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A B S T R A C T

Flood damage can increase indoor concentrations of di(2-ethylhexyl) phthalate (DEHP) and molds in households
with wallpaper. Wallpaper water content can affect its DEHP emission into indoor environments; however, the
influence of mold growth on this DEHP emission remains unclear. Here, we evaluated whether mold growth
affects DEHP emission from moist wallpaper (moist WP). Experiments were conducted in glass chambers with
wallpaper containing 12.7% (w/w) DEHP and a dust tray sample system at approximately 28 �C and 100%
relative humidity (RH). The experimental groups were (1) moist WP, (2) moist WP þ Aspergillus versicolor (AV),
(3) moist WP þ Cladosporium cladosporioides, (4) moist WP þ Penicillium chrysogenum, and (5) moist WP þ mold
mixture. Mold growth on the wallpaper and DEHP emission into air and onto dust were analyzed at nine time-
points over 30 days. Initially, the moist WP group emitted relatively high concentrations of DEHP into air, but
after at least 8 days, the concentration of DEHP emitted by the mold-added groups exceeded that of the moist WP
group. DEHP emission onto dust, especially from the moist WP group, increased considerably at day 15. During
the experimental period, the moist WP (13.63 � 4.67 μg) and moist WP þ AV (13.93 � 0.49 μg) groups emitted
higher cumulative amounts of DEHP onto dust. During the 30-day experimental period, obvious mold growth
occurred over days 15–30. Moreover, the moist WP group exhibited relatively higher and lower cumulative DEHP
emission into air than the mold-added groups during days 2–10 (2.71 vs. 1.94–2.94 μg) and 15–30 (1.16 vs.
1.61–2.12), respectively; a contrasting trend was observed for cumulative DEHP emission onto dust. In conclu-
sion, mold growth affects DEHP emission from water-damaged wallpaper, and the removal or cleaning of wet
wallpaper, particularly those with visible mold growth, is critical from a public health perspective.
1. Introduction

Di(2-ethylhexyl) phthalate (DEHP) is a phthalate ester widely used as
a plasticizer. According to global market sales, DEHP accounts for 50% of
all plasticizers, and DEHP is added to at least 95% of polyvinyl chloride
(PVC) products such as containers, toys, raincoats, and buildingmaterials
(Gevao et al., 2013; Sampath et al., 2017). Building materials, such as
PVC flooring and wallpaper, may contain approximately 10% DEHP
(w/w) or more (Gong et al., 2014; Lee et al., 2014). DEHP is not chem-
ically bound to the PVC matrix; thus, DEHP emission from products into
the environment occurs frequently.
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DEHP is distributed in many indoor environmental media, including
air, airborne particles, dust, and furniture surfaces (Kashyap and Agarwal
2018; Liu and Zhang 2016). Of all phthalate esters, DEHP demonstrates
the highest abundance in indoor air and dust (Huang et al., 2020; Lee
et al., 2021; Wang et al., 2021). However, in indoor environments, DEHP
is mainly present in the particle phase rather than in the gas phase owing
to its low volatility (Chi et al., 2017; Kashyap and Agarwal 2018; Liu and
Zhang 2016). Consequently, in households, DEHP concentrations are
higher on settled dust than in other media (Bornehag et al., 2005).
Moreover, of all phthalate esters found on settled dust indoors, DEHP has
the highest concentration (Bergh et al., 2011; Bornehag et al., 2005). A
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study in Stockholm, Sweden, found that DEHP on settled dust in private
homes, daycare centers, and even workplaces accounted for >80% of
dust phthalate esters (Bergh et al., 2011).

DEHP emission from PVC products is affected by environmental fac-
tors. Hsu et al. (2012) found that DEHP levels were higher in dust
collected from houses that had experienced flooding, indicating that
moisture content might affect DEHP emission from building materials
into air and dust. The higher the moisture content of source materials is,
the more extensive is the migration of DEHP within polymers and the
higher is its emission into the environment (Kashyap and Agarwal 2018).
Moreover, in building materials, DEHP hydrolyzes to 2-ethyl-1-hexanol
(2E1H) in the presence of moisture (Yokota et al., 2013). As such, high
moisture content enhances the rate of DEHP reduction through hydro-
lysis. This reduces DEHP levels in the boundary and thereby creates a
DEHP concentration gradient toward the boundary (Hsu et al., 2017). In
their chamber study, Hsu et al. (2017) further determined that moist
wallpaper (moist WP) emits 35.31% more DEHP mass into air, dust, and
wipe samples than does dry wallpaper.

Mold affects water-damaged rooms more extensively than those
without any water damage (Gravesen et al., 1999; Haas et al., 2007;
Walinder et al., 2001). After floods, wet building materials support mold
growth (Brandt et al., 2006; Riggs et al., 2008) and the emission of DEHP
(Hsu et al., 2012). This is because mold uses organics within building
materials, such as wallpaper, as nutrients for its growth, consequently
leading to DEHP emission. A study in China reported a significantly
positive association between urinary concentrations of DEHPmetabolites
in pregnant women and moldy walls (Dong et al., 2020). Therefore, we
hypothesized that wallpaper with a high water content would favor mold
growth, which would increase DEHP emission into the environment.
However, no study has demonstrated the association between the mold
growth and DEHP emission.

With global climate change, the frequency of extreme weather events,
including heavy rainfall, has increased. Every 1 �C increase in local
temperature can increase moisture content in the global atmosphere by
approximately 7% (Kininmonth 2010). This can lead to more intense
precipitation events, resulting in an increased frequency of floods and
consequently increasing the possibility of mold growth on moist WP and
the subsequent emission of DEHP from wallpaper into the environment.
DEHP exposure orally, dermally, and through inhalation is associated
with several adverse health outcomes such as those relating to repro-
ductive toxicity (Barakat et al., 2017; Pocar et al., 2017), testicular
toxicity (David 2006), neurotoxicity (Wu et al., 2019), cardiotoxicity
(Amara et al., 2019; Wang et al., 2019), asthma, and allergies (Wang
et al., 2015). This study, therefore, evaluated whether mold growth af-
fects DEHP emission from moist WP into the environment and compared
the differences in the effects of different mold species on DEHP emission
levels.

