycoside bonds
break [29], and free radicals can enter the internal reactions of the samples. Studies on ozone have
shown that when ozone passes into alkenes-containing solutions, carboxylic acids are generated under
oxidation conditions [45]. It can be seen that the VOC compounds in the untreated samples were
mainly composed of furfural, and some furfural may degenerate into polysaccharide under the action
of thermal stress [46]. Part of the alcohol can react with sodium bicarbonate to form sodium alcohols
(potassium alcohols) and water.

Most ester groups in the wood come from the acetyl groups in hemicellulose components. In
alkaline solutions, ester groups are hydrolyzed and free hydroxyl groups are released, leaving acetate
ions in the solution [47]. The reaction formula is as follows.

Researchers have found that when cannabis leaves are treated with sodium bicarbonate, the
aldehyde contents are reduced compared with untreated leaves [22]. In a reaction study of ozone and
aldehydes, it was found that the slow reaction of ozone and aldehydes occurs in the atmosphere [48].
In this experiment, water was used as the reaction medium, and the long-term exposure of a high
concentration of ozone had a significant impact on the aldehydes in the sample, resulting in a decline
in their contents. The sodium bicarbonate and ozone treatments presented a good removal ability of
the VOC ester compounds; sodium bicarbonate can promote the hydrolysis of esters [23,24], and it has
been found that ozone has a good effect on esters in the treatment of municipal sewage [49].

The ozone and sodium bicarbonate treated the ethers in the VOC of the samples, which were the
products of the replacement of hydrogen in the hydroxyl groups of alcohol by hydrocarbon groups. The
VOC in the untreated samples was mainly acetone, which was easily soluble in water and oxidized by
strong oxidants. The amine content increased after the ozone treatment, mainly producing actinobolin
and n-Hexylmethylamine; the sodium bicarbonate treatment completely removed amines.
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2.3. Analysis of the Effects of Treatments on Physical and Microscopic Properties

2.3.1. Strength Properties and pH Values of Samples

The compressive strength and deformation of each sample before and after treatment were tested
by the universal testing machine, and the results are exhibited in Table 5.

Table 5. The compressive strength and pH value of RP before and after treatment.

Treatment Compressive Strength (MPa) Standard Deviation pH Value

Untreated 68.25 7.46 4.54
Sodium bicarbonate treatment 59.88 5.01 4.95

Ozone treatment 63.71 7.36 4.56

Table 5 shows that the compressive strength of the samples treated with sodium bicarbonate
decreased by 12.12%, and that of the samples treated with ozone decreased by 6.55%. It has been
reported that the compressive strength of wood samples decreased by about 5% when the heat
treatment temperature was 110 ◦C [50]. With the increase of temperature, the compressive strength of
wood samples decreased gradually. When the temperature reached 200 ◦C, the compressive strength
of the samples decreased by about 35% after 10 h of heating [51]. In summary, compared with the
reduction of wood VOCs by heat treatment, the two proposed treatment methods had a small impact
on the compressive strength of wood.

It can also be seen from Table 5 that the acidity of the sample treated with sodium bicarbonate was
decreased compared with that of the untreated radiata pine, indicating that the sodium bicarbonate
treatment changed the acidity and alkalinity of the samples, while the ozone treatment did not have
any effect.

2.3.2. Surface Colors and Micro-Textures of Samples

As shown in Figure 4, the difference in surface color of the samples treated by the two treatment
methods was small compared with the untreated samples. The ozone-treated samples became lighter,
and the sodium bicarbonate-treated samples became darker.

Figure 4. Images of surfaces of RP. (a) untreated sample, (b) sodium bicarbonate-treated sample, (c)
ozone-treated sample.

As shown in Figure 5, the SEM images of the radiata pine samples illustrate clear features, such as
fibers and pores. The pore morphology of the untreated samples was complete and slightly protruding,
and the fiber morphology was complete. The SEM images of samples treated with sodium bicarbonate
reveal that some striations shrank inward and some changes took place in the fiber, indicating that the
internal structure of the sample changed under the action of the sodium bicarbonate; the crystallinity of
cellulose decreased, and the binding layers of lignin or hemicellulose and cellulose were destroyed [52].
The compressive strength of the samples treated with sodium bicarbonate decreased.
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Figure 5. SEM images of RP: (a) untreated sample, (b) sodium bicarbonate-treated sample, (c)
ozone-treated sample.

