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Volatile organic compounds (VOCs) emitting from building materials are one of the main sources of indoor
pollution. Environmental factors have obvious effects on VOC emissions from building materials. However,
no unified conclusions have been achieved on the influence of relative humidity (RH) and air change rate
(ACR), and there is little research on the correlations of RH and ACR with parameters in VOCs emission
fitting models. Therefore, factor analysis was applied in this paper to study the influence of RH and ACR
on VOCs emissions. Medium density fibreboard pannels with the coating of oil-based paint were applied
at four ACR (0.5 h™%, 1.0 h™, 2.0 h™%, 3.0 h™%) and four RH (20%, 30%, 50%, 70%) conditions in 60 L
environmental chambers. Tenax TA tubes were used to collect VOCs and thermal desorption-gas
chromatography mass spectrometry was applied to determine the concentrations. The results show that
RH influences the initial stage of VOCs emission and has a positive correlation with the emission
concentrations. In the later emission stage, RH has no obvious influence on VOCs emissions, while the
concentrations of VOCs are inversely proportional to ACR. The parameters in the single exponential

model a; and b; have power-law or polynomial relationships with ACR and RH. ACR has negative
Received 18th March 2021 lati ith d it lati ith b It . i infl vOC
Accepted 25th July 2021 correlations with a; and positive correlations wi 1, resulting in a negative influence on s
emissions, while RH has a complex influence on VOCs emissions. This study elucidated how RH and

DOI: 10.1035/d1ra02164h ACR impact VOCs emissions from oil-based paint coating medium density fibreboard and further

rsc.li/rsc-advances influence human health exposure risks, which can then be used to improve indoor air quality.

the release of VOCs in damp and normal rooms under high and
low RH conditions respectively. However, Liang et al. demon-

1 Introduction

Indoor pollution will seriously reduce indoor air quality (IAQ),
and further affect humans' comfort, health, and work effi-
ciency.’ Volatile organic compounds (VOCs) emitting from
wood-based materials and furniture are one of the main sources
of indoor air pollution, and have attracted extensive
attention.**®

Previous studies show that environmental factors have
significant impacts on VOC emissions from building mate-
rials.”® Xiong et al®' studied the combined influence of
temperature and relative humidity (RH) on the emission of
VOCs from building materials. They found that the emission
rates of the pollutants rose with the increase of temperature and
RH. Markowicz et al.'* illustrated that the influence of RH on
the emission of pollutants should not be ignored by studying
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strated that formaldehyde emission was positively correlated
with absolute humidity but not with RH through a 29 months’
emission from a medium density fibreboard in a full-scale
environmental room.” Caron et al.** studied formaldehyde and
VOCs emissions from a particleboard with a waterproof coating
in an environmental chamber under different air change rates
(ACR) and found that the emission rate of formaldehyde was
significantly affected by ACR, while VOCs were not.

Numerous studies have shown that temperature has a posi-
tive correlation with VOCs emissions, while there are no
uniform conclusions on how RH and ACR affect the behavior of
VOCs emissions.” As many studies were conducted in practical
dwelling environments, the environmental conditions couldn't
be controlled precisely, and temperature, RH, and ACR might
have a mixed influence on pollutant emissions. Besides, the
emission characteristics of wood-based panels that have been
stored for a long period should be different from that of newly
manufactured panels, which made the conclusions drawn by
different researchers different. Therefore, it is of significance to
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separately study the influence of RH and ACR on VOCs emis-
sions in an experimental environment.

Moreover, most studies were concentrated on the relation-
ships between environmental factors and key physical param-
eters (diffusion coefficient Dy, initial emittable concentration
Co, and partition coefficient k') in the mass transfer
process.”>™® The study of Xu et al. indicated that with the
increase of temperature, D,, and C, increased, while K
decreased. Liang et al."®>" studied the influence of RH on the
values of three parameters (Cy, Dy, K) and found that there was
a positive relation between C, and RH. While RH had a negli-
gible impact on D,,, and K. However, Cy, Dy, and K only devoted
to investigating VOCs emission mechanisms, not for predicting
VOCs concentrations releasing from building materials.
Generally speaking, the single exponential model has been
widely applied to fit VOCs emissions and predict VOCs
concentrations in environmental chambers in previous
studies.”** This model can be derived from the diffusion and
mass transfer process of VOCs emissions from the material to
the ambient air.>® Its form is simple, which is beneficial to the
application in practical engineering. The two parameters in the
model are key parameters to predict VOCs emissions. As we
know, VOCs emissions vary with RH and ACR. Then there
should be relationships of RH and ACR with the parameters in
the model. However, studies related to these factors are limited.