2. Materials and methods

2.1. Chamber system and experimental materials

A 5.8-L glass chamber was used to perform our experiments. The
major components of the chamber system were temperature and hu-
midity sensors (HOBO temperature logger; U10-003, Onset Computer,
Bourne, MA, USA), a temperature controller model (NewLab HT-720,
Taiwan), four pieces of wallpaper (three rectangular pieces, each sized
12.5 cm � 60 cm, 5 cm � 44.5 cm, and 9.5 cm � 15.5 cm); one circular
piece, with a 13.8-cm diameter), dust platforms (16.3 cm � 10 cm � 10
cm), sorbent tubes for air sampling, nine dust tray sample systems, and a
magnet stirrer (SP88857100; Thermo Fisher Scientific, Waltham, MA,
USA). Each dust tray sample system (1.1 cm � 1.1 cm � 10.2 cm) con-
tained 1 g of the standard dust ASHRAE 52–76, composed of 72% Ari-
zona road dust (0–80 μm in diameter), 23% carbon black, and 5% fibers.
Before the experiments, the standard dust was soaked in n-pentane
overnight and then shaken ultrasonically in fresh n-pentane for 30 min;
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this was repeated three times. The treated standard dust was dried in a
chemical hood to avoid background contamination. A magnet stirrer was
placed at the bottom of the chamber to ensure an even distribution of the
environmental components inside the chamber during the entire exper-
iment. The chambers were airtight without any ventilation, except at
sample collection time-points.

One of the best-selling PVC-coated wallpapers, SKURA 71464, was
selected for our study because of its high (12.7% w/w) DEHP concen-
tration (Hsu et al., 2017). Moreover, this wallpaper is coated with PVC on
only one side.

The three airborne mold species most commonly found indoors after
flooding in Taiwan were selected for the experiments: (1) Aspergillus
versicolor (BCRC 31895), (2) Cladosporium cladosporioides (BCRC 30812),
and (3) Penicillium chrysogenum (BCRC 30873). These species were grown
on dichloran glycerol (DG18) agar at 25 �C for 30 days. Next, the spores
were extracted from the medium by using sterile 0.5% Tween (Sigma-
Aldrich, St. Louis, MO, USA) and were then diluted to a concentration of
(2.35–2.42) � 106 spores/mL. This suspension was then added to the
moist WP samples by using a glass dropper; in particular, 1 mL of the
diluted spore suspension was added per 25 cm2 of the moist WP and
spread using a glass spreader to ensure an even distribution. As such, the
four wallpaper pieces with the areas of 750, 222.5, 149.5, and 147.5 cm2

were exposed to 30, 8.9, 6.0, and 5.9 mL of the diluted spore suspension,
respectively.

2.2. Experiment design

To evaluate the influence of mold species on DEHP emission from
wallpaper samples under high moisture content, four experimental con-
ditions (varying by the mold species) coupled with a control condition
without the addition of mold were examined (Figure S1). In all five
chamber systems, the temperature and RH were maintained at approxi-
mately 28 �C and 100% RH, respectively (Hsu et al., 2017), based on the
annual average indoor temperature and RH after flooding in Taiwan,
respectively. After the temperature and RH in the chamber systems
became stable, the moist WP samples with and without mold addition
were placed inside the chambers, and the experiments were initiated. If
RH decreased to lower than 90% � 10% during the experimental period,
1 mL of sterile ultrapure water was injected into the chamber. The
wallpaper samples in the five chambers were denoted as follows:

(I) Moist WP alone (moist WP) (reference for comparison)
(II) Moist WP spiked with A. versicolor (moist WP–AC)
(III) Moist WP spiked with C. cladosporioides (moist WP–CC)
(IV) Moist WP spiked with P. chrysogenum (moist WP–PC)
(V) Moist WP spiked with A. versicolor, C. cladosporioides, and

P. chrysogenum (moist WP–Mix)

The moisture content of all wallpaper samples ranged from 52.44%
to 54.35%. All the experiments were performed in triplicate. The
experimental period was 30 days. To monitor the moisture content of
wallpapers, a fixed-size piece (5 cm � 5 cm) was cut and analyzed on
experiment days 2, 4, 6, 8, 10, 15, 20, 25, and 30. At each time-point,
the fixed-size piece of wallpaper was taken out of the chamber for
moisture content measurement on an Infrared Moisture Determination
Balance (FD-610, Kett, Japan). Next, the wallpaper was humidified to
saturation and then placed back in the chamber. The coefficient of
variation (CV) of RH and moisture content during the 30 days was noted
to be <5%.

2.3. Sample collection

Figure S2 presents the design of the experimental chamber. Air
samples were collected using sorbent tubes (Tenax TA OVS; SKC 226-56;
SKC, Eighty Four, PA, USA) at a flow rate of 1 L/min (Gillian GilAir-5;
Sensidyne, St. Petersburg, FL, USA) for 4 h on days 2, 4, 6, 8, 10, 15,
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20, 25, and 30 for DEHP analysis. During air sampling, the chamber was
continuously purged with fresh ambient air to ensure the complete
collection of the DEHP mass inside the chamber. The fresh air inlet was
equipped with an active carbon filter (Honeywell, NC, USA) for the
removal of DEHP in ambient air. The air around the chamber was also
collected to check for any background contamination with DEHP. The
pumps were calibrated before and after sampling.

Dust samples were also collected from each chamber at the nine time-
points. At every elapsed time-point, one dust tray sample was collected
from each chamber, which was covered with a Teflon lid and parafilm
and stored at �20 �C until further analysis. In addition, the wipe samples
of the chamber interior surface (133 cm2) were collected on the last day
(day 30) by using a wipe cloth. A sterile wipe cloth (5 cm� 5 cm) soaked
with n-pentane by using the same procedure as that for standard dust was
used. After sampling, the wipe samples were placed in glass jars, sealed
with parafilm, and stored at �20 �C until DEHP analysis.

To determine mold growth on the wallpaper samples at the nine time-
points, we used ImageJ (version 1.52a) to calculate the mold growth area
percentage on the wallpaper samples (Abr�amoff et al., 2004; Hoang et al.,
2010). This mold growth percentage was also transformed to the
American Society for Testing andMaterials' (ASTM's) mold growth rating
scale (Table 1).

2.4. DEHP analysis

The analytical procedure for DEHP in samples was modified from
OSHA 104. Tenax and glass fiber filters were ultrasonically extracted
with 5 mL of methanol/n-pentane (1:4). Next, 10 μL of internal standard
(1000 ppm of benzyl benzoate; ChemService) was added. The extracts
were pooled in a brown glass bottle, dried using N2 gas, and reconstituted
with 1 mL of methanol.

