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Abstract: Very volatile organic compounds (VVOCs) are a group of important odor pollutants affect-
ing indoor air quality that have been shown to be harmful to human health. A 15 L environmental
chamber, combined with multi-bed tube was used to collect gases. Fifteen very volatile organic
compounds (VVOCs), including 12 odor compounds, were identified from veneered medium density
fiberboard coated with water-based lacquer (WB-MDF) using gas chromatography–mass spectrom-
etry/olfactometry (GC-MS/O). The total very volatile organic compound (TVVOC) and total odor
intensity (TOI) showed a decreasing trend over time, reaching equilibrium on day 28. TVVOC showed
an overall slow-fast-slow emission profile, from day 3 to day 7, with a maximum decay rate of 29.7%.
TOI showed the greatest rate of decline from day 1 to day 3, at approximately 12%. Alkane and alcohol
VVOCs were the more abundant compounds, accounting for at least 60% and even up to 80% of the
total. The major odor impression was fruity, with a highest odor rating of 6.6, followed by sweet, with
an odor rating of 6.1. Although the odor impression changed from sweet to fruity over time, it seemed
pleasant overall. The odor contributors were mainly alkanes, alcohols, esters, and ethers, which
had relatively high odor intensities. The main odor-contributing substances were dichloromethane,
ethanol, ethyl acetate, 2-methylacrylic acid methyl ester, and tetrahydrofuran. When WB-MDF is
used for furniture or other decorative materials, it is strongly recommended that it be stored under
ventilation for at least 28 days and the adoption of substitute solvents of lacquers, modified adhesives,
and low-odor wood raw materials is recommended. These possible initiatives would contribute to the
aim of building an environmentally friendly indoor environment.

Keywords: very volatile organic compounds (VVOCs); odor; veneered medium fiber board (MDF);
water-based lacquer; GC-MS/O

1. Introduction

It is well known that indoor air quality (IAQ) is closely related to human comfort
and health status. A non-polluted indoor environment helps to enhance the efficiency of
people’s study and work, making our activities more economical and less time-consuming.
Conversely, a polluted indoor space can slow people’s productivity and efficiency and even
impair human health [1–3]. Additionally, odors can lead to multiple complaints from some
occupants and seriously affect the quality of life.

Wooden furniture, which plays an increasingly important role in an interior environ-
ment, consists of solid wood, wood-based panels, lacquer-covered wood-based panels,
and other decorative materials that can release various VOCs during long-term usage [4].
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VOC emissions from wooden furniture are not the cumulative summation of the con-
stituent materials, but are influenced not only by the structure of the material, but also
by environmental conditions and interactions with other surrounding materials. Thus,
VOC emission is an extremely complex process. The identification of the concentrations,
composition, sources, and behaviors of VOCs is of great importance for developing ef-
fective abatement strategies. So far, a number of VOC works from wood-based panels
have been investigated, involving improvements in sampling equipment and standard test
methods that are essential to both academics and manufacturers [5], chemical components
and emission levels [6], effects of environmental factors [7], the development of emission
models to elucidate mechanisms [8–10], health risk assessment [11], and abatement control
strategies [12].

Little effort has been dedicated to VVOCs in wood-based panels. VVOCs with a
retention range below C6 have been proposed by the German Committee for Health-
Related Evaluation of Building Product [13]. Because of their low boiling point, high
volatility, and potentially strong carcinogenicity to humans, VVOCs should attract more
attention. Schieweck A et al. performed small-volume sampling using tubes packed with
Carbograph 5TD, in combination with thermal desorption-gas chromatography/mass
spectrometry [14]. VVOCs between C3 and C6 could be detected even at very low limits of
quantification. However, there were limitations for low-molecular-weight aldehydes and
ketones (≤C3). Alexandra Schieweck found that C4 and C5 alkanes were VVOCs in wooden
houses, which may originate from propellants in insulation materials. Furthermore, it
was found that proper material selection remained important for achieving an acceptable
indoor air quality [15]. The VVOC characteristics from Choerospondias axillaris (Roxb) Burtt
et Hill coated with different lacquers were reported, with esters and alcohols determined
to be the main emission substances. Ethyl acetate was determined to be the predominant
odorous substance, coming from the solvent of ultraviolet paint [6].

Gas chromatography–mass spectrometry equipped with olfactometry detection (GC-
MS/O) not only combines the excellent separation capability of gas chromatography with
the rich structural information contained in mass spectrometry but also includes the sen-
sitivity recognition of human olfactory detection, which has the potential to exceed the
sensitivity of many chemical detectors. In recent years, with its unique advantages, this
technique has been successfully used to select and evaluate comparatively important odor
components from a complex mixture [16], such as tobacco, food aromas [17], flavorings and
spices [18], medicines [19], and the environment [20]. In addition to these, this technology
has been used in the wood and furniture industry. Wang et al. found more than 10 odor
compounds from veneered particleboard coated with waterborne paint, identifying aromat-
ics and alcohols as the major odor substances [21]. The odor profile of Calocedrus decurrens
(Torr.) Florin was described via aroma extraction dilution analysis and two-dimensional GC-
MS/O. In addition, 22 odor-active substances were identified, and five of these odorants
were first reported as wood odorants, with thymoquinone proving to have a pencil-like
odor [22]. Liu et al. found some unpleasant odors from aldehydes in wood-based panels,
with octanal as the main odor source of these aldehydes [23]. Dong et al. investigated the
odor characteristics of polyvinyl-chloride-overlaid medium density fiberboard (MDF). The
major odor impressions were determined to be aromatic, acidic, and fresh, originating from
toluene, ethylbenzene, phenanthrene, and dibutyl phthalate [24].