Therefore, this study mainly focused on the influence of RH
and ACR on VOCs emissions from a medium density fibreboard
with the coating of oil-based paint (a representative of wood-
based panels) based on environmental chamber experiments.
The relationships between the parameters of the single expo-
nential model and the environmental factors were researched,
which will be of great significance to predict VOCs emissions
and will further improve indoor air quality.

2 Materials and methods
2.1 Materials

A medium density fibreboard was purchased in the market and
treated with oil-based paint on the surfaces in a furniture
company. The emissions of pollutants were evaluated before the
experiment. The concentrations of formaldehyde were lower
than the detection limit, while the VOCs emission concentra-
tions were very high, which made it easier to study VOCs
emission characteristics. Eight pieces of panels with the same
size of 10 cm x 30 cm were cut from the same oil-based paint
coating medium density fibreboard panel. Four panels were
used for VOCs emissions at different RH conditions, and the
other four were used for VOCs emissions at different ACR
conditions. The edge areas were sealed with aluminum foil to
make sure that the pollutants only emitted from the upper and
lower sides of the materials during the experiments.”® Then the
emission area of each panel was 0.06 m> and the loading rate
was 1 m*> m >, After that, the panels were immediately wrapped
with plastic films and stored at room temperature until the start
of the experiments.?”” Four panels for RH influence studies were
stored for half a month while the other four for ACR influence
studies were stored for three months respectively.
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Table 1 RH and ACR conditions of the experiments
Groups RH%/% ACRYh™
1 50 0.5/1.0/2.0/3.0
2 20/30/50/70 1.0

¢ RH is the relative humidity; ACR is the air change rate.

2.2 Environmental chamber

The experiments to test the emissions of VOCs from wood-based
panels were carried out in 60 L (0.3 m x 0.3 m X 0.67 m) envi-
ronmental chambers coated with Teflon on the inner walls. The
chambers were cleaned under a high temperature of 250 °C to
reduce the background concentrations of TVOC to below
0.02 mg m>.% After cleaning, the temperature in the chamber was
maintained at 23 £ 0.5 °C.*** Two groups of the experiment based
on factor analysis were conducted to study the influence of RH and
ACR on VOCs emissions from the oil-based paint coating medium
density fibreboard. The conditions are presented in Table 1.

2.3 Sampling method

The panels were placed in the middle of the chamber, with the
surfaces parallel to the airflow. VOCs emitting from the mate-
rials were sampled with Tenax TA tubes using a constant flow
pump. At the condition of ACR 0.5 h™", the sampling rate was
200 mL min~ ", and the sampling time was 25 min. At other
conditions, the sampling flow rate was 500 mL min~ ' and the
sampling time was 10 min, resulting in the total sampling
volume of 5 L.** Sampling was conducted every several hours
until the balanced state of emissions.*” The sampling schedule
is shown in Table 2.>*> The ambient temperature and atmo-
spheric pressure during sampling were recorded.

2.4 Testing method

VOCs sampled by Tenax TA tubes were analyzed by thermal
desorption-gas chromatography mass spectrometry (TD-GCMS)
(TD: TD 100-xr, Markes International; GC: 7890B, MS: 5977B,
Agilent Technology). The determination conditions of TD-
GCMS are shown in Table S1.f All the VOCs with the reten-
tion time between n-hexane and n-hexadecane were identified
automatically using NIST library.>® The concentrations were
quantified using peak areas with the response coefficient of
toluene,* as seen in eqn (1) and (2). Six consecutive samples
were collected at the condition of RH 50% and ACR 1.0 h™*, and
the relative standard deviation (RSD) of the VOCs