Each dust sample was fully mixed, and then 100 mg of dust was
collected for DEHP extraction. This 100-mg sample was mixed with 10 μL
of internal standard and then extracted with 2 mL of methanol and
shaken ultrasonically for 30 min. After centrifugation at 2400 rpm for 10
min, the supernatant was transferred to a fresh glass tube. These steps
were repeated twice; the supernatants were combined, dried using N2
gas, and reconstituted with 1 mL of methanol. The same extraction
procedure was applied to the wipe sample.

DEHP in the extracts was quantified using liquid chromatogra-
phy–mass spectrophotometry (LCMS-8045; Shimadzu, Japan) with pos-
itive ion electrospray ionization (ESIþ) and a Water XBridge C18 column
(3.5 μm, 2.1 mm � 30 mm). Mobile phase I was 0.1% aqueous ammo-
nium acetate, and mobile phase II was methanol. The flow rate was 0.4
mL/min, and the sample injection volume was 1 μL.

The R2 of the calibration curve ranging from 0.01 to 1.0 μg/mL were
0.998. The limit of detection (LOD) was 0.176 ng/mL. In each batch
analyzed, one blank, one quality check (QC) DEHP standard, and two
spiked samples (0.1 g/mL DEHP) were also included. The recovery rates
for the QC air, dust, and wipe samples were 89.15%–117.85%, 86.97%–

116.57%, and 88.59%–116.38%, respectively; the recovery rate from the
spiked air, dust, and wipe samples was 85.6%–100.2%, 70.66%–128.7,
and 85.49%–122.01%, respectively.
Table 1. Fungal growth rating scale published by the American Society for
Testing and Materials (ASTM).

Applied index Observed fungal growth

0 No growth

1 Some growth detected, only with microscopy

2 Moderate growth detected, only with microscopy

3 Some growth detected visually

4 Visually detected coverage more than 10%

5 Visually detected coverage more than 50%

6 Visually detected coverage at 100%

3

2.5. Data analysis

The Mann–Whitney U test was used to verify the differences between
each pair of experimental groups. A p of <0.05 was set as the level of
statistical significance.

3. Results

3.1. Changes in temperature and RH during the experiment

The air temperature in the five chambers ranged from 26.86 to 29.63
�C (Figure 1a). The temperature CV of all five chambers at each sampling
time-points as well as the temperature CV of the nine sampling time-
points was <5%. These results indicated that the temperature of the
chamber during the experimental period was under control.

The RH of the five chambers during the experimental period was
94%–100% (Figure 1b). In particular, the RH in the chamber of moist
WP, moist WP–AV, moist WP–CC, moist WP–PC, and moist WP–Mix was
97%–100%, 94%–97%, 94%–97%, 97%–100%, and 96%–99%, respec-
tively. The RH CV of all five chambers at each sampling time-points was
<3%, and that the RH CV of the nine sampling time-points was <2%.
During the experiment, RH remained stable at >94%, and the moisture
content of the wallpaper samples in the five chambers at the nine sam-
pling time-points was stable and high (51%–56%).

3.2. Mold growth

Mold growth was observed on all wallpaper samples with added mold
but not on moist WP samples. As presented in Table 2, mold growth on
wallpapers spiked with mold reached level 3, 4, and 5 growth on the
ASTM scale on days 4, 8–15, and 15–25, respectively. The mold growth
rate for the moist WP–CC and moist WP–Mix groups was the highest,
whereas that for the moist WP–AV group was the lowest.

On the final day of the experiment (day 30), the area of wallpaper
with mold growth was approximately 50% (47.29%–59.55%). The fast-
est mold growth was observed in the moist WP–Mix group (58.22% �
1.19%), followed by that in the moist WP–CC (56.12% � 2.08%), moist
WP–AV (51.51%� 2.01%), andmoist WP–PC (48.72%� 1.46%) groups.

3.3. DEHP in air

In the moist WP group, air DEHP concentrations decreased with time,
and the highest concentration (3.00 � 1.05 μg/m3) was noted on day 2
(Figure 2a). However, the changes in DEHP emission from mold-added
groups varied by mold species. DEHP emission from the moist WP–Mix
samples stably increased from 1.71 � 0.29 μg/m3 on day 2–2.15 � 0.23
μg/m3 on day 30 (Figure 2b). In the moist WP–AV and moist WP–CC
groups, thehighest airDEHPconcentrationsweredetectedondays8 (2.73
� 1.14 μg/m3) and 10 (2.76 � 0.66 μg/m3), respectively. DEHP emitted
from the moist WP–PC samples decreased with time, demonstrating a
trend similar to that of the moist WP samples. In general, the moist WP
samples released relatively more DEHP into air during the initial stages of
the experiment. However, from day 8 onwards, relatively high DEHP
concentrations in air were detected in all mold-added groups, except the
moist WP–PC group.

The cumulativeDEHPemissionduring the30-day experimental period
was calculated subsequently. The highest DEHP emission was noted from
themoist WP–AV group (4.61� 0.55 μg), followed by that from themoist
WP–PCgroup (4.55�0.14 μg)—bothwere significantly higher than those
emitted from moist WP (3.87 � 0.27 μg; p < 0.05). Compared with the
moist WP samples, the moist WP–Mix samples demonstrated higher cu-
mulativeDEHP emission (3.94� 0.85 μg), without statistical significance.
In general, the cumulative DEHP emission from moist WP samples with
added mold was higher than that from the moist WP samples without
added mold; however, the moist WP–CC samples emitted less DEHP than
did the moist WP samples (3.74 � 0.73 vs. 3.87 � 0.27 μg).



Figure 1. Temperature and relative humidity at each time-point.
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3.4. DEHP in dust

Figure 3 shows that the concentration of DEHP accumulated in dust
increased with time. On day 2, DEHP concentration was the lowest in the
moist WP group (0.15 � 0.11 μg/g) but the highest in the moist WP–AV
(0.83 � 0.13 μg/g) and moist WP–PC (0.87 � 0.71 μg/g) groups. Be-
tween days 2 and 10, the moist WP–AV andmoist WP–CC groups emitted
higher DEHP concentrations into dust than did other groups (0.53–1.39
vs. 0.15–0.89 μg/g). However, increases in dust DEHP concentrations in
the moist WP–CC group becamemoderate on day 15. In the moist WP–PC
and moist WP–Mix groups, DEHP concentrations increased after day 10.
On day 15, dust DEHP concentrations became higher in the moist WP
group (1.39–4.63 μg/g) than in the four groups spiked with mold
(0.90–4.01 μg/g).