Lacquer-covered MDF is one of the most widely used materials for furniture and
interior decoration in residential houses. This study was conducted to recognize the VVOCs,
to identify the odor type, and to determine their intensity. At the same time, the possible
emission sources of VVOC were traced back. This not only can supplement the database of
volatile pollutants and provide a new understanding of low-molecular-substances from
lacquered wood-based panels but also can help in selecting lacquer-covered materials for
improved indoor air quality.
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2. Results and Discussion
2.1. TVVOC and TOI of WB-MDF

Figure 1 shows the trends in total very volatile organic compound (TVVOC) and
total odor intensity (TOI) of veneered MDF coated with water-based lacquer (WB-MDF).
VVOC emissions of WB-MDF were a continuous process, and a time-dependent decrease
in TVVOC was observed. These detected compounds were essentially emitted from the
surface of the water-based lacquer in the early stages, with very small emissions from
the substrate itself. During the initial emission phase (day 1), the TVVOC concentration
was the highest, at 473.69 µg·m−3. With time, a decrease in TVVOC concentration was
observed and this value was dropped to 442.69 µg·m−3, 310.83 µg·m−3, 268.62 µg·m−3,
223.91 µg·m−3 and 205.27 µg·m−3 on days 3, 7, 14, 21, and 28, decreasing by 7.01%, 34.38%,
43.29%, 52.73%, and 56.67%, respectively. From day 21 to day 28, the trend of TVVOC
concentration decreased slowly and gradually reached an equilibrium TVVOC value. After
28 days of exposure, the TVVOC concentration from the WB-MDF reached an equilibrium
level. In the initial emission phase, the TVVOC concentration value was approximately
twice as high as the equilibrium TVVOC. The TVVOC concentration showed a smaller
decay rate of only 7.01% during the first three days. Nevertheless, from day 3 to day 7,
it displayed a maximum decay rate of 29.7% and showed a rapid evaporation process.
Thereafter, the decay rate began to decline slowly at each phase, with all below 20%. The
TVVOC decay rate was only 8.32% from day 21 to day 28. By the end of day 28, the
VVOC emissions of WB-MDF gradually stabilized. The damping decrement showed an
overall slow-rapid-slow phenomenon. At the same time, the TOI was found to show an
emission profile similar to that of the TVVOC. Day 1 had the highest TOI of 15.2, which then
dropped to 13.4, 13.1, 11.7, 10.8, and 10 on days 3, 7, 14, 21, and 28, decreasing by 11.80%,
13.81%, 23.02%, 28.95%, and 34.21%, respectively. From day 1 to day 3, the TOI revealed
the greatest rate of decline, around 12%, while in other phases, it was lower. Taking into
account the balance between the TVVOC, TOI, and the pollutant limiting value, it is highly
recommended to increase the ventilation rate and the storage time to more than 28 days,
which is conducive to improving the environmental properties of the panel. In addition,
previous studies have found that adding some nanoparticles to coatings can reduce the
emission of volatile pollutants, which may be effective for improving indoor air quality.
Nanoparticles dispersed in the coatings can be embedded in the porous surface of the
panels and act as photocatalysts and adsorbents for volatile pollutants [25]. The methods
mentioned above are beneficial to improve the environmentally friendly properties of
lacquered panels and to ensure human health.
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2.2. VVOC Composition of WB-MDF

Figure 2 and Table 1 show the detailed VVOC components and their percentage
content of WB-MDF. Our previous results showed that the multi-bed tubes presented
excellent adsorption performance for alcohols and low-molecular-weight compounds and
were able to capture some key compounds that could not be collected by the Tenax-TA
tubes [26]. As shown in Figure 2 and Table 1, 15 VVOCs were detected from WB-MDF and
the major VVOC components were divided into eight groups, consisting of alkanes (three
substances), alcohols (three substances), esters (two substances), ketones (one substance),
aldehydes (one substance), ethers (one substance), acids (two substances), and others (two
substances). Among those compounds, alcohol and alkane VVOCs had relatively high
concentration values, followed by ether and ester VVOCs. The concentrations of ketone
and other VVOCs were relatively low and not significantly different.
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For the initial emission stage (Figure 2a), alkanes were the most abundant emission
components, accounting for more than 75% of the TVVOC concentration, followed by
alcohols and ethers, which constituted more than 15% of the total concentration. Esters and
ketones accounted for less than 3% of the total TVVOC concentration. Alcohols, esters, and
ethers were partially derived from MDF and the veneered surface, and another large part
came from the solvents, cosolvents, and auxiliary additives used in the production of the
water-based lacquers.

The formation of alcohols and esters is complicated and probably results from com-
paratively complex chemical reactions. Furthermore, these two types of substances are
partially derived from water-based lacquers and other additives. For example, ethanol
is commonly used as a solvent for adhesives and 1-butanol could result from hydrolysis
reactions of urea-formaldehyde resins [27]. In addition, 1,2-propanediol is commonly
added to lacquers as a film-forming additive. Ethyl acetate is partially derived from the
complex chemical reactions in cellulose and hemicellulose during hot pressing and from
continuous emissions of ester compounds during the curing of the lacquer film. Meanwhile,
2-methylacrylic acid methyl ester has been traditionally used as a synthetic raw material
for lacquers.

This study found that the dichloromethane contained in alkanes reached 324.51 µg·m−3,
which made up more than 65% of the total concentration. This substance acts as an organic
solvent; it is typically used for dilution and then evaporates. Its use requires care and
attention, because this substance is on the list of toxic and hazardous air pollutants and has
been classified as a group II (A) carcinogen. A high concentration of dichloromethane is
irritating to the skin and mucous membranes, potentially damaging to the central nervous
and respiratory systems, and even carcinogenic. By the end of day 3 (Figure 2b), alkanes
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showed a clear decreasing trend. However, alcohols, esters, and substances in the ‘others’
category showed the opposite trend and began to increase multiplicatively. Taking esters
and ethers as examples, their concentrations ranged from 9.84 µg·m−3 and 27.23 µg·m−3

to 41.85 µg·m−3 and 117.06 µg·m−3, respectively, which represented a more than fourfold
increase. Moreover, no new substances were released. From day 7 to day 14 (Figure 2c,d),
alcohols were the most abundant substances, accounting for more than 60% of the total and
even up to 80%. This resulted from the combination of the amounts of paneling and lacquer.
Another possible reason for this abundance was that most solvents and the cosolvents
of water-based lacquers were rapidly released in this phase. Ketones, esters, and ethers
were mostly derived from solvents and auxiliaries, and some auxiliary additives were con-
tained in both MDF adhesives and water-based lacquers but can only harm people at very
high concentrations. In addition, the concentration of alkanes (including dichloromethane
and 2,3-epoxy-2-methylbutane) dropped to zero and they were significantly less harmful.
However, on day 14, a new substance, acetaldehyde, was detected with a concentration
of 17.74 µg·m−3. Acetaldehyde is known to be a highly volatile, group II carcinogen
whose risk to human health cannot be ignored and must be closely monitored. Some low
molecular weight aldehydes and ketones may come from solvent residues, additives, and
un-reacted raw materials, mainly by diffusion through evaporation [25]. Low concentra-
tions of acetaldehyde could cause irritation of the eyes, nose, and upper respiratory tract, as
well as bronchitis. High concentrations of acetaldehyde may cause headaches, drowsiness,
confusion, bronchitis, pulmonary oedema, diarrhea, proteinuria, fatty degeneration of the
liver and heart muscle, and even death in extremely severe cases.