Table 2 Sampling schedule of the experiment

Days Sampling intervals
1st day 2h

2nd day 3h

3rd day 4h

4th day 6h

5th day 12 h

6th day to the balanced state 24 h

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The precision evaluation of the measurement for VOCs emissions

Concentrations/mg m >

Acetic acid butyl

No. TVOC ester Ethylbenzene PGMEA p/mXylene o-Xylene Isopropyl benzene 1,2,4-Trimethylbenzene

1 0.772 6.10 x 10> 8.00 x 10 0.363 6.36 x 107> 0.123 3.23 x 1072 2.61 x 102

2 0.770 6.06 x 10> 8.14 x 10> 0.362 6.16 x 1072 0.122 3.19 x 1072 2.60 X 1072

3 0.745 5.97 x 10~ > 7.69 x 107 0.356 6.14 x 1072 0.117 3.11 x 1072 2.57 x 1072

4 0.757 5.99 x 10> 7.89 x 10 0.358 6.33 x 1072 0.120 3.14 x 1072 2.59 x 1072

5 0.756 5.94 x 10> 7.84 x 107°  0.355 6.26 x 107> 0.121 3.19 x 1072 2.56 x 1072

6 0.749 5.92 x 10~ > 8.20 x 10> 0.354 6.19 x 1072 0.121 3.02 x 1072 2.56 X 1072

Average/mg m > 0.758 6.00 x 10> 7.96 x 10°  0.358 6.24 x 107> 0.121 3.15 x 102 2.58 x 102

SD/mg m ™ 1.11 x 102 6.85 x 10°* 193 x 10°*  3.76 x 107 9.22 x 10~* 2.00 x 10™* 7.29 x 10™* 2.49 x 107*

RSD/% 1.46 1.14 2.42 1.05 1.48 1.66 2.32 0.97

concentrations was calculated to evaluate the precision of the . = Ma = 1y 2)
. L=

measurement. The main components were selected to analyze vV

the relationships of emission characteristics with RH and ACR.  here m, is the mass of VOCs sampled in Tenax TA tube, ug; A is
the peak area of the compound; & is the response coefficient of
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Fig.1 Chromatograms of VOCs emissions at 24 h from the medium density fibreboard coated with oil-based paint: (a) at 50% RH; (b) at different
RH conditions.
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toluene; c, is the concentration of VOCs in the chamber, mg
m; my,q is the mass of VOCs in the background, ug; and V is
the sampling volume, L.

2.5 Simulation of VOCs emissions

The single exponential model was applied to simulate VOCs emis-
sion concentrations in environmental chambers, as shown in eqn (3).

Ca =da; X ef”"

(3)
where t is the time, h; and a; and b; are the constant
parameters.

The values of a; and b, can be obtained through the simu-
lating results. Then the relationships of a; and b, with RH and
ACR were examined. Five kinds of fitting approaches, which are
exponential fitting, linear fitting, logarithmic fitting, poly-
nomial fitting, and power fitting, were applied to fit the values of
a, and b; with RH and ACR.

3 Results and discussion
3.1 Precision evaluation

VOCs emitting from an oil-based paint coating medium density
fibreboard in the environmental chamber were collected

View Article Online
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consecutively with six Tenax TA tubes and analyzed by TD-
GCMS. The main pollutants contained seven VOCs, which
were acetic acid butyl ester, ethylbenzene, propylene glycol
monomethyl ether acetate (PGMEA), p/m-xylene, o-xylene, iso-
propyl benzene, and 1, 2, 4-trimethylbenzene. Concentrations
of TVOC and the main pollutants were calculated respectively
and the precision of the measurement was evaluated. The
results are shown in Table 3.

The RSD values of the concentration of TVOC and individual
VOCs are all lower than 5%, which means that the precision of
VOCs measurement is more than 95% and the test method is
reliable. Therefore, collecting one sample at a specific time is
enough to represent the VOCs emissions and there is no need to
conduct a duplicate experiment in the test of VOCs emissions.

3.2 The influence of RH on VOCs emissions

Four panels were put into the environmental chambers at
different RH conditions to test VOCs emissions. The chro-
matograms of VOCs emissions at 50% RH and different RH
conditions are shown in Fig. 1(a) and (b) respectively, with the
emission at 24 h as the representative.