At the end of the experiment, the moist WP and moist WP–PC groups
demonstrated the highest dust DEHP concentrations, whereas the moist
WP–CC group demonstrated the lowest dust DEHP concentration
(Figure 3). The cumulative dust DEHP concentrations were 11.37� 0.55,
4

12.00 � 0.77, 13.46 � 0.71, 13.63 � 4.67, and 13.93 � 0.49 μg in the
moist WP–Mix, moist WP–CC, moist WP–PC, moist WP, and moist
WP–AV groups, respectively.

3.5. DEHP in wipe samples

Among the wipe samples, DEHP concentration in the mold-added
groups was significantly higher than in the moist WP group (Figure 4).
The moist WP–PC (3.06 � 0.65 μg) and moist WP–Mix (3.01 � 0.87 μg)
groups demonstrated the highest DEHP emission, followed by the moist
WP–AV, moist WP–CC, and moist WP groups (2.08 � 0.12, 1.57 � 0.33,
and 0.32 � 0.08 μg, respectively).

3.6. Association of DEHP emission with mold growth

Because obvious mold growth was observed around day 10, the
experimental period was divided into days 2–10 (D2–D10) and 15–30
(D15–D30) to evaluate the influence of mold growth on DEHP emission



Table 2. Fungal growtha in the chamber system at nine elapsed times.

Elapsed point
(day)

Moist
WP–AV

Moist
WP–CC

Moist
WP–PC

Moist
WP–Mix

2nd 1 1 1 1

4th 3 3 3 3

6th 3 3 3 3

8th 3 4 3 4

10th 3 4 4 4

15th 4 5 4 5

20th 4 5 5 5

25th 5 5 5 5

30th 5 5 5 5

Moist WP: moist wallpaper.
AV: Aspergillus versicolor.
CC: Cladosporium cladosporidias.
PC: Penicillium chrysogenum.
Mix: the mixture of A. versicolor, C. cladosporidias, and P. chrysogenum.

a By the fungal growth rating scale published by ASTM.

N.-T. Chen et al. Heliyon 8 (2022) e10404
from wallpapers (Figure 5). Figure 5a illustrates that during D2–D10, the
cumulative DEHP emitted into air in the moist WP group (2.71� 0.10 μg)
was higher than in the moist WP–CC and moist WP–AV groups
(1.94–2.49 μg) without statistical significance (p > 0.05), but lower than
in the moist WP–PC group (2.94 � 0.07 μg). The moist WP–PC group
Figure 2. DEHP concentrations in air at nine time-points: (a) moist WP and moist
wallpaper; AV: Aspergillus versicolor, CC: Cladosporium cladosporidias, PC: Penicillium ch

5

exhibited a significantly higher cumulative DEHP emission onto dust
during D2–D10 (p < 0.05). Contradictory results were obtained during
D15–D30: the moist WP group contributed the lowest cumulative DEHP
emission into air (1.16� 0.35 μg; Figure 5b). Except for the moist WP–CC
group, the differences between the moist WP groups with and without
mold addition were significant (p < 0.05). During D15–D30, the highest
DEHP concentrations were emitted in the moist WP–AV group (2.12 �
0.21 μg), followed by the moist WP–Mix group (2.00 � 0.18 μg).

For dust samples, contradictory results were obtained. Compared
with the moist WP samples, those spiked with mold emitted more DEHP
onto dust during D2–D10 (5.35–9.64 vs. 6.34 μg; Figure 5c); however,
the differences were nonsignificant (p > 0.05). Conversely, during
D15–D30, the mold-added groups emitted less DEHP than did the moist
WP group (2.37–8.10 vs. 7.29 μg; Figure 5d); nevertheless, only the
differences between the moist WP and moist WP–CC groups and between
the moist WP and moist WP–Mix groups were significant (p < 0.05).

4. Discussion

In this study, DEHP emission from water-damaged wallpaper was
associated with mold growth (Figure 5). Wallpaper is composed of paper
and glue, both ofwhich includenutrients suitable formold growth (Bissett
1987). During growth,mold secretes extracellular enzymes to break down
wallpaper and acquire carbon (Gaylarde et al., 2003; Viitanen et al.,
2010). This leads to structural damage to wallpaper; during this decom-
position,wallpaper's pore diameter and number increase,which enhances
WP–PC; (b) moist WP–AV, moist WP–CC, and moist WP–Mix. Moist WP: moist
rysogenum,Mix: the mixture of A. versicolor, C. cladosporidias, and P. chrysogenum.



Figure 3. Cumulative DEHP concentrations in the dust at nine elapsed points: (a) moist WP and moist WP–PC; (b) moist WP–AV, moist WP–CC, and moist WP–Mix.
Moist WP: moist wallpaper; AV: Aspergillus versicolor, CC: Cladosporium cladosporidias, PC: Penicillium chrysogenum, Mix: the mixture of A. versicolor, C. cladosporidias,
and P. chrysogenum.

Figure 4. DEHP concentrations in wipe samples from the five chamber systems
at the end of experiment. WP: Wallpaper; AV: Aspergillus versicolor, CC: Clado-
sporium cladosporidias, PC: Penicillium chrysogenum, Mix: the mixture of
A. versicolor, C. cladosporidias, and P. chrysogenum.
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DEHP emission (Viitanen et al., 2010). This mechanism underlies the
moisture content–DEHPemission association.Water penetration andhigh
moisture content in building materials destroy the structure of materials
and accelerate their degradation, which favors DEHPmovement from the
interior of building materials to their surface (Miniotaite 2014).
6