As shown in Figure 2e,f, the main substances released from WB-MDF did not change
significantly during the later emission stages; alcohols were still the predominant sub-
stances, and they constituted 38.3% of the totals on day 21 and up to 70% on day 28.
Previous studies have reported that the main emission components of water-based lacquers
are alcohols, esters, and aromatic hydrocarbon compounds [28]. Similarly, on day 21, some
new substances, butane and N, N-dimethylformamide, were found at concentrations of
85.65 and 4.86 µg·m−3, respectively. N, N-dimethylformamide solvents are used to dissolve
the emulsion particles in lacquer film dispersion, making it easier to form the film. In
addition, this substance promotes the flatness of the paint film and improves its quality.
From day 21 to day 28, VVOC emissions gradually stabilized and the variations were
insignificant. Alcohols, alkanes, esters, and ethers were the major substances. Because of
their harmful characteristics and highly toxicity, appropriately increasing ventilation rates
and adding placement time are highly recommended to ensure these substances evaporate
as quickly as possible.

Table 1. The VVOC components of WB-MDF in detail.

Group Number
Boiling

Point (◦C)
Compound

Mass Concentration (µg·m−3)

1 3 7 14 21 28

Alkanes

1 75.0 2,3-Epoxy-2-methylbutane 46.61 / 46.94 / / /
2 39.8 Dichloromethane 324.51 143.17 / / / /
3 −0.5 Butane / / / / 85.65 /

Total 371.12 143.17 46.94 / 85.65 /

Alcohols

4 78.3 Ethanol 62.01 134.46 86.19 170.29 67.51 57.97
5 117.6 1-Butanol / / 102.64 / / /
6 184.8 1,2-Propanediol / / / 45.59 5.81 85.86

Total 62.01 134.46 188.83 215.88 73.32 143.83

Esters
7 100.0 2-Methylacrylic acid methyl

ester 5.03 10.93 / 4.78 / 8.16

8 77.2 Ethyl acetate 4.81 30.92 4.97 6.36 3.96 9.49
Total 9.84 41.85 4.97 11.14 3.96 17.65

Aldehydes 9 20.8 Acetaldehyde / / / 17.74 / 18.7
Total / / / 17.74 / 18.7
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Table 1. Cont.

Group Number
Boiling

Point (◦C)
Compound

Mass Concentration (µg·m−3)

1 3 7 14 21 28

Ketones
10 222.4 3-Methyl-2(5H)-furanone 3.49 6.15 2.15 4.52 / /

Total 3.49 6.15 2.15 4.52 / /

Ethers
11 66.0 Tetrahydrofuran 27.23 117.06 29.02 19.34 11.59 25.79

Total 27.23 117.06 29.02 19.34 11.59 25.79

Acids
12 149.0 N-Formylglycine / / 34.14 / 26.06 /
13 117.9 Acetic acid / / / / 13.91 /

Total / 34.14 / 39.97 /

Others
14 153.0 N, N-Dimethylformamide / / / / 4.86 /
15 101.0 1,4-Dioxane / / 4.78 / 4.56 /

Total / / 4.78 / 9.32 /

TVVOC 473.69 442.69 310.83 268.62 223.91 205.27

/, not detected.

2.3. Identification of Odor Compounds of WB-MDF

In terms of odor, any odorous substance with an intensity greater than 1 was registered.
The odor characteristics are shown in Table 2. This study successfully identified 12 odorants,
consisting of alkanes (three substances), alcohols (two substances), esters (two substances),
aldehydes (one substance), ethers (one substance), acids (one substance), and others (two
substances). Most odor compounds were relatively weak and were basically of moderate
intensity. Only three odorous substances had an intensity higher than or equal to 3, namely,
dichloromethane (3.4), tetrahydrofuran (3.2), and ethanol (3.0). Certainly, as seen in Tables 1
and 2, the concentration of ethanol was high, but its odor intensity was relatively weak.
Conversely, the tetrahydrofuran had a lower concentration but a higher odor intensity.
The intensity of a substance is largely affected by its concentration, and there is no exact
correlation between the intensity and the concentration of odor compounds.

Table 2. The odor characteristics and intensity levels of WB-MDF.

No. Chemical
Formula

Compound RI Odor
Characteristic

Odor Intensity

1 3 7 14 21 28

1 CH2Cl2 Dichloromethane <600 sweet 3.4 2.4 x x x x

2 C5H10O 2,3-Epoxy-2-
methylbutane <600 sweet 2.7 x 2.5 x x x

3 C2H6O Ethanol <600 alcohol-like 2.3 2.8 2.5 3.0 2.1 1.8
4 C4H8O2 Ethyl acetate <600 fruity 1.8 2.7 1.8 2.1 1.6 1.8

5 C5H8O2
2-Methylacrylic

acid methyl ester 701 pungent,
irritant 2.3 2.3 x 2.1 x 2.1

6 C4H8O Tetrahydrofuran 627 fruity, ether-like 2.7 3.2 2.4 2.3 1.8 2.1
7 C4H10O 1-Butanol 647 alcohol-like x x 2.1 x x x
8 C4H8O2 1,4-Dioxane 700 sweet x x 1.8 x x x
9 C2H4O Acetaldehyde <600 fruity x x x 6 x 2.2

10 C4H10 Butane <600 irritating x x x x 2.2 x
11 C2H4O2 Acetic acid <600 sour, vinegar-like x x x x 1.7 x

12 C3H7NO N, N-
Dimethylformamide 772 fishy x x x x 1.4 x

RI, retention index; x, not identified.