The results in Fig. 1 depict that the difference between the
peaks of VOCs at different conditions is not too much, which
means that there is no significant difference in VOCs emissions
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Fig. 2 VOCs concentrations at different RH conditions: (a) TVOC; (b) acetic acid butyl ester; (c) PGMEA; (d) m/p-xylene; (e) o-xylene; (f) eth-

ylbenzene; (g) isopropyl benzene; (h) 1,2,4-trimethylbenzene.
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under different RH conditions. Then peak areas were integrated
and the concentrations were calculated based on eqn (1) and (2)
to quantify VOCs emissions at different conditions. The exper-
iment went on for a total of 288 h for 12 days. The concentra-
tions over time of TVOC and the major pollutants at different
RH conditions are displayed in Fig. 2.

The results in Fig. 2 depict that the concentrations of acetic
acid butyl ester, m/p-xylene, PGMEA, and o-xylene increase first
and decay over time after the peak values. While the concen-
trations of ethylbenzene, isopropyl benzene, 1,2,4-trime-
thylbenzene decay with the increase of time. There are no peak
values for the concentrations of these three compounds, which
is most probably due to that the C, of the pollutants is relatively
low. The pollutants at free state quickly escaped from the
material and reached the maximum values within 1 h. Then the
rate of VOCs emitting from the materials to the chamber was

View Article Online
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slower than that escaped to the outlet, resulting in the decay of
VOCs concentrations after 1 h.

RH mainly influences the early stage of VOCs emissions,
while in the later period, especially in the equilibrium stage, the
concentrations are almost the same, which means that the
effect of RH on VOCs emissions at the equilibrium state can be
ignored. In the early emission stage, VOCs concentrations are
proportional to RH. The larger the RH, the higher the VOCs
emission concentrations in the early emission stages.

The influence mechanism of RH on VOCs emissions is
complex. RH has an impact on the D,, of VOCs. The increase of
the RH will increase the D, of the pollutants, resulting in the
increase of VOCs emission concentrations.?® Moreover, most of
the pollutants emitting from building materials are not water-
soluble. As VOCs can't dissolve in water, there are competitive
relationships between water and VOCs molecules to occupy the
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Fig. 3 Chromatograms of VOCs emissions at 24 h from the medium density fibreboard coated with oil-based paint: (a) at ACR 1.0 h™*; (b) at

different ACR conditions.
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adsorption sites in the materials. The increase of RH will
increase the content of water molecules in materials and occupy
more adsorption sites, which will increase the competitiveness
between water and VOCs molecules. The adsorption of pollut-
ants decreases and then decreases the value of K of VOCs. Then
more VOCs will emit from the materials and the concentrations
will increase.’?*3¢ Meanwhile, the existence of water molecules
has a more significant impact on hydrophilic target
compounds. In the seven main pollutants emitting from the
materials, only PGMEA is water-soluble. As seen from Fig. 2, the
influence of RH on PGMEA lasts longer than other compounds,
even at the equilibrium state.

Moreover, in the initial emission period, there are numerous
dissociative VOCs molecules in the material. Diffusion and
convective mass transfer in the boundary layer should be the
main controlling step of VOCs emissions. However, in the later
stage, most of the dissociative VOCs molecules have released
into the chamber. Then VOCs emissions are limited by the mass
transfer process in the material."**” The water molecules will
occupy the adsorption sites on the surface of the material first
and then invade into the interior of the material gradually,
which results that RH affects VOCs more in the initial emission
period.

3.3 The influence of ACR on VOCs emissions

Four panels were put in the environmental chambers to test
VOCs emissions. The chromatograms of VOCs obtained from
GCMS at ACR 1.0 h™" and different ACR conditions are shown
in Fig. 3(a) and (b) respectively, with the emission at 24 h as the
representative.

The results in Fig. 3 show that the larger the ACR, the smaller
the peak areas and intensity of the pollutants. The main
pollutants are the same as that obtained in the study of the
influence of RH on VOCs emissions in Section 3.2. The
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concentrations of VOCs were calculated to compare the differ-
ence at different conditions quantitatively. The experiment ran
for a total of 384 h for 16 days. The variation curves of the
concentrations of the major pollutants in the chambers over
time at different conditions are displayed in Fig. 4.

