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Abstract

In the present study, distribution characteristics of ten typical phthalic acid esters (PAEs) were investigated in 90 air samples
collected from the urban areas in Hanoi, Vietnam from May to August 2022. The total concentrations of PAEs in indoor
and ambient air samples were in the range of 320—4770 ng/m’ and 35.9—133 ng/m?, respectively. Total concentrations of
PAE:s in indoor air were about one order of magnitude higher than those in ambient air. Among PAEs studied, di-(2-ethyl)
hexyl phthalate (DEHP) was measured at the highest levels in all air samples, followed by di-n-octyl phthalate (DnOP) and
di-n-butyl phthalate (DnBP). The PAEs concentrations in air samples collected from laboratories at nighttime were signifi-
cantly higher than those during daytime (p <0.05). Meanwhile, the distributions of PAEs in various micro-environments in
the same house are no statistically significant difference. The median exposure doses of PAEs through inhalation for adults
and children were 248 and 725 ng/kg-bw/d, respectively. These exposure levels were still lower than the respective reference

doses (RfD) proposed by the US EPA for selected compounds such as diethyl phthalate (DEP), DnBP, and DEHP.
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Introduction

Phthalic acid esters (PAEs) are common plasticizers added
to polymeric materials to improve their flexibility and work-
ability (Zhang et al. 2015; Jeddi, et al. 2016; Blessinger
et al. 2020; Du et al. 2020). Therefore, PAEs are contained
in many commercial products such as building materi-
als, household products, medical items, and personal care
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products (PCPs) (Guo et al. 2014; Orecchio et al. 2014;
Salaudeen et al. 2018; Le et al. 2022). In 2015, the amount
of PAEs used globally ranged from 6 to 8 million tons per
year, with about 2.2 million tons used in China (Niu et al.
2014; Wang et al. 2015).

Due to PAEs are widely used in large amounts in various
commercial products, they have been released into different
environmental matrices (soil, sediment, air, dust, water, and
food) (Pei et al. 2013; Guo et al. 2014; Wang et al. 2014;
Tran et al. 2017; Ouyang et al. 2019; Amorello et al. 2022;
Orecchio et al. 2022). A study reported concentrations of
PAEs found in several types of soil samples collected in
China to be up to tens of mg/g (Lii et al. 2018). The levels of
PAE:s in indoor dust collected from workplaces and homes in
Vietnam were up to 153,000 ng/g and 83,700 ng/g, respec-
tively (Anh et al. 2022). Interestingly, a high level of PAEs
was found in bottled and tap water collected from Tehran,
Iran (mean: 3.55 pg/L, Abtahi et al. 2019). Recently, the
mean total concentrations of 10 PAEs found in water sam-
ples collected from Hanoi, Vietnam was 6,400 ng/L (bottled
water), 11,200 ng/L (tap water), 51,800 ng/L (lake water),
and 121,000 ng/L (wastewater) (Le et al. 2021). In addition,
the measured levels in indoor air samples collected from
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homes in Vietnam ranged from 57.0 to 14,900 ng/g (the gas
phase) and from 95.2 to 13,100 ng/g (the particulate phase)
(Tran et al. 2017). Even, PAEs metabolites were found in
marine organisms (Hu et al. 2020) and tissue samples such
as urine, blood, and sweat samples (Genuis et al. 2012; Choi
et al. 2014; Liao, et al 2017; Babu-Rajendran et al. 2018).

PAEs were known as one of the organic substances caus-
ing endocrine-disrupting chemicals (EDCs) in the human
body (EC 2020). The United States Environmental Protec-
tion Agency (EPA) classification of di-(2-ethyl)hexyl phtha-
late (DEHP) as a B2 "probable human" carcinogen (US EPA
1987¢c; Doull et al. 1999; Chen et al. 2017). Lehraiki et al.
(2009) indicated that PAEs can reduce fertility and impair
germ cell number in a mouse fetal testis by an Androgen—
and Estrogen-independent mechanism. Several studies on
PAE:s in the human body have shown that PAEs can cause
neurotoxicity, affecting fertility, and developmental delay
(Zarean et al. 2016; Radke et al. 2020).