Based on the assessors’ identification, the odor characteristics of WB-MDF were de-
scribed in Table 2. Dichloromethane (no. 1) was identified as having a sweet and chloroform-
like odor, and a similar odor impression was reported by Rossberg M. (2011) [29]. Research
has shown that 2,3-epoxy-2-methylbutane (no. 2) has a sweet odor. Butane (no. 10) had an
unpleasant and irritating odor, similar to the identification result of Lewis [30]. Ethanol
(no. 3) was perceived as having an alcohol-like odor, which was coincided with the CAMEO
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chemical hazardous materials database. Meanwhile, 1-butanol (no. 7) was perceived as
having a mildly alcohol-like odor, which was consistent with an earlier observation of the
U.S. National Institute for Occupational Safety and Health (NIOSH, 1997). In addition,
this substance was reported as having a sweet odor by Verschueren K. (2001) [31]. Ethyl
acetate (no. 4) was reported to have a fruity odor, and a similar conclusion was reported
by Fahlbusch K.G. (2003). 2-methylacrylic acid methyl ester (no. 5), was perceived to be a
pungent odor. Tetrahydrofuran (no. 6) was reported to have a fruity odor. Acetaldehyde
(no. 9) was perceived as having a fruity odor, whereas it was also reported to have a
pungent odor. A sour odor for acetic acid (no. 11) was reported and 1,4-dioxane (no. 8) was
considered to have a sweet odor. N, N-dimethylformamide (no. 12) was shown to have a
fish-like odor, whereas it also presented a faint and amine-like odor, as reported by NIOSH
(2010). As seen from the odor characteristics of the preceding compounds, we discovered
that a single substance may have different odors and that the discrepancies among odors
were considerable and perhaps even antagonistic. The odor characters are strongly related
not only to the concentration but also to the material medium. These problems should also
be taken into account.

The formation of odor compounds was very complex, and different odor compounds
may interact with each other. There were four ways to affect the interaction between
odor components in a mixture, namely, integration, synergism, antagonism, and indepen-
dence [32]. To consider the complexities of the simultaneous existence of multiple odors,
the integration effect was used in this odor analysis based on earlier findings [22,26]. The
odor characteristics of WB-MDF were divided into six groups, namely, sweet, alcohol-like,
fruity, irritating, sour, and fishy.

Figure 3 shows the odor radar profile of WB-MDF. As shown in Figure 3a, four
odor characteristics appeared on day 1. Sweet was the dominant odor impression, with
a high odor level of 6.1, followed by fruity at 4.5, and both contributed decisively and
predominantly to the formation of the overall odor. Moreover, alcohol-like and irritating
shared the same odor profile; both showed a fundamental complementary contribution
with an odor rating of 2.3. On day 3, the major odor characteristic was altered and fruity
was the major odor impression, with an odor rating of 5.9, playing a crucial contributory
role to the formation of the overall odor profile. It was followed by alcohol-like (2.8).
The other two odors, sweet and pungent, with an intensity of about 2, contributed a
complementary modulating function. However, from day 3 to day 7, the alcohol-like odor
became dominant, with a continuous decrease in intensity.
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It can be seen from Figure 3b that fruity was the predominant odor during the post-
emission stages. Furthermore, the contribution of alcohol-like and irritating odors was
of great importance, with an odor rating around 2.0. However, on day 21, there was a
noticeable difference with a significantly lower odor profile. A multi-odor mixture appeared
in WB-MDF. At the same time, two unpleasant odors, sour and fishy, appeared in WB-
MDF. This was mainly attributed to the appearance of two substances, acetic acid and N,
N-dimethylformamide. Even if the intensity of their odors was not strong, they merited
attention and concern.

Figure 3c shows the variability of the odor profile of WB-MDF. The odor profile
showed a shrinking tendency at different testing periods. On the first day, the odor im-
pressions were mainly sweet and fruity, and the main odor-contributing substances were
dichloromethane, 2,3-epoxy-2-methylbutane, ethyl acetate, and tetrahydrofuran. On the
14th day, the odor impressions were mainly fruity and alcohol-like, and their main odor-
contributing substances were ethyl acetate, tetrahydrofuran, acetaldehyde, and ethanol.
On the 28th day, the main odor impression was fruity, and the intensity of alcohol-like
and irritating was around 2. The main odor-contributing substances were ethyl acetate,
tetrahydrofuran and acetaldehyde. The odor impressions from WB-MDF were rated as
comforting, meaning that most people felt comfortable when in this impression environ-
ment. It also showed that the WB-MDF can be recommended as the material for interior
furniture decoration and other applications.

Alkanes, esters, ethers, and alcohols were the main odor contributors with higher
intensity values. Some of these compounds were derived from MDF, wood veneer, and
adhesives, but most came from water-based lacquers and other additives contained in
paints. When WB-MDF is used for furniture and other decorative applications, it is strongly
recommended that it undergo at least 28 days of exposure to ensure that the contaminants
dissipate. High ventilation rates are one option for speeding dissipation of the pollutants.
When both energy consumption and air quality requirements are fully taken into account,
an optimum air exchange rate might be confirmed, which is economically viable. More
importantly, to obtain more environmentally friendly panels, partial substitution of tetrahy-
drofuran and N, N-dimethylformamide, synthetics, modified adhesives, and low-odor
wood raw materials would be applicable. These possible initiatives would contribute to
the goal of a healthy indoor environment.
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3. Materials and Methods
3.1. Materials

The 18 mm thick original MDF was produced by a well-known furniture manufac-
turer in Guangzhou, China, and its formaldehyde (HCHO) emission level was E1 grade
(≤1.5 mg/L). More detailed information about MDF is provided below. The original di-
mensions were 1200 mm × 1200 mm × 18 mm, and eucalyptus was used as the main
raw material for its production. The density and moisture content ranged from 0.7 g/cm3

to 0.8 g/cm3 and 8% to 12%, respectively. The hot-pressing temperature was between
180 ◦C and 230 ◦C. The glue used for MDF production was urea-formaldehyde resin. The
secondary processed specimen dimensions were 400 mm × 400 mm × 18 mm, after which
0.25 mm thick Fraxinus mandshurica Rupr veneers were glued to the both surfaces of the
specimen on a hot press using urea-formaldehyde resin and polyvinyl acetate adhesive
with a mass ratio of 6:4. The amount of glue used for one side of the veneer was 150 g/m2.
The hot-pressing temperature, time, and pressure of the specimens were 100 ◦C, 3 min, and
1 MPa, respectively. The sample, measuring 150 mm × 75 mm × 18 mm, was prepared in a
wood factory. A self-adhesive aluminum foil purchased from the local market was affixed
to the edges of the samples to avoid gas volatility. Subsequently, the samples were coated
with water-based lacquers. The parameters for the water-based lacquer are listed as follows:
Xinletian, Shanghai Lixia Decoration Materials Co., transparent undercoat/twilight gray
topcoat, main paint: diluent (ultra-pure water) = 10:1, painted two layers of undercoat
(150 g/m2/session) and two layers of topcoat (150 g/m2/session), at least 12 h between
painting sessions. The lacquer-covered sample, namely WB-MDF, was used as the testing
material. The WB-MDF was stored in an environmental chamber or freely placed in the
same environment as the experimental conditions, avoiding cross-contamination with other
samples. Moreover, the WB-MDF was relocated in the environmental chamber at least
3 days prior to the next sampling.