The results in Fig. 4 show that in the initial stage of VOCs
emission, the concentrations increase first and then decay with
time. The peak values are achieved in the first 10 hours. The
higher the ACR is, the earlier it is to achieve the peak value of
concentrations. Meanwhile, the concentrations of VOCs
decrease with the increase of ACR. The influence is significant
and gradually increases in the increasing stage, but diminishes
at the decaying stage. While at the equilibrium stage, the
difference of VOCs concentrations between different conditions
is stable and not significant.

Meanwhile, ACR influences VOCs emissions in different
degrees. The concentration difference between the ACR of 0.5
h™"and 1.0 h™ ' is significantly higher than that between 1.0 h™*
and 2.0 h™', as well as between 2.0 h~ " and 3.0 h™". According to
the mass balance equation and convective mass transfer theory,
the concentration gradient of VOCs at the boundary layer
between the material and air will increase with the increase of
ACR. Therefore, the convective mass transfer of the pollutants
from the materials to the air increases, which will accelerate the
diffusion of VOCs from the material to the air.*® While the
increase of ACR will bring more fresh air into the chamber,
which will dilute VOCs concentrations in the chamber. As
aresult, the amount emitting from the materials to the chamber
is much lower than that is taken away from the chamber to the
ambient air,"* which makes the concentrations of VOCs at the
ACR of 1.0 h™" much lower than that of 0.5 h™". At the ACR
conditions of 1.0 h™*, 2.0 h™', and 3.0 h™', the enormous
concentration gradient makes the emission of VOCs from the
material to the air much faster. Therefore, the difference of the
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Fig.4 Concentrations of VOCs in the chambers at different ACR conditions: (a) TVOC; (b) acetic acid butyl ester; (c) PGMEA; (d) p/m-xylene; (e)

o-xylene; (f) 1,2,4-trimethylbenzene.
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emission amount from the materials to the chamber and from
the chamber to the ambient air is much less than that between
the ACR conditions of 0.5 h™" and 1.0 h™", resulting in the
concentration difference of VOCs in the chamber much lower.

3.4 Simulation of VOCs emissions at different conditions

The concentrations of VOCs emissions at different conditions
over time were simulated with the single exponential model
according to the methods in Section 2.5. The results of 1,2,4-
trimethyl benzene at the conditions of 50% RH and ACR of 0.5
h™, 1.0 h™", 2.0 h™", 3.0 h™" are shown in Fig. 5 as the repre-
sentative. The simulating results of other compounds at
different RH and ACR conditions are shown in Fig. S1 to S13 in
the ESL}

In Fig. 5, we can notice that the single exponential model can
fit the emission rates well. The fitting formulas at four different
conditions are C, = 0.0576 x e *% C, =0.0174 x e %% C,
= 0.0206 x e Y ¢, = 0.0114 x e *°"* respectively. The
fitting results indicate that the values of a; and b, of the same
compound at different conditions are different, which means
RH and ACR influence the values of a; and b;.

From eqn (1), we know that C, has a positive correlation with
a, and a negative correlation with b,. The results in Section 3.2
and Section 3.3 shows that RH influences initial VOCs emis-
sions from building materials, and the higher the RH, the
higher the VOCs concentrations in the initial stage. While the
concentrations of VOCs in the chamber decrease with the
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increase of ACR. Then the values of a, and b, should be related
to RH and ACR. The relationships of a; and b, with RH and ACR
were examined according to the method in Section 2.5. The
fitting results and corresponding R-squared are summarized in
Tables S2 to S5.1

In Table S2,7 R-squared values of VOCs fitted by different
models are over 0.9 except for the exponential fitting of p/m-
xylene. The result indicates that a; has a significantly strong
correlation with RH and the value of a; doesn't have an expo-
nential relationship with RH. Nevertheless, most of the values
of R-squared obtained by polynomial fitting are the highest.
Therefore, it can be inferred that there is a polynomial rela-
tionship between a; and RH. According to the results by
different types fitting of a; with ACR in Table S3,7 the R-squared
obtained by power fitting is the largest and this model fits well.
Therefore, there is a power-law relationship between a; and
ACR. While the fitting results of b; with RH and ACR in Tables
S4 and S51 show that b, has a polynomial relationship both with
RH and with ACR.