There have been several air sampling methods for PAEs
analysis using polyurethane foam (PUF) (Tran et al. 2017;
Anh et al. 2019; Szewczyriska et al. 2020; 2021), XAD-2
resin adsorbent, Tenax TA tubes (Zhou et al. 2021). In gen-
eral, these methods required a long sampling time and used
a large amount of extraction solvent. Meanwhile, octade-
cylsilane (C,3) was widely used in sampling procedures for
the determination of toxic organic compounds, and volatile
organic compounds in air samples (US EPA 1999; Vera et al.
2022). Therefore, C,g in glass tubes was selected as a sorbent
for sampling air for PAEs analysis in this investigation. The
purpose of this study is to: (1) develop the analysis proce-
dure for PAEs in air samples; (2) monitor the distributions of
PAEs in the air from various micro-environments in Hanoi,
Vietnam; (3) assess the risk of human exposure to PAEs
through inhalation according to age groups.

Materials and methods
Sample collection

Indoor and ambient air samples were collected in several
laboratories (Lab, n=36), private homes and apartments (H,
n=438), nail and hair salons (SL, n=6), university campus,
and residential campus (Ambient air—AA, n=12), in the
urban areas of Hanoi, Vietnam from May to August 2022
(Table S1, Supplementary data). The sampler was deployed
at a height of 1.0 to 1.5 m from backgrounds (i.e., room
and ground floors). The area of rooms sampled is larger
than 15 m? and usually has at least 1 person inside. The
sampling protocol generally followed those reported in our
previous works (Tran and Kannan 2015; Tran et al. 2017),
with some modifications (absorbent-C,q was used instead
of PUF). In brief, the air samples were collected by using a
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low-volume air sampler (Buck Libra Plus LP-7 230 V Pump
Kit; AP Buck Inc., USA) for 10-12 h at a flow rate of 4 L/
min. The air samples were collected by a glass tube (7 cm
length X 0.6 cm ID) using 150 mg of octadecylsilane (Cg:
17%C, 40-63 um, 60 A) (SiliCycle, Quebec City, Canada)
as the sorbent (Fig. 1). Before collecting samples, the adsor-
bent glass tubes were preserved in a desiccator at room tem-
perature for no more than 48 h. After the sample collection,
the glass adsorbent tubes were immediately removed from
a pump sampler, resealed, and transported to the laboratory.
Then, the samples have stored for a maximum of one week
at -4 oC until analysis. Additional information about the
sampling is provided in Table S1.

Analysis procedure

Before elution, 200 ng (200 pL of 1000 ng/mL solution)
of each surrogate standard (Text S1, Supplementary data)
was spiked into the samples (glass sorbent tubes). Fifteen
mL of n-hexane/DCM (1:1, v/v) were flowed through the
glass sorbent tubes by using a vacuum pump (Rocker 300,
Rocker Scientific, Taiwan). Then, the eluted solution was
concentrated under a gentle stream of nitrogen to 1 mL and
transferred into a GC vial for instrumental analysis.

In this study, 10 PAEs (including DMP, DEP, DPP, DnBP,
DiBP, DnHP, BzBP, DCHP, DEHP, and DnOP) (Text S1)
were quantified by using a gas chromatograph (GC Trace
1310, Thermo Scientific, USA) interfaced with a mass spec-
trometer (ISQ7000, Thermo Scientific, USA). A fused silica
capillary column (TG-5MS, 30 m X 0.25 mm X 0.25 pm;
Thermo Scientific, USA) was used for chromatographic
separation of analytes. Detailed instrumental parameters
for PAEs analysis were reported in previous studies (Tran
and Kannan 2015; Tran et al. 2017; Anh et al. 2021) and are
provided in Table S2.

QA/QC

Previous studies have reported significant contamination of
PAEs from solvents, glassware, and laboratory equipment
(Tran et al. 2017; Le et al. 2021; Anh et al. 2019). Therefore,
several attempts have been done to reduce the background
levels of PAEs in this work. In particular, all glasses were
rinsed respectively with double-distilled deionized water,
acetone, and n-hexane before baking at 400 °C for 8 h. Then,
the glassware was kept in an oven at 100 °C until use. Sol-
vents and chemicals were used directly from the new glass
vessels. Plastic items were restricted for use in the labora-
tory. n-hexane was injected before every sample as a check
for background contamination. The calibration curves for
individual PAEs were linear over a concentration range of
1-1000 ng/mL (with a regression coefficient R>>0.995).
The recoveries of the surrogate standards in blank and real
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Fig. 1 Demonstration of sampling device and concentrations of PAEs in air samples collected from Hanoi ubran areas