The SEM images of radiata pine samples after ozone treatment reveal that the striated pores were
expanded and broken in the middle. Ozone affected the double bonds in the VOCs of radiata pine
samples, and also had a bleaching effect [53,54]. The fiber structure of the radiata pine was changed,
which may have been caused by the ozone action of cellulose; thus, the compressive strength of the
samples after ozone treatment was slightly reduced [29].

3. Materials and Methods

3.1. Materials

Radiata pine (Pinus radiata D. Don) was imported from New Zealand by Linyi Fuhe Wood Co.,
Ltd., Shandong, China. The initial moisture content of the test materials was between 8% and 10%,
and the materials were stored at 10–40 ◦C with a relative humidity of 30–70% for one year.

3.2. Preparation of Wood Samples

The radiata pine logs were processed into 20 × 20 × 30 mm3 experimental samples. They were
dried in an oven (Shanghai Yihuan Experimental Instrument Co., Ltd., Shanghai, China) at 103 ◦C
until a constant weight was reached. Experimental samples were divided into three groups. One was
the control group, and the other two were the experimental groups.

3.3. Treatment

3.3.1. Sodium Bicarbonate Treatment

Sodium bicarbonate solution with a mass fraction of 1% was used for the impregnation of wood
specimens. The samples were placed in a vacuum drying chamber (Shanghai Boxun Industry and
Commerce Co., Ltd., Shanghai, China). They were first vacuumed to −0.1 MPa, and maintained at a
temperature of 80 ◦C for 60 min. After maceration, samples were placed in a beaker that contained an
appropriate amount of distilled water to dilute the mass fraction to 0.25%. The beaker was then placed
on an electric stove (Tianjin Zhonghuan Science and Technology Development Company, Tianjin,
China) and heated for 60 min. After, the wood samples were removed and air-dried for a few days
before drying them in an oven.

3.3.2. Ozone Treatment

An ozone generator was obtained from Beijing Linke Science and Technology Co., Ltd., Beijing,
China. It was combined with a reaction vessel to form the experimental device. The velocity of the
ozone was 250 mL·min−1. The wood samples were placed in the generator and treated for 60 min.

3.4. Fourier-Transform Infrared Spectroscopy

FTIR was used to analyze the chemical changes of the wood samples at room temperature (Nikolai
Instruments, WI, USA). Potassium bromide (KBr) was used as the background spectrum. Before
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spectral collection, the dried sample powder was mixed with KBr at a weight ratio of 1:100. Each
sample was scanned 10 times in a spectral range from 400 cm−1 to 4000 cm−1 with a resolution of
0.4 cm−1.

3.5. Gas Chromatography-Mass Spectrometry

3.5.1. Solid Phase Micro Extraction (SPME)

The wood powder was placed in a sealed overhead bottle, and placed in a 60 ◦C water bath pot
after using a 100 µm PDMS SPME head to adsorb the volatile organic compounds. The adsorption time
was 40 min. The solid phase micro-extraction head was then inserted into the gas chromatographic
inlet, and analysis was conducted for 4 min.

3.5.2. Chromatographic Conditions

Helium gas was used as the carrier gas at a constant flow rate of 1.0 mL/min and an injection
port temperature of 250 ◦C. The initial temperature was 40 ◦C, which was then increased at a rate of 5
◦C/min to 230 ◦C, and finally maintained for 5 min.

3.5.3. Mass Spectrometry

The analysis conditions included a GC-MS interface temperature of 280 ◦C, an ion source
temperature of 230 ◦C, and a quadrupole temperature of 150 ◦C. The ionization mode was electron
ionization, the electron energy was 70 eV, and mass scanning ranged from 30 m/z to 550 m/z.

3.5.4. Qualitative and Quantitative Analyses of Compounds

Compounds were identified by comparing the MS spectra to the NIST 2.0 library. The relative
content of each chemical component was calculated by area normalization, and the average values of
the three replicates were reported.