3.2. Sampling

According to GB/T 29899-2013, a 15 L environmental chamber with controlled tem-
perature and humidity conditions was used for gas sampling and proved to correlate
well with a 1-m3 climate chamber [33]. This chamber, consisting mainly of glass material
and silicone tubes, did not release any volatile components that could interfere with the
testing. The schematic representation of a 15 L environmental chamber is shown in Figure 4.
The relative humidity (RH) of the chamber air was adjusted by allowing a portion of the
airflow to bubble through distilled water in a glass bottle at a controlled temperature. An
automatic digital temperature and humidity sensor continuously monitored the temper-
ature and humidity of the chamber. The temperature and humidity sensors provided a
measurement accuracy and precision of 0.1 ◦C and 0.1%, respectively. Ultra-purity nitrogen
gas (purity ≥ 99.999%), purchased from Harbin Liming Gas Company as the carrier gas,
was continuously injected into the chamber for the purpose of exchange with the external
environment. The measuring temperature of the sample in the chamber was determined to
be 23 ± 1 ◦C and the relative humidity to be 50% ± 5%.

Before the chamber was loaded with the testing sample, the chamber’s inner surfaces
were cleaned with hot water with neutral unscented detergent added, then rubbed with hot
water and finally scrubbed at least two times using distilled water to remove any residual
impurities, then dried, closed, and purged with nitrogen for at least 1 h. It was necessary
to perform blank sampling to determine the minimum background concentration. These
blank sampling tubes had sufficiently low background concentrations and not contain the
target compound. Otherwise, the sampling chamber must be re-cleaned again until the
quantity is considered to be acceptable. Each measured sample was then rapidly placed on
a central iron holder in the chamber with a total exposed area of 0.0225 m2 and a loading
rate (the ratio of the total sample exposed area to the environmental chamber volume)
of 1.5 m2/m3. Ultra-purity nitrogen was continuously injected into the chamber through
a glass rotor flowmeter at a constant airflow rate of 0.25 L/min. The metal electric fan
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mounted on the top of the chamber was then turned on and maintained until the testing
was completed. Thus, the air in the chamber could be blended well. The sample was
circulated in the chamber for 3.5 h before sampling.

The multi-bed tube, packed with carbopack C, carbopack B, and carboxen 1000, was
used for gas sampling. Prior to sampling, these tubes were pre-treated at four temperature
points (100 ◦C, 200 ◦C, 300 ◦C, and 380 ◦C) using a small thermal desorption processor (TP-
2040; Beijing Beifen Tianpu Instrument Technology Co., Beijing, China) with ultra-purity
nitrogen flow rates ranging from 0.05 L/min to 0.10 L/min, but usually 0.07 L/min. The
pre-treated time was set to 15 min at one temperature point. The purpose of pre-treatment
was to remove water vapor and residual impurities or gaseous contaminants from the
tubes. To avoid interference from external factors and to ensure consistent sampling times,
we collected samples at 3 pm on days 1, 3, 7, 14, 21, and 28. The sampling flow rate was set
at 0.25 L/min, and the sampling time was 12 min. Thus, in total 3 L gas was collected in
each tube by using a small vacuum pump (ANJ6513, Chengdu Xinweicheng Technology
Co., Chengdu, Sichuan, China). When the gas sampling was finished, the two ends of
the tube must be promptly sealed with matching copper caps supplied by the adsorption
tube manufacturer. The collected gas samples were in principle immediately available for
subsequent analysis. If the collected gas samples could not be used for analysis in time,
they needed to be frozen in an empty refrigerator at −30 ◦C to prevent evaporation before
further analysis, but no longer than 6 h.
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3.3. Analytical Method for GC-MS

If necessary, the tubes were thawed at a normal temperature for more than 30 min
prior to analysis. The external standard method was used directly in this experiment. The
gas mixture was analyzed by thermal desorption-gas chromatography-mass spectrometry
(TD-GC-MS) and quantified according to the relevant Chinese National Standard GB/T
29899-2013. The standard samples of benzene, toluene, ethylbenzene, styrene, naphthalene,
and other target monomer compounds were prepared at concentrations of 10 µg/mL,
50 µg/mL, 200 µg/mL, 500 µg/mL, and 1000 µg/mL with the solvent of methanol. Based
on the mass and peak area of the standard sample in the sorbent tube, a linear calibration
equation, as shown in Equation (1), was obtained by the least square method. (The linear
correlation coefficient γ2 should be greater than 0.995).

Mi = (Ai − bi)/Ki (1)

where Ai is the chromatographic peak area of the target compoundi in the adsorption tube
of the standard sample, Ki is the gradient of the linear calibration equation of the target
compoundi, Mi is the mass of target compoundi in the adsorption tube (µg), and bi is the
intercept of the linear calibration equation for the target compoundi on the Y-axis, which
should be as small as possible.
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The concentration of the target compound was calculated using Equation (2).

Ci = (Mi − Mi’)/V (2)

where Ci is the concentration of the target compoundi in the adsorption tube (µg/m3),
Mi is the mass of the target compoundi in the adsorption tube (µg), Mi’ is the mass of
the target compoundi in the blank adsorption tube after sampling (µg), V is the sampling
volume (m3).

The concentrations of the other compounds were calculated from the linear calibration
equation for toluene.

The thermal desorption unit was produced by Markes International Ltd. (Llantrisant,
UK) and it was operated at an analysis temperature of 300 ◦C and a pipeline temperature
of 180 ◦C. The dry purge, thermal desorption, and the trap desorption were held for 5 min,
10 min, and 5 min, respectively. Ultra-pure helium (purity ≥ 99.999%) was used as the
carrier gas for the GC at a constant flow velocity of 1 mL/min.