The fitting results in Tables S2-S51 indicate that RH has
positive correlations with a; and b;, while ACR has a negative
correlation with a; and a positive correlation with b,. As shown
in eqn (3), large a; and small b; can lead to large VOCs
concentrations. It means that factors that have positive corre-
lations with a; and negative correlations with b; will have
a positive influence on VOCs emissions. While factors that have
negative correlations with a; and positive correlations with b,
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will have a negative influence on VOCs emissions. Combining
the analyses above, it can be concluded that ACR is a factor that
can promote VOCs emissions, while RH can either promote or
prevent VOCs emissions from building material. It may also
explain why RH mainly influences VOCs emissions in the initial
stage. As there are quantitative relationships between these
factors and parameters in eqn (3), VOCs concentrations can be
calculated according to the environmental conditions and the
time, which is meaningful for the prediction of VOCs emission
concentrations.

Furthermore, the panels used to explore the influence of RH
and ACR are cut from the same oil-based paint coating medium
density fibreboard. There is the same condition applied during
these two groups' studies, which is RH 50% and ACR 1.0 h™".
However, the values of a; and b; obtained from these two
experiments and the numbers of the main pollutants are
different. This is probably due to that the C, of the compounds
in these two groups of experiments are different because of the
different storage periods. The panels applied for VOCs emission
at different ACR conditions were stored for a longer period,
which led to the release of some VOCs from materials into
ambient air before the start of the experiment.” Therefore, the
obtained VOCs concentrations and species are less than those
obtained at different RH conditions. Meanwhile, the values of
a, and b, of different compounds at the same condition are also
different from each other, which is related to the molecular
weight, boiling points, as well as C,.***

3.5 The influence of the parameters on human health

The exposure of VOCs will affect humans' health and cause
health risks. From the results in the study above, RH mainly
influences VOCs concentrations in the initial emission stage.
The larger RH will lead to larger VOCs concentrations, which
will increase the exposure risks for humans. While in the latter
emission stage, especially at the balanced state, RH has little
influence on VOCs concentrations, which will have little influ-
ence on human exposure risks. Meanwhile, ACR has a negative
influence on VOCs emission concentrations and high ACR will
bring forward the time to achieve the balanced states. There-
fore, higher ACR will decrease the exposure concentrations as
well as the exposure time at high concentrations, which will
reduce the exposure risks for humans. Moreover, high a; and
low b, will increase VOCs concentrations, which will increase
human exposure risks. Overall, decreasing RH and a; and
increasing ACR and b, will contribute to the decrease of human
exposure risks of VOCs emitting from building materials.

4. Conclusions

VOCs emitting from oil-based paint coating medium density
fibreboard at different RH and ACR conditions were studied in
environmental chambers based on the factor analysis. The
relationships between the parameters in the single exponential
model (a; and b,) with RH and ACR were studied. The following
conclusions are drawn:
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(1) The concentrations of VOCs emitting from the oil-based
paint coating medium density fibreboard have a negative
correlation with ACR and a positive correlation with RH in the
initial emission stage. While at the later period of emission, RH
has no obvious influence on VOCs releasing.

(2) The parameters of the single exponential model a, and b,
are related to ACR and RH. The value of a; has a power rela-
tionship with ACR and a polynomial relationship with RH. b,
has a polynomial relationship with both ACR and RH, which is
meaningful for the prediction of VOCs emissions.

(3) ACR has negative correlations with a; and positive
correlations with b;, while RH has positive correlations with
both a; and b,, which has complex effects on VOCs emissions.
Meanwhile, decreasing RH and a, as well as increasing ACR and
b, will contribute to the decrease of human exposure risks of
VOCs emitting from building materials.

The results in this study give an explicit conclusion about
how RH and ACR influence VOCs emissions from medium
density fibreboard, which is beneficial for the promotion of
indoor air quality.
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