Mold growth also lead to the production of various metabolites, such
as microbial volatile organic compounds (MVOCs), hydrolytic enzymes,
and acid, which cause material corrosion and breakdown (Gaylarde et al.,
2003) as well as DEHP hydrolysis, thereby creating a DEHP concentra-
tion gradient. The DEHP concentration gradient between the interior and
surface of materials increases DEHP migration to the material surface
(Weschler 2004Weschler 2004), enhancing DEHP emission into the
environment. For moist WP with mold growth, high moisture content is
associated with a decrease in surface DEHP concentrations due to
enhanced DEHP hydrolysis, which promotes DEHP concentration
gradient formation. Given the effects of mold growth and high moisture
content, wallpaper samples spiked with mold may demonstrate increased
DEHP emission. Our current results demonstrated that during the
experimental period, cumulative DEHP emission into the environment
(dust, air, and wipe) was lower in the moist WP (without mold) group
than in the groups with added mold (17.82 vs. 18.32–21.07 μg), except
for the moist WP–CC group (17.31 μg). DEHP emission was the lowest in
the moist WP–CC group potentially because of the change in RH in the
chamber system. Over the 30 experimental days, RH in the chamber for
moist WP–CC decreased from 97% on day 10 to 94% on day 30. The
higher the RH is, the greater is the mold growth in the environment, such
as an environment with dust (Dannemiller et al., 2017) or wallpaper
(Nielsen et al., 2004). A RH decrease may be associated with
C. cladosporidias growth; therefore, it may affect DEHP emission from the
moist WP–CC. Figure 5b and 5d illustrate that during D15–D30 (visible
mold growth), the moist WP–CC group demonstrated the lowest



Figure 5. Cumulative DEHP amounts in air and dust among five chamber systems in the period without (D2–D10) and with (D15–D30) obvious mold growth: (a)
D2–D10: air, (b) D15–D30: air, (c) D2–D10: dust (d) D15–D30: dust, (e) D2–D10: air vs. dust, and (f) D15–D30: air vs. dust. *p < 0.05 and #p < 0.1 by Mann-Whitney
U test.
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cumulative air and dust DEHP emission among all the mold-added
groups. Figure 2b also demonstrates that the DEHP concentration in air
seems to have a decreasing trend after day 10. Moreover, at the end of the
experiment (day 30), DEHP concentrations in the wipe samples were the
lowest in the moist WP–CC group (Figure 4).

We next compared the cumulative DEHP emmissions between those
during D2–D10 and D15–D30 to evaluate the influence of mold growth
on DEHP emission into air and onto dust further. In the air samples, more
cumulative DEHP emissions in themoist WP spikedwith mold than in the
moist WP group was only found during D15–D30 (Figures 5a and 5b).
Studies have reported that airborne particles enhance DEHP emission
into air because of the increased DEHP absorption area (Lee and Seo
2018) and convective mass-transfer coefficient (Benning et al., 2013).
Mold spores are formed after mold growth (Sedlbauer, 2001); thus, more
spores were formed and released into air during D15–D30 (with visible
mold growth) than during D2–D10 (with no obvious mold growth).
When DEHP was emitted from moist WP with added mold during
D15–D30, airborne mold spore concentration was high, which poten-
tially favored DEHP absorption into air; thus, cumulative air DEHP
concentrations were higher in the mold-added moist WP samples than in
the moist WP samples (Figure 5b). During D2–D10, mold growth was
nonsignificant; therefore, the amount of mold spores in the air may have
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been insufficient for DEHP absorption enhancement; thus, the DEHP
emitted into air from moist WP spiked with mold was not higher than
that from those from the moist–WP group (Figure 5a). Among the four
mold-added groups, the cumulative DEHP emission into air was the
highest from the moist WP–AV samples during D15–D30 (Figure 5b).
This finding might be due to the spore size of A. versicolor (1.9–2.2 μm in
diameter) being smaller than that of the other two mold species
(C. cladosporioides: 2.3–2.5 μm; P. chrysogenum: 2.6–3.0 μm; Morris et al.,
2000). The smaller a particle is, the larger is its adsorption-specific sur-
face area; therefore, the smaller spore size of A. versicolor led to increased
DEHP absorption and therefore increased the cumulative DEHP emission
in air.

For dust samples, the moist WP–AV and moist WP–CC groups emitted
moreDEHP into dust than themoistWP samples duringD2–D10when the
mold grew slowly (Figure 5c). However, during D15–D30, the cumulative
DEHP emission from mold addition groups onto dust was relatively low
(Figure 5d). Bope et al. (2019) reported that when RH � 80%, DEHP in
floor dust undergoes both abiotic and microbial degradation. For the
mold-added groups, during D15–D30, mold was also noted in dust;
therefore, degradation of DEHP in dust occurs through not only abiotic
mechanisms but also biodegradation. This enhanced degradation in the
mold-added groups led to decreased cumulativeDEHPemissiononto dust.
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Here, we also observed that more DEHP was emitted onto dust
(11.37–11.93 μg) than into air (3.74–4.61 μg) during our experimental
period (Figure 5e and 5f); this result corroborates that of Clausen et al.
(2004) and Shinohara andUchino (2020). DEHP is a primary semivolatile
compound; it tends to be adsorbed onto other interior surfaces and par-
ticles because of its low volatility (Shinohara and Uchino 2020). There-
fore, even DEHP emitted into air might be deposited and transferred onto
dust. Dust inhalation is the major nonfood route of DEHP exposure
(occurring in 4.2–54.1% of different population groups), particularly in
infants (54.1% formula-fed infants and 39.3% breastfed infants; Clark
et al., 2003). Moreover, dust can be resuspended by wind or anthropo-
genic activities, increasing the possibility of DEHP inhalation from dust.
Therefore, to control DEHP exposure, increasing cleaning frequency to
minimize the amount of dust indoors is as crucial as reducing the use of
PVC products and wallpaper and preventing dampness.

In the wipe samples, DEHP levels were higher in the mold-added
groups than in the moist WP group (Figure 4). Because high RH
possibly leads to the thick coverage of the surface by a water film and
because DEHP has poor solubility in water and is nonpolar, the adsorp-
tion of DEHP onto the chamber surface is low (Chiou and Shoup 1985;
Hippelein and McLachlan 2000). However, higher RH and the presence
of water film on material surfaces provide suitable conditions for mold
growth. When the spores together with DEHP land on the interior surface
of study chambers, the spores may utilize water, reducing the interfer-
ence of the water film in DEHP adsorption onto the chamber surface.
However, the spores may begin growing and forming biofilms rich in
organic matter and thus adsorbing DEHP. Fungal spores or biofilms with
DEHP were also collected in the wipe samples. The main source of DEHP
in the wipe samples may have been the spore particles and biofilms that
had absorbed DEHP in the gas phase. This study is the first to evaluate the
effects of mold growth on DEHP emission from moist WP. However, this
study has two major limitations. First, even though numerous mold
species may be detected in indoor environments, only three mold species
were tested in the current study. Moreover, different mold species might
lead to different rates of DEHP emission from wallpaper, as indicated by
varying concentrations of DEHP emitted into air and onto dust in the
wallpaper samples with different species of mold added (Figures 2, 3, and
4). Second, environmental conditions are more complex than those in our
controlled chamber environment. Different microclimate and air pollu-
tion conditions as well as human activities and ventilation conditions can
affect DEHP emission and distribution in air and dust and on material
surfaces.