The DSQ II series quadrupole gas chromatography and mass spectrometry (GC-MS)
was produced by Thermo Fisher Scientific Ltd. (Waltham, MA, USA), and a nonpolar or
slightly polar DB-5MS GC column supplied by Agilent Technologies had a specification of
30 m × 0.25 mm × 0.25 µm and had a stationary phase of 5% phenyl and 95% polysiloxane.
The GC column oven was programmed initially at 40 ◦C and held for 2 min, then ramped
up to 50 ◦C at 2 ◦C/min and held at that temperature for 4 min, then ramped up to 150 ◦C at
5 ◦C/min and held at 150 ◦C for 2 min, then ramped up to 250 ◦C at 10 ◦C/min, and finally
held at 250 ◦C for 8 min. The composition of the desorbed gases was accurately identified
based on their retention times (RT) and a mass spectrometry detector (MS), and compared
with the National Institute of Standards and Technology (NIST) and Wiley libraries (only
matched substances with a positive or negative degree between 750 and 1000). The MS
detector had a full scan mode with an electron impact (MS-EI) energy of 70 eV. The mass-to-
charge ratio ranged from 40 to 450 amu. The transmission line and ion source temperatures
were maintained at 270 ◦C and 230 ◦C, respectively. The Xcalibur database was performed
to record real-time data and subsequently analyzed. The relative percentage content of
each VVOC of WB-MDF component was obtained by the area normalization method.

Repeated experiments were conducted in triplicate and the mean VVOC concentration
was then calculated from the duplicated measurements. The total very volatile organic
compound (TVVOC) was derived by summing the concentrations of odorous and non-
odorous substances. The total odor intensity (TOI) was the summation of the intensities of
all odorous substances.

3.4. Analytical Method for GC-O

The sniffer 9100 olfactory port produced by Brechbuhler (Schlieren, Switzerland) was
used in this study. The transfer line was heated to avoid condensation of the analytes on the
capillary walls. A split valve was attached to the end of the GC column and two capillary
columns were attached to the split valve. The gas mixture was separated by GC after
thermal desorption and part of it went to the mass spectrometer for identification and the
rest to the sniffer for sniffing operation. The GC effluents from the GC column were split
1:1. The auxiliary gas (humid air) supplied by a water bottle was continuously added to
the sniffer port to reduce damage to the nasal mucosa caused by dryness during prolonged
analysis for the odor assessors. The schematic representation of gas chromatography-
mass spectrometry coupled with the olfactory detector is shown in Figure 5. This test
procedure is referenced elsewhere in the literature [34]. The detailed screening and training
recommendations were in accordance with ISO 12219-7-2017: five trained and experienced
odor assessors, aged between 20 and 30, without relevant olfactory disorders and non-
smokers, were selected to form an odor assessment group to identify and evaluate the odor.
All assessors were already screened for sensitivity, motivation, ability to concentrate, and
ability to remember and identify odor characteristics. After a series of professional training
sessions, the assessors were well versed in various odor characteristics and the assessment
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method. At the same time, to receive accurate odor data from the testing samples, some
actions such as eating or drinking strong stimulating foods and chewing gum were strictly
prohibited for 5 h prior to taking part in this GC-O experiment. In addition, they were not
allowed to wear heavy cosmetics and perfumes, or strong deodorants on the day of the
olfactory assessment. When the GC operation system started running, the odor assessors
recorded the real-time data based on their odor characteristics and intensity values as well
as the retention times. The total run time for the GC system was 53 min. A maximum time
of 50 min was recommended for sniffing, as continuous sniffing may lead to human nose
fatigue. The direct intensity method was chosen in this sniffing experiment according to
the Japanese Standards (Ministry of the Environment, 1971); the odor intensity was judged
on a scale from 0 to 5, with 0 = none, 1 = very weak, 2 = weak, 3 = moderate, 4 = strong,
and 5 = very strong. When the same odor characteristics were described by at least two
assessors, the odor identification results were formally adopted. The odor intensity value
was obtained from the average values of different assessors. The identification of the odor
substances was based on the GC-O method and compared with other references.
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According to EN 13725-2003 (NSAI 2003), the sniffer laboratory required a temperature
of 21 ◦C–23 ◦C, a relative humidity of 40%, good ventilation, and no other special odors
during the entire sniffer operation.

4. Conclusions

In this study, a 15 L environmental chamber, combined with muti-bed tubes, was used
for gas sampling. Very volatile organic compounds (VVOCs) and odors from veneered
medium density fiberboard coated with water-based lacquer (WB-MDF) were investi-
gated using gas chromatography-mass spectrometry/olfactometry (GC-MS/O). In total
15 VVOCs, including 12 odor compounds, were successfully identified and were divided
into alkanes, alcohols, esters, ketones, aldehydes, ethers, acids, and other substances. The
total very volatile organic compounds (TVVOCs) and total odor intensity (TOI) of WB-MDF
showed a decreasing trend over time, reaching equilibrium on day 28. TVVOC showed an
overall slow-fast-slow emission profile, from day 3 to day 7, with a maximum decay rate
of 29.7%. TOI showed the greatest rate of decline from day 1 to day 3, at approximately
12%. Alkanes and alcohols were the more abundant compounds, accounting for at least
60% and even up to 80% of the total concentration. The dominant odor impressions of
WB-MDF were sweet and fruity, which played a decisive factor in the formation of the
overall odor. The major odor contributors were found to be alkanes, esters, ethers and
alcohols. The main odor-contributing substances were dichloromethane, ethanol, ethyl
acetate, 2-methylacrylic acid methyl ester, and tetrahydrofuran, and their main odor im-
pressions were sweet, alcohol-like, fruity, and irritant. On day 21 and day 28, butane and
N, N-dimethylformamide, were to be found, and both contributed to unpleasant odors
that should be taken seriously. When WB-MDF is used for furniture and other decora-
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tive applications, a minimum exposure of 28 days is strongly recommended to ensure
dissipation of contaminants. It is also important to develop awareness about increasing
ventilation when using lacquer-covered wood-based panels, as this can decrease volatile
organic pollutant levels in indoor air. High ventilation rates are one option for accelerating
the airing-out of the pollutants. Even more importantly, to obtain more environmental
panels, partial substitutions of tetrahydrofuran and N, N-dimethylformamide, synthetics,
modified adhesives, and low-odor wood raw materials are applicable. These possible
initiatives would contribute to the goal of an environmentally friendly indoor environment.