3.6. Contrast Correlation Properties of Samples before and after Treatment

3.6.1. pH Value of Samples

The hot water extraction method was used to determine the pH values of the wood blocks
(Shanghai Yidian Scientific Instrument Co., Ltd., Shanghai, China) before and after treatment.

3.6.2. Strength Properties of Samples

Samples of radiata pine were treated with different methods. The untreated samples were placed
in an airy atmosphere without direct exposure to the sun for one week, and were then completely
dried. Each group consisted of 10 samples, amounting to a total of 30 samples in three groups. The
compressive resistance of the samples in the dried condition were tested by a universal mechanical
testing machine (Jinan Times Assay Instrument Co., Ltd., Shandong, China), and the changes of the
toughness of the radiata pine were obtained from the time of crushing.

3.6.3. Surface Colors and Micro-Morphologies of Samples

Thirty samples of radiata pine with virtually indistinguishable surface color were divided into
three groups. One group was the control group, and the other two groups were treated with sodium
bicarbonate and ozone, respectively. The surface colors of the radiata pine samples before and after
treatment were compared.

A scanning electron microscope (Carl Zeiss, Inc., Jena, Germany) was used to observe the structures
and morphologies of the samples.
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4. Conclusions

The results demonstrated that VOCs of the untreated radiata pine samples mainly included
alkenes, aldehydes, and esters. Compared with the VOCs of the untreated radiata pine, the ozone
treatment of the pine samples produced trace ethers and amines. Sodium bicarbonate and ozone
treatments could efficiently decrease the VOC contents of radiata pine samples. The VOCs release
of the sodium bicarbonate and ozone-treated samples decreased by 88.91% and 89.20%, respectively.
The sodium bicarbonate and ozone treatments reduced the compressive strength of radiata pine by
12.2% and 6.55%, respectively; these are much lower values than the compressive strength reduction
value caused by heat treatment. Additionally, compared with the results of heat treatment, these
two treatments resulted in slight color changes in the surfaces of the samples. Therefore, this study
provided two effective VOC removal methods for radiata pine furniture production, and the results
are promising for application in the industrial production process.

Author Contributions: Writing—original draft, Y.Q.; investigation, F.Q.; methodology, Z.W.; visualization, X.C.;
project administration, B.L.; funding acquisition, A.H.; writing—review and editing, R.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No. 31670564) and
Technological Innovation Alliance-Based of Wood/Bamboo Industry (TIAWBI201809).

Conflicts of Interest: This was not an industry-supported study. The authors declare no conflict of interest.

References

1. Wang, S.; Ang, H.M.; Tade, M.O. Volatile organic compounds in indoor environment and photocatalytic
oxidation: State of the art. Environ. Int. 2007, 33, 694–705. [CrossRef] [PubMed]

2. Mølhave, L.; Clausen, G.; Berglund, B.; de Ceaurriz, J.; Kettrup, A.; Lindvall, T.; Maroni, M.; Pickering, A.C.;
Risse, U.; Rothweiler, H.; et al. Total volatile organic compounds (TVOC) in indoor air quality investigations.
Indoor Air 1997, 7, 225–240. [CrossRef]

3. Jia, C.; Batterman, S.; Godwin, C. VOCs in industrial, urban and suburban neighborhoods-Part 2: Factors
affecting indoor and outdoor concentrations. Atmos. Environ. 2008, 42, 2101–2116. [CrossRef]

4. Roffael, E. Volatile organic compounds and formaldehyde in nature, wood and wood-based panels. Holz als
Roh und Werkstoff 2006, 64, 144–149. [CrossRef]

5. Peters, J.; Fischer, K.; Fischer, S. Characterization of emissions of thermally modified wood and their reduction
by chemical treatment. BioResources 2008, 3, 491–502.