Our findings indicated that in contaminated environments, in-
teractions occur between microbial growth and chemical emission. A
moist indoor environment with mold growth can significantly contribute
to DEHP emission. Thus, the role of moisture—a crucial factor inducing
mold growth, which significantly contributes to DEHP emission and
accumulation—warrants consideration. In addition, MVOCs, myco-
toxins, and spores, produced and released into the environment during
mold growth, are hazardous to human health (Kamijima et al., 2002;
Tham et al., 2017; Wielogorska et al., 2019). Therefore, the multiple
health effects of indoor environments with water damage, which fully
represent human health risks in contaminated environments, require
further investigation.

5. Conclusion

In this study, initially, the concentration of gaseous DEHP emitted
from moist WP into air was higher than that from moist WP with mold;
after at least 8 days, this trend reversed: moist WP with mold demon-
strated emitted higher DEHP concentrations emitted into air. Regarding
DEHP in dust, the concentrations were considerably increased 15 days
after experiment initiation, particularly in the moist WP group. In gen-
eral, mold enhanced DEHP emission from moist WP, particularly over
D2–D10 for the dust samples and over D15–D30 for the air samples. More
DEHP from moist WP was adsorbed onto dust than emitted into air.
8

Therefore, to control exposure to DEHP, minimizing the amount of dust
indoors through frequent cleaning, reducing the use of PVC-containing
products and wallpapers, as well as preventing dampness are essential.
Moreover, from the public health perspective, removing or replacing
moist WP after water damage, particularly that with obvious mold
growth, is critical.

Declarations

Author contribution statement

Nai-Tzu Chen: Analyzed and interpreted the data; Wrote the paper.
Ching-Hui Shih: Performed the experiments; Analyzed and interpreted
the data.

Chien-Cheng Jung: Analyzed and interpreted the data. Nai-Yun Hsu:
Conceived and designed the experiments; Analyzed and interpreted the
data. Chung-Yu Chen; Ching-Chang Lee: Contributed reagents, materials,
analysis tools or data.

Huey-Jen Su: Analyzed and interpreted the data; Contributed re-
agents, materials, analysis tools or data.
Funding statement

Professor Huey-Jen Su was supported by Environmental Protection
Administration, Executive Yuan, R.O.C. Taiwan [EPA-107-FA18-03-
A176].
Data availability statement

Data will be made available on request.
Declaration of interest’s statement

The authors declare no conflict of interest.
Additional information

Supplementary content related to this article has been published
online at https://doi.org/10.1016/j.heliyon.2022.e10404.

References

Abr�amoff, M.D., Magalh~aes, P.J., Ram, S.J., 2004. Image processing with ImageJ.
Biophot. Int. 11, 36–42.

Amara, I., Timoumi, R., Annabi, E., Neffati, F., Najjar, M.F., Bouaziz, C., et al., 2019. Di (2-
ethylhexyl) phthalate induces cardiac disorders in BALB/c mice. Environ. Sci. Pollut.
Res. Int. 26 (8), 7540–7549.

Barakat, R., Lin, P.-C.P., Rattan, S., Brehm, E., Canisso, I.F., Abosalum, M.E., et al., 2017.
Prenatal exposure to dehp induces premature reproductive senescence in male mice.
Toxicol. Sci. 156 (1), 96–108.

Benning, J.L., Liu, Z., Tiwari, A., Little, J.C., Marr, L.C., 2013. Characterizing gas-particle
interactions of phthalate plasticizer emitted from vinyl flooring. Environ. Sci.
Technol. 47, 2696–2703.

Bergh, C., Torgrip, R., Emenius, G., Ostman, C., 2011. Organophosphate and phthalate
esters in air and settled dust - a multi-location indoor study. Indoor Air 21, 67–76.

Bissett, J., 1987. Fungi associated with urea-formaldehyde foam insulation in Canada.
Mycopathologia 99, 47–56.

Bope, A., Haines, S.R., Hegarty, B., Weschler, C.J., Peccia, J., Dannemiller, K.C., 2019.
Degradation of phthalate esters in floor dust at elevated relative humidity. Environ
Sci Process Impacts 21 (8), 1268–1279.

Bornehag, C.G., Lundgren, B., Weschler, C.J., Sigsgaard, T., Hagerhed-Engman, L.,
Sundell, J., 2005. Phthalates in indoor dust and their association with building
characteristics. Environ. Health Perspect. 113, 1399–1404.

Brandt, M., Brown, C., Burkhart, J., Burton, N., Cox-Ganser, J., Damon, S., et al., 2006.
Mold prevention strategies and possible health effects in the aftermath of hurricanes
and major floods. MMWR Recomm. Rep. (Morb. Mortal. Wkly. Rep.) 55, 1–27.

Chi, C., Xia, M., Zhou, C., Wang, X., Weng, M., Shen, X., 2017. Determination of 15
phthalate esters in air by gas-phase and particle-phase simultaneous sampling.
J. Environ. Sci. 55, 137–145.

Chiou, C.T., Shoup, T.D., 1985. Soil sorption of organic vapors and effects of humidity on
sorptive mechanism and capacity. Environ. Sci. Technol. 19, 1196–1200.

https://doi.org/10.1016/j.heliyon.2022.e10404
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref1
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref1
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref1
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref1
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref1
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref2
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref2
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref2
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref2
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref3
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref3
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref3
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref3
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref4
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref4
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref4
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref4
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref5
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref5
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref5
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref6
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref6
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref6
http://refhub.elsevier.com/S2405-8440(22)01692-9/optxldgwVcsQT
http://refhub.elsevier.com/S2405-8440(22)01692-9/optxldgwVcsQT
http://refhub.elsevier.com/S2405-8440(22)01692-9/optxldgwVcsQT
http://refhub.elsevier.com/S2405-8440(22)01692-9/optxldgwVcsQT
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref7
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref7
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref7
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref7
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref8
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref8
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref8
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref8
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref9
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref9
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref9
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref9
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref10
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref10
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref10


N.-T. Chen et al. Heliyon 8 (2022) e10404
Clark, K., Cousins, I.T., Mackay, D., 2003. Assessment of critical exposure pathways. In:
Staples, C.A. (Ed.), Series anthropogenic compounds. The handbook of
environmental chemistry, 3Q. Springer, Berlin, Heidelberg, pp. 227–262.