Author Contributions: W.W. performed the experiment and wrote the manuscript. X.S. provided
the creative idea and reviewed and edited the manuscript. S.Z., R.L., M.L. and W.X. performed the
data processing work. Y.C. and H.W. worked on the graphics. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was supported by the Demonstration Project for the Promotion of Forestry
Science and Technology of the Central Government (Hei [2021] TG 18) and the National Natural
Science Foundation of China (31971582).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in
this article.

Acknowledgments: All authors gratefully acknowledge the technical support provided by the Key
Laboratory of Bio-based Materials Science and Technology (Ministry of Education).

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not available.

References
1. Adamova, T.; Hradecky, J.; Panek, M. Volatile Organic Compounds (VOCs) from wood and wood-based panels: Methods for

evaluation, potential health risks, and mitigation. Polymers 2020, 12, 2289. [CrossRef] [PubMed]
2. Aatamila, M.; Verkasalo, P.K.; Korhonen, M.J.; Suominen, A.L.; Hirvonen, M.R.; Viluksela, M.K.; Nevalainen, A. Odour annoyance

and symptoms among residents living near waste treatment centres. Environ. Res. 2011, 111, 164–170. [CrossRef] [PubMed]
3. Brattoli, M.; Cisternino, E.; Dambruoso, P.R.; De Gennaro, G.; Giungato, P.; Mazzone, A.; Palmisani, J.; Tutino, M. Gas chromatog-

raphy analysis with olfactometric detection (GC-O) as a useful methodology for chemical characterization of odorous compounds.
Sensors 2013, 13, 16759–16800. [CrossRef] [PubMed]

4. Yan, M.; Zhai, Y.; Shi, P.; Hu, Y.; Yang, H.; Zhao, H. Emission of volatile organic compounds from new furniture products and its
impact on human health. Hum. Ecol. Risk. Assess. 2019, 25, 1886–1906. [CrossRef]

5. Kim, S.; Choi, Y.K.; Park, K.W.; Kim, J.T. Test methods and reduction of organic pollutant compound emissions from wood-based
building and furniture materials. Bioresour. Technol. 2010, 101, 6562–6568. [CrossRef] [PubMed]

6. Wang, Q.; Shen, J.; Zeng, B.; Wang, H. Identification and analysis of odor-active compounds from Choerospondias axillaris (Roxb.)
Burtt et Hill with different moisture content levels and lacquer treatments. Sci. Rep. 2020, 10, 14856. [CrossRef] [PubMed]

7. Wang, Q.; Shen, J.; Zeng, B.; Wang, H.; Wang, W. Effects of environmental conditions on the emission and odor-active compounds
from Fraxinus mandshurica Rupr. Environ. Sci. Pollut. Res. 2022, 29, 30459–30469. [CrossRef]

8. Xiong, J.; Chen, F.; Sun, L.; Yu, X.; Zhao, J.; Hu, Y.; Wang, Y. Characterization of VOC emissions from composite wood furniture:
Parameter determination and simplified model. Build. Environ. 2019, 161, 106237. [CrossRef]

9. Guo, M.; Yu, W.; Zhang, S.; Wang, H.; Wei, S. A numerical model predicting indoor volatile organic compound Volatile Organic
Compounds emissions from multiple building materials. Environ. Sci. Pollut. Res. 2020, 27, 587–596. [CrossRef]

10. Wang, Y.; Yang, T.; He, Z.; Sun, L.; Yu, X.; Zhao, J.; Hu, Y.; Zhang, S.; Xiong, J. A general regression method for accurately
determining the key parameters of VOC emissions from building materials/furniture in a ventilated chamber. Atmos. Environ.
2020, 231, 117527. [CrossRef]

11. An, T.; Huang, Y.; Li, G.; He, Z.; Chen, J.; Zhang, C. Pollution profiles and health risk assessment of VOCs emitted during e-waste
dismantling processes associated with different dismantling methods. Environ. Int. 2014, 73, 186–194. [CrossRef] [PubMed]

12. Liu, Y.; Shen, J.; Zhu, X.D. Optimization of processing parameters for low VOC emissions of wood-based panels. Appl. Mech.
Mater. 2012, 148–149, 130–133. [CrossRef]

13. AgBB. Health-Related Evaluation Procedure for Volatile Organic Compounds Emissions from Building Products; Committee for Health-
related Evaluation of Building Products: Berlin, Germany, February 2015.

http://doi.org/10.3390/polym12102289
http://www.ncbi.nlm.nih.gov/pubmed/33036167
http://doi.org/10.1016/j.envres.2010.11.008
http://www.ncbi.nlm.nih.gov/pubmed/21130986
http://doi.org/10.3390/s131216759
http://www.ncbi.nlm.nih.gov/pubmed/24316571
http://doi.org/10.1080/10807039.2018.1476126
http://doi.org/10.1016/j.biortech.2010.03.059
http://www.ncbi.nlm.nih.gov/pubmed/20409705
http://doi.org/10.1038/s41598-020-71698-0
http://www.ncbi.nlm.nih.gov/pubmed/32908215
http://doi.org/10.1007/s11356-021-18244-1
http://doi.org/10.1016/j.buildenv.2019.106237
http://doi.org/10.1007/s11356-019-06890-5
http://doi.org/10.1016/j.atmosenv.2020.117527
http://doi.org/10.1016/j.envint.2014.07.019
http://www.ncbi.nlm.nih.gov/pubmed/25129414
http://doi.org/10.4028/www.scientific.net/AMM.214.130


Molecules 2022, 27, 3626 14 of 14

14. Schieweck, A.; Gunschera, J.; Varol, D.; Salthammer, T. Analytical procedure for the determination of very volatile organic
compounds (C3–C6) in indoor air. Anal. Bioanal. Chem. 2018, 410, 3171–3183. [CrossRef] [PubMed]

15. Schieweck, A. Very volatile organic compounds (VVOC) as emissions from wooden materials and in indoor air of new prefabri-
cated wooden houses. Build. Environ. 2021, 190, 107537. [CrossRef]

16. Jiang, Z.; Teng, H.; Zhang, D.; Khomik, S.V.; Medvedev, S.P. On the mechanism of detonation initiations. In Shock Waves; Springer:
Berlin/Heidelberg, Germany, 2009; pp. 329–334.