6. Wang, X.; Chen, X.; Xie, X.; Wu, Y.; Zhao, L.; Li, Y.; Wang, S. Effects of thermal modification on the physical,
chemical and micromechanical properties of Masson pine wood (Pinus massoniana Lamb.). Holzforschung
2018, 72, 1063–1070. [CrossRef]

7. Hyttinen, M.; Masalin-Weijo, M.; Kalliokoski, P.; Pasanen, P. Comparison of VOC emissions between air-dried
and heat-treated Norway spruce (Picea abies), Scots pine (Pinus sylvesteris) and European aspen (Populus
tremula) wood. Atmos. Environ. 2010, 44, 5028–5033. [CrossRef]

8. Jiang, C.; Li, D.; Zhang, P.; Li, J.; Wang, J. Formaldehyde and volatile organic compound (VOC) emissions
from particleboard: Identification of odorous compounds and effects of heat treatment. Build. Environ. 2017,
117, 118–126. [CrossRef]

9. Wang, C.; Wang, Z.; Qin, Y.; Yin, X.; Huang, A. Released Volatile Organic Compounds in Southern Yellow
Pine before and after Heat Treatment. Int. J. Environ. Res. Public Health 2018, 15, 2579. [CrossRef]

10. Schäfer, M.; Roffael, E. On the formaldehyde release of wood. Eur. J. Wood Wood Prod. 2000, 58, 259–264.
[CrossRef]

11. Shebani, A.N.; Van Reenen, A.J.; Meincken, M. The effect of wood extractives on the thermal stability of
different wood species. Thermochim. Acta 2008, 471, 43–50. [CrossRef]

12. Roffael, E. Significance of wood extractives for wood bonding. Appl. Microbiol. Biot. 2016, 100, 1589–1596.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.envint.2007.02.011
http://www.ncbi.nlm.nih.gov/pubmed/17376530
http://dx.doi.org/10.1111/j.1600-0668.1997.00002.x
http://dx.doi.org/10.1016/j.atmosenv.2007.11.047
http://dx.doi.org/10.1007/s00107-005-0061-0
http://dx.doi.org/10.1515/hf-2017-0205
http://dx.doi.org/10.1016/j.atmosenv.2010.07.018
http://dx.doi.org/10.1016/j.buildenv.2017.03.004
http://dx.doi.org/10.3390/ijerph15112579
http://dx.doi.org/10.1007/s001070050422
http://dx.doi.org/10.1016/j.tca.2008.02.020
http://dx.doi.org/10.1007/s00253-015-7207-8
http://www.ncbi.nlm.nih.gov/pubmed/26685670


Molecules 2020, 25, 471 12 of 13

13. Bockel, S.; Mayer, I.; Konnerth, J.; Niemz, P.; Swaboda, C.; Beyer, M.; Harling, S.; Weiland, G.; Bieri, N.;
Pichelin, F. Influence of wood extractives on two-component polyurethane adhesive for structural hardwood
bonding. J. Adhes. 2018, 94, 829–845. [CrossRef]

14. Peng, W.; Li, D.; Zhang, M.; Ge, S.; Mo, B.; Li, S.; Ohkoshi, M. Characteristics of antibacterial molecular
activities in poplar wood extractives. Saudi. J. Biol. Sci. 2017, 24, 399–404. [CrossRef] [PubMed]

15. Liu, R.; Wang, C.; Huang, A.; Lv, B. Characterization of odors of wood by gas chromatography-olfactometry
with removal of extractives as attempt to control indoor air quality. Molecules 2018, 23, 203. [CrossRef]
[PubMed]

16. Wood Extractives of Finnish Pine, Spruce and Birch–Availability and Optimal Sources of Compounds.
Available online: https://jukuri.luke.fi/handle/10024/540829 (accessed on 16 December 2019).

17. Liu, R.; Wang, C.; Huang, A.; Lv, B. Identification of odorous constituents of southern yellow pine and China
fir wood: The effects of extractive removal. Anal. Methods 2018, 10, 2115–2122. [CrossRef]

18. Gabriel, M.; Paczkowski, S.; Nicke, S.; Schütz, S. Effect of some treatments on emission of volatile organic
compounds (VOC) from chips used in pellets making processes. Int. Wood Prod. J. 2015, 6, 60–68. [CrossRef]

19. Hillis, W.E. Distribution, properties and formation of some wood extractives. Wood Sci. Technol. 1971, 5,
272–289. [CrossRef]