Clausen, P.A., Hansen, V., Gunnarsen, L., Afshari, A., Wolkoff, P., 2004. Emission of di-2-
ethylhexyl phthalate from pvc flooring into air and uptake in dust: emission and
sorption experiments in FLEC and CLIMPAQ. Environ. Sci. Technol. 38, 2531–2537.

Dannemiller, K.C., Weschler, C.J., Peccia, J., 2017. Fungal and bacterial growth in floor
dust at elevated relative humidity levels. Indoor Air 27, 354–363.

David, R.M., 2006. Proposed mode of action for in utero effects of some phthalate esters
on the developing male reproductive tract. Toxicol. Pathol. 34, 209–219.

Dong, J., Ma, Y., Leng, K., Wei, L., Wang, Y., Su, C., et al., 2020. Associations of urinary di-
(2-ethylhexyl) phthalate metabolites with the residential characteristics of pregnant
women. Sci. Total Environ. 707, 135671.

Gaylarde, C., Silva, M.R., Warscheid, T., 2003. Microbial impact on building materials: an
overview. Mater. Struct. 36, 342–352.

Gevao, B., Al-Ghadban, A.N., Bahloul, M., Uddin, S., Zafar, J., 2013. Phthalates in indoor
dust in Kuwait: implications for non-dietary human exposure. Indoor Air 23, 126–133.

Gong, M., Wang, L., Zhang, Y., 2014. Measurement of phthalate concentrations in PVC
wallpapers and floorings. In: Proceedings of the 8th International Symposium on
Heating, Ventilation and Air Conditioning. Springer, pp. 97–103.

Gravesen, S., Nielsen, P.A., Iversen, R., Nielsen, K.F., 1999. Microfungal contamination of
damp buildings - examples of risk constructions and risk materials. Environ. Health
Perspect. 107, 505–508.

Haas, D., Habib, J., Galler, H., Buzina, W., Schlacher, R., Marth, E., et al., 2007.
Assessment of indoor air in austrian apartments with and without visible mold
growth. Atmos. Environ. 41, 5192–5201.

Hippelein,M.,McLachlan,M.S., 2000. Soil/airpartitioningof semivolatile organiccompounds.
2. Influence of temperature and relative humidity. Environ. Sci. Technol. 34, 3521–3526.

Hoang, C.P., Kinney, K.A., Corsi, R.L., Szaniszlo, P.J., 2010. Resistance of green building
materials to fungal growth. Int. Biodeterior. Biodegrad. 64, 104–113.

Hsu, N.Y., Chen, C.Y., Lee, C.C., Su, H.J., 2012. Relationship between indoor phthalate
concentrations and dampness or visible mold. In: Proceedings of the 10th Conference
on Healthy Buildings. Brisbane, Australia.

Hsu, N.Y., Liu, Y.C., Lee, C.W., Lee, C.C., Su, H.J., 2017. Higher moisture content is
associatedwith greater emissions of DEHP fromPVCwallpaper. Environ. Res. 152, 1–6.

Huang, L., Qiao, Y., Deng, S., Zhou, M., Zhao, W., Tue, Y., 2020. Airborne phthalates in
indoor environment: partition state and influential built environmental conditions.
Chemosphere 254, 126782.

Kamijima, M., Sakai, K., Shibata, E., Yamada, T., Itohara, S., Ohno, H., et al., 2002. 2-
ethyl-1-hexanol in indoor air as a possible cause of sick building symptoms. J. Occup.
Health 44, 186–191.

Kashyap, D., Agarwal, T., 2018. Concentration and factors affecting the distribution of
phthalates in the air and dust: a global scenario. Sci. Total Environ. 635, 817–827.

Kininmonth, W., 2010. Clausius-clapeyron and the regulation of global warming. Fisica E
26, 5–6.

Lee, B.C., Toon,H., Lee, B., Kim, P.,Moon,H.B., Kim, Y., 2021.Occurrence of bisphenols and
phthalates in indoor dust collected from Korean homes. J. Ind. Eng. Chem. 99, 68–73.

Lee, J., Lee, J.-H., Kim, C.-K., Thomsen, M., 2014. Childhood exposure to DEHP, DBP and
BBP under existing chemical management systems: a comparative study of sources of
childhood exposure in Korea and in Denmark. Environ. Int. 63, 77–91.

Lee, S., Seo, J., 2018. Examination of environmental factors influencing the emission rates
of semivolatile organic compounds. Adv. Civ. Eng. Article ID 4726326.

Liu, C., Zhang, Y.P., 2016. Characterizing the equilibrium relationship between DEHP in
PVC flooring and air using a closed-chamber SPME method. Build. Environ. 95,
283–290.
9

Miniotaite, R., 2014. The impact of climate parameters on the surface of buildings' walls.
In: Sustainable Solutions in Structural Engineering and Construction. ISEC Press
Bangkok, Thailand.

Morris, G., Kokki, M., Anderson, K., Richardson, M., 2000. Sampling of Aspergillus spores
in air. J. Hosp. Infect. 44, 81–92.

Nielsen, K.F., Holm, G., Uttrup, L.P., Nielsen, P.A., 2004. Mould growth on building
materials under low water activities. Influence of humidity and temperature on
fungal growth and secondary metabolism. Int. Biodeterior. Biodegrad. 54, 325–336.

Pocar, P., Fiandanese, N., Berrini, A., Secchi, C., Borromeo, V., 2017. Maternal exposure
to di (2-ethylhexyl) phthalate (DEHP) promotes the transgenerational inheritance of
adult-onset reproductive dysfunctions through the female germline in mice. Toxicol.
Appl. Pharmacol. 322, 113–121.

Riggs, M.A., Rao, C.Y., Brown, C.M., Van Sickle, D., Cummings, K.J., Dunn, K.H., et al.,
2008. Resident cleanup activities, characteristics of flood-damaged homes and
airborne microbial concentrations in new Orleans, Louisiana, October 2005. Environ.
Res. 106, 401–409.