17. Zhu, J.; Xiao, Z. Characterization of the major odor-active compounds in dry jujube cultivars by application of gas chromatography–
olfactometry and odor activity value. J. Agric. Food Chem. 2018, 66, 7722–7734. [CrossRef]

18. Dharmawan, J.; Kasapis, S.; Sriramula, P.; Lear, M.J.; Curran, P. Evaluation of aroma-active compounds in pontianak orange peel
oil (Citrus nobilis Lour. Var. microcarpa Hassk.) by gas chromatography−olfactometry, aroma reconstitution, and omission test. J.
Agric. Food Chem. 2009, 57, 239–244. [CrossRef]

19. Xiao, Z.; Chen, J.; Niu, Y.; Chen, F. Characterization of the key odorants of fennel essential oils of different regions using GC–MS
and GC–O combined with partial least squares regression. J. Chromatogr. B 2017, 1063, 226–234. [CrossRef]

20. Bulliner, E.A.; Koziel, J.A.; Cai, L.; Wright, D. Characterization of livestock odors using steel plates, solid-phase microextraction,
and multidimensional gas chromatography–mass spectrometry–olfactometry. J. Air. Waste Manag. 2006, 56, 1391–1403. [CrossRef]

21. Wang, Q.; Shen, J.; Shao, Y.; Dong, H.; Li, Z.; Shen, X. Volatile organic compounds and odor emissions from veneered particleboards
coated with water-based lacquer detected by gas chromatography-mass spectrometry/olfactometry. Eur. J. Wood Wood Prod. 2019,
77, 771–781. [CrossRef]

22. Schreiner, L.; Loos, H.M.; Buettner, A. Identification of odorants in wood of Calocedrus decurrens (Torr.) Florin by aroma extract
dilution analysis and two-dimensional gas chromatography–mass spectrometry/olfactometry. Anal. Bioanal. Chem. 2017,
409, 3719–3729. [CrossRef]

23. Liu, Y.; Zhu, X.; Qin, X.; Wang, W.; Hu, Y.; Yuan, D. Identification and characterization of odorous volatile organic compounds
emitted from wood-based panels. Environ. Monit. Assess 2020, 192, 348. [CrossRef] [PubMed]

24. Dong, H.; Jiang, L.; Shen, J.; Zhao, Z.; Wang, Q.; Shen, X. Identification and analysis of odor-active substances from PVC-overlaid
MDF. Environ. Sci. Pollut. Res. 2019, 26, 20769–20779. [CrossRef] [PubMed]

25. Zhu, X.; Liu, Y.; Shen, J. Volatile organic compounds (VOCs) emissions of wood-based panels coated with nanoparticles modified
water based varnish. Eur. J. Wood Wood Prod. 2016, 74, 601–607. [CrossRef]

26. Wang, Q.; Shen, J.; Wang, H.; Zeng, B.; Wang, W. Determination of odor-active compounds from Phoebe neurantha (Hemsl.) Gamble
and Osmanthus fragrans (Thunb.) Lour. by GC–MS/O and micro-chamber combined with Tenax TA and multi-bed tubes. Wood Sci.
Technol. 2021, 55, 1135–1151. [CrossRef]

27. Karlsson, S.; Bánhidi, Z.G.; Albertsson, A.C. Gas chromatographic detection of volatile amines found in indoor air due to
putrefactive degradation of casein-containing building materials. Mater. Struct. 1989, 22, 163–169. [CrossRef]

28. Ulker, O.C.; Ulker, O.; Hiziroglu, S. Volatile organic compounds (VOCs) emitted from coated furniture units. Coatings 2021,
11, 806. [CrossRef]

29. Rossberg, M. Chloromethanes. Ullmann’s Encyclopedia of Industrial Chemistry, 7th ed.; John Wiley & Sons: New York, NY, USA, 2011.
30. Lewis, R.J., Sr. (Ed.) Sax’s Dangerous Properties of Industrial Materials, 11th ed.; Wiley-Inter Science, Wiley & Sons, Inc.: Hoboken,

NJ, USA, 2004.
31. Verschueren, K. Handbook of Environmental Data on Organic Chemicals, 4th ed.; John Wiley & Sons: New York, NY, USA, 2001;

Volumes 1–2, p. 359.
32. Cain, W.S.; Drexler, M. Scope and evaluation of odor counteraction and masking. Ann. N. Y. Acad. Sci. 1974, 237, 427–439.

[CrossRef]
33. Li, S. Design of Small Environment Chamber and Study of VOC Emission Characteristic from Wood-Based Panel. Master’s

Thesis, Northeast Forestry University, Harbin, China, 2013.
34. Wang, Q.; Shen, J.; Cao, T.; Du, J.; Dong, H.; Shen, X. Emission chararacteristics and health risks of volatile organic compounds

and odor from PVC-overlaid particleboard. Bioresources 2019, 14, 4385–4402. [CrossRef]

http://doi.org/10.1007/s00216-018-1004-z
http://www.ncbi.nlm.nih.gov/pubmed/29594428
http://doi.org/10.1016/j.buildenv.2020.107537
http://doi.org/10.1021/acs.jafc.8b01366
http://doi.org/10.1021/jf801070r
http://doi.org/10.1016/j.jchromb.2017.07.053
http://doi.org/10.1080/10473289.2006.10464547
http://doi.org/10.1007/s00107-019-01427-6
http://doi.org/10.1007/s00216-017-0314-x
http://doi.org/10.1007/s10661-019-7939-5
http://www.ncbi.nlm.nih.gov/pubmed/32388623
http://doi.org/10.1007/s11356-019-05263-2
http://www.ncbi.nlm.nih.gov/pubmed/31104236
http://doi.org/10.1007/s00107-016-1012-7
http://doi.org/10.1007/s00226-021-01268-8
http://doi.org/10.1007/BF02472183
http://doi.org/10.3390/coatings11070806
http://doi.org/10.1111/j.1749-6632.1974.tb49876.x
http://doi.org/10.15376/biores.14.2.4385-4402

	Introduction 
	Results and Discussion 
	TVVOC and TOI of WB-MDF 
	VVOC Composition of WB-MDF 
	Identification of Odor Compounds of WB-MDF 

	Materials and Methods 
	Materials 
	Sampling 
	Analytical Method for GC-MS 
	Analytical Method for GC-O 

	Conclusions 
	References