20. Chen, L.; Wu, F.; Zhuang, X.; Yang, J.; Li, R. Preparation of styrene-acrylate latex used in ultralow VOC
building internal wall coating. J. Wuhan Univ. Technol. Mater. Sci. Ed. 2008, 23, 65–70. [CrossRef]

21. Xu, Q.; Wen, S.G.; Liu, H.B.; Wang, J.H.; Shen, Y. Research of Properties and Preparation on Zero-VOC
Acrylic Elastic Emulsion. Adv. Mater. Res. 2011, 150, 745–748. [CrossRef]

22. Adamová, T.; Hradecký, J.; Prajer, M. VOC Emissions from Spruce Strands and Hemp Shive: In Search for
a Low Emission Raw Material for Bio-Based Construction Materials. Materials 2019, 12, 2026. [CrossRef]
[PubMed]

23. Jia, S.; Chen, H.; Luo, S.; Qing, Y.; Deng, S.; Yan, N.; Wu, Y. One-step approach to prepare superhydrophobic
wood with enhanced mechanical and chemical durability: Driving of alkali. Appl. Surf. Sci. 2018, 455,
115–122. [CrossRef]

24. Gabrielii, I.; Gatenholm, P.; Glasser, W.G.; Jain, R.K.; Kenne, L. Separation, characterization and
hydrogel-formation of hemicellulose from aspen wood. Carbohydr. Polym. 2000, 43, 367–374. [CrossRef]

25. Roffael, E.; Schneider, T.; Dix, B. Effect of oxidising and reducing agents on the release of volatile organic
compounds (VOCs) from strands made of Scots pine (Pinus sylvestris L.). Wood Sci. Technol. 2015, 49, 957–967.
[CrossRef]

26. Beltran, F.J.; García-Araya, J.F.; Acedo, B. Advanced oxidation of atrazine in water—I. Ozonation. Water Res.
1994, 28, 2153–2164. [CrossRef]

27. Bellamy, W.; Hickman, G.; Mueller, P.A.; Ziemba, N. Treatment of VOC-contaminated groundwater by
hydrogen peroxide and ozone oxidation. Res. J. Water Pollut. Control Fed. 1991, 63, 120–128.

28. Mamleeva, N.A.; Autlov, S.A.; Fionov, A.V.; Bazarnova, N.G.; Lunin, V.V. The oxidative destruction of lignin
in the ozonation of wood. Russ. J. Phys. Chem. A 2009, 83, 745–751. [CrossRef]

29. Mamleeva, N.A.; Autlov, S.A.; Bazarnova, N.G.; Lunin, V.V. Degradation of polysaccharides and lignin in
wood ozonation. Russ. J. Bioorg. Chem. 2016, 42, 694–699. [CrossRef]

30. Broséus, R.; Vincent, S.; Aboulfadl, K.; Daneshvar, A.; Sauvé, S.; Barbeau, B.; Prévost, M. Ozone oxidation of
pharmaceuticals, endocrine disruptors and pesticides during drinking water treatment. Water Res. 2009, 43,
4707–4717. [CrossRef]

31. Shen, Y.S.; Ku, Y. Treatment of gas-phase volatile organic compounds (VOCs) by the UVO3 process.
Chemosphere 1999, 38, 1855–1866. [CrossRef]

32. Yu, C.W.F.; Kim, J.T. Long-term impact of formaldehyde and VOC emissions from wood-based products on
indoor environments; and issues with recycled products. Indoor Built Environ. 2012, 21, 137–149. [CrossRef]

33. Menezes, H.C.; Paulo, B.P.; Paiva, M.J.N. Determination of polycyclic aromatic hydrocarbons in artisanal
cachaça by DI-CF-SPMEf–GC/MS. Microchem. J. 2015, 118, 272–277. [CrossRef]