Sampath, S., Selvaraj, K.K., Shanmugam, G., Krishnamoorthy, V., Chakraborty, P.,
Ramaswamy, B.R., 2017. Evaluating spatial distribution and seasonal variation of
phthalates using passive air sampling in southern India. Environ. Pollut. 221,
407–417.

Sedlbauer, K., 2001. Prediction of mould fungus formation on the surface of and inside
building components. Ph.D. Dissertation. Stuttgart University, Stuttgart.

Shinohara, N., Uchino, K., 2020. Diethylhexyl phthalate (DEHP) emission to indoor air
and transfer to house dust from a PVC sheet. Sci. Total Environ. 711, 134573.

Tham, R., Vicendese, D., Dharmage, S.C., Hyndman, R.J., Newbigin, E., Lewis, E., et al.,
2017. Associations between outdoor fungal spores and childhood and adolescent
asthma hospitalizations. J. Allergy Clin. Immunol. 139, 1140–1147 e4.

Viitanen, H., Vinha, J., Salminen, K., Ojanen, T., Peuhkuri, R., Paajanen, L., et al., 2010.
Moisture and bio-deterioration risk of building materials and structures. J. Build.
Phys. 33, 201–224.

Walinder, R., Norback, D., Wessen, B., Venge, P., 2001. Nasal lavage biomarkers: effects
of water damage and microbial growth in an office building. Arch. Environ. Health
56, 30–36.

Wang, H., Li, X.N., Li, P.C., Liu, W., Du, Z.H., Li, J.L., 2019. Modulation of heat-shock
response is associated with di (2-ethylhexyl) phthalate (DEHP)-induced
cardiotoxicity in quail (Coturnix japonica). Chemosphere 214, 812–820.

Wang, I.J., Karmaus, W.J., Chen, S.L., Holloway, J.W., Ewart, S., 2015. Effects of
phthalate exposure on asthma may be mediated through alterations in DNA
methylation. Clin. epigenetics 7, 27.

Wang, W.R., Chen, N.T., Hsu, N.Y., Kuo, I.Y., Chang, H.W., Wang, J.Y., Su, H.J., 2021.
Associations among phthalate exposure, DNA methylation of TSLP, and childhood
allergy. Clin. Epigenet. 13 (1), 76.

Weschler, C.J., 2004. Chemical reactions among indoor pollutants: What we’ve learned in
the new millennium. Indoor air 14, 184–194.

Wielogorska, E., Mooney, M., Eskola, M., Ezekiel, C.N., Stranska, M., Krska, R., et al.,
2019. Occurrence and human-health impacts of mycotoxins in Somalia. J. Agric.
Food Chem. 67, 2052–2060.

Wu, M., Xu, L., Teng, C., Xiao, X., Hu, W., Chen, J., et al., 2019. Involvement of oxidative
stress in di-2-ethylhexyl phthalate (DEHP)-induced apoptosis of mouse NE-4C neural
stem cells. Neurotoxicology 70, 41–47.

Yokota, T., Kato, S., Seo, J., Chino, S., Kim, J., 2013. Influence of water content in sub-
flooring materials using adhesive on chemical compounds emission. J. Adhes. Sci.
Technol. 27, 648–658.

http://refhub.elsevier.com/S2405-8440(22)01692-9/optDM2pzpobpj
http://refhub.elsevier.com/S2405-8440(22)01692-9/optDM2pzpobpj
http://refhub.elsevier.com/S2405-8440(22)01692-9/optDM2pzpobpj
http://refhub.elsevier.com/S2405-8440(22)01692-9/optDM2pzpobpj
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref11
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref11
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref11
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref11
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref12
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref12
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref12
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref13
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref13
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref13
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref14
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref14
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref14
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref15
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref15
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref15
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref16
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref16
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref16
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref17
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref17
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref17
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref17
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref17
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref19
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref19
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref19
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref19
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref20
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref20
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref20
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref20
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref21
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref21
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref21
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref22
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref22
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref22
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref23
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref23
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref23
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref24
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref24
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref24
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref25
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref25
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref25
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref26
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref26
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref26
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref26
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref27
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref27
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref27
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref28
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref28
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref28
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref29
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref29
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref29
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref30
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref30
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref30
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref30
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref31
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref31
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref32
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref32
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref32
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref32
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref33
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref33
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref33
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref34
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref34
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref34
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref35
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref35
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref35
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref35
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref36
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref36
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref36
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref36
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref36
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref37
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref37
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref37
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref37
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref37
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref38
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref38
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref38
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref38
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref38
http://refhub.elsevier.com/S2405-8440(22)01692-9/optKIWXI49NyX
http://refhub.elsevier.com/S2405-8440(22)01692-9/optKIWXI49NyX
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref39
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref39
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref40
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref40
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref40
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref40
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref41
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref41
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref41
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref41
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref42
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref42
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref42
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref42
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref43
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref43
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref43
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref43
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref44
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref44
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref44
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref45
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref45
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref45
http://refhub.elsevier.com/S2405-8440(22)01692-9/optueS7MgePGP
http://refhub.elsevier.com/S2405-8440(22)01692-9/optueS7MgePGP
http://refhub.elsevier.com/S2405-8440(22)01692-9/optueS7MgePGP
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref46
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref46
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref46
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref46
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref47
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref47
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref47
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref47
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref48
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref48
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref48
http://refhub.elsevier.com/S2405-8440(22)01692-9/sref48

	Impact of mold growth on di(2-ethylhexyl) phthalate emission from moist wallpaper
	1. Introduction
	2. Materials and methods
	2.1. Chamber system and experimental materials
	2.2. Experiment design
	2.3. Sample collection
	2.4. DEHP analysis
	2.5. Data analysis

	3. Results
	3.1. Changes in temperature and RH during the experiment
	3.2. Mold growth
	3.3. DEHP in air
	3.4. DEHP in dust
	3.5. DEHP in wipe samples
	3.6. Association of DEHP emission with mold growth

	4. Discussion
	5. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interest’s statement
	Additional information

	References