34. King, A.J.; Readman, J.W.; Zhou, J.L. Determination of polycyclic aromatic hydrocarbons in water by
solid-phase microextraction–gas chromatography–mass spectrometry. Anal. Chim. Acta 2004, 523, 259–267.
[CrossRef]

http://dx.doi.org/10.1080/00218464.2017.1389279
http://dx.doi.org/10.1016/j.sjbs.2015.10.026
http://www.ncbi.nlm.nih.gov/pubmed/28149179
http://dx.doi.org/10.3390/molecules23010203
http://www.ncbi.nlm.nih.gov/pubmed/29346285
https://jukuri.luke.fi/handle/10024/540829
http://dx.doi.org/10.1039/C7AY02885G
http://dx.doi.org/10.1179/2042645314Y.0000000091
http://dx.doi.org/10.1007/BF00365060
http://dx.doi.org/10.1007/s11595-006-1065-2
http://dx.doi.org/10.4028/www.scientific.net/AMR.150-151.745
http://dx.doi.org/10.3390/ma12122026
http://www.ncbi.nlm.nih.gov/pubmed/31238573
http://dx.doi.org/10.1016/j.apsusc.2018.05.169
http://dx.doi.org/10.1016/S0144-8617(00)00181-8
http://dx.doi.org/10.1007/s00226-015-0744-6
http://dx.doi.org/10.1016/0043-1354(94)90027-2
http://dx.doi.org/10.1134/S0036024409050112
http://dx.doi.org/10.1134/S1068162016070098
http://dx.doi.org/10.1016/j.watres.2009.07.031
http://dx.doi.org/10.1016/S0045-6535(98)00400-7
http://dx.doi.org/10.1177/1420326X11424330
http://dx.doi.org/10.1016/j.microc.2014.08.008
http://dx.doi.org/10.1016/j.aca.2004.07.050


Molecules 2020, 25, 471 13 of 13

35. Schürmann, G.; Schäfer, K.; Jahn, C.; Hoffmann, H.; Bauerfeind, M.; Fleuti, E.; Rappenglück, B. The impact
of NOx, CO and VOC emissions on the air quality of Zurich airport. Atmos. Environ. 2007, 41, 103–118.
[CrossRef]

36. Swasy, M.I.; Campbell, M.K.L.; Brummel, B.R.; Guerra, F.D.; Attia, M.F.; Smith, G.D., Jr.; Alexis, F.;
Whitehead, D.C. Poly (amine) modified kaolinite clay for VOC capture. Chemosphere 2018, 213, 19–24.
[CrossRef] [PubMed]

37. Colom, X.; Carrillo, F.; Nogués, F.; Garriga, P. Structural analysis of photodegraded wood by means of FTIR
spectroscopy. Polym. Degrad. Stabil. 2003, 80, 543–549. [CrossRef]

38. Chang, W.P.; Kim, K.J.; Gupta, R.K. Ultrasound-assisted surface-modification of wood particulates for
improved wood/plastic composites. Compos. Interfaces 2009, 16, 687–709. [CrossRef]

39. Cool, L.G.; Zavarin, E. Terpene variability of mainland Pinus radiata. Biochem. Syst. Ecol. 1992, 20, 133–144.
[CrossRef]

40. McDonald, A.G.; Dare, P.H.; Gifford, J.S.; Steward, D.; Riley, S. Assessment of air emissions from industrial
kiln drying of Pinus radiata wood. Holz als Roh und Werkstoff 2002, 60, 181–190. [CrossRef]

41. Hoigne, J.; Bader, H. The role of hydroxyl radical reactions in ozonation processes in aqueous solutions.
Water Res. 1976, 10, 377–386. [CrossRef]

42. Lei, L. Advanced Oxidation Technology for Water Treatment; Chemical Industry Press: Beijing, China, 2001.
43. Staehelin, J.; Hoigne, J. Decomposition of ozone in water: Rate of initiation by hydroxide ions and hydrogen

peroxide. Environ. Sci. Technol. 1982, 16, 676–681. [CrossRef]
44. Roncero, M.B.; Torres, A.L.; Colom, J.F. TCF bleaching of wheat straw pulp using ozone and xylanase. Part

A: Paper quality assessment. Bioresour. Technol. 2003, 87, 305–314. [CrossRef]
45. Bailey, P.S. Ozonation in Organic Chemistry V2: Nonolefinic Compounds; Elsevier: Amsterdam, The Netherlands,

2012.
46. Salthammer, T.; Fuhrmann, F. Release of acetic acid and furfural from cork products. Indoor Air 2000, 10,

133–134. [CrossRef]
47. Rowell, R. The Chemistry of solid wood. Wood Sci. Technol. 1984, 19, 17–18.
48. Voukides, A.C.; Konrad, K.M.; Johnson, R.P. Competing Mechanistic Channels in the Oxidation of Aldehydes

by Ozone. J. Org. Chem. 2009, 74, 2108–2113. [CrossRef] [PubMed]
49. Yuan, X.; Lacorte, S.; Cristale, J.; Dantas, R.F.; Sans, C.; Esplugas, S.; Qiang, Z. Removal of organophosphate

esters from municipal secondary effluent by ozone and UV/H2O2 treatments. Sep. Purif. Technol. 2015, 156,
1028–1034. [CrossRef]

50. Schneider, A. Investigations on the convection drying of lumber at extremely high temperatures. Holz als
Roh und Werkstoff 1972, 30, 382–394. [CrossRef]

51. Yildiz, S.; Gezer, E.D.; Yildiz, U.C. Mechanical and chemical behavior of spruce wood modified by heat.
Build. Environ. 2006, 41, 1762–1766. [CrossRef]

52. Salehian, P.; Karimi, K.; Zilouei, H. Improvement of biogas production from pine wood by alkali pretreatment.
Fuel 2013, 106, 484–489. [CrossRef]

53. Pouyet, F.; Chirat, C.; Potthast, A. Formation of carbonyl groups on cellulose during ozone treatment of pulp:
Consequences for pulp bleaching. Carbohydr. Polym. 2014, 109, 85–91. [CrossRef]

54. Tabassum, S.; Sulaiman, O.; Ibrahim, M. Removal of chemically hazardous p-hydroxybenzoic acid during
total chlorine free bleaching process of Hevea Brasiliensis. J. Clean. Prod. 2012, 25, 68–72. [CrossRef]

Sample Availability: Samples of the compounds are available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.atmosenv.2006.07.030
http://dx.doi.org/10.1016/j.chemosphere.2018.08.156
http://www.ncbi.nlm.nih.gov/pubmed/30205272
http://dx.doi.org/10.1016/S0141-3910(03)00051-X
http://dx.doi.org/10.1163/092764409X12477425232217
http://dx.doi.org/10.1016/0305-1978(92)90100-R
http://dx.doi.org/10.1007/s00107-002-0293-1
http://dx.doi.org/10.1016/0043-1354(76)90055-5
http://dx.doi.org/10.1021/es00104a009
http://dx.doi.org/10.1016/S0960-8524(02)00224-9
http://dx.doi.org/10.1034/j.1600-0668.2000.010002133.x
http://dx.doi.org/10.1021/jo8026593
http://www.ncbi.nlm.nih.gov/pubmed/19199509
http://dx.doi.org/10.1016/j.seppur.2015.09.052
http://dx.doi.org/10.1007/BF02617549
http://dx.doi.org/10.1016/j.buildenv.2005.07.017
http://dx.doi.org/10.1016/j.fuel.2012.12.092
http://dx.doi.org/10.1016/j.carbpol.2014.02.082
http://dx.doi.org/10.1016/j.jclepro.2011.11.068
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	FTIR Results and Analysis of Functional Groups 
	GC-MS 
	Analysis of the Effects of Treatments on Physical and Microscopic Properties 
	Strength Properties and pH Values of Samples 
	Surface Colors and Micro-Textures of Samples 


	Materials and Methods 
	Materials 
	Preparation of Wood Samples 
	Treatment 
	Sodium Bicarbonate Treatment 
	Ozone Treatment 

	Fourier-Transform Infrared Spectroscopy 
	Gas Chromatography-Mass Spectrometry 
	Solid Phase Micro Extraction (SPME) 
	Chromatographic Conditions 
	Mass Spectrometry 
	Qualitative and Quantitative Analyses of Compounds 

	Contrast Correlation Properties of Samples before and after Treatment 
	pH Value of Samples 
	Strength Properties of Samples 
	Surface Colors and Micro-Morphologies of Samples 


	Conclusions 
	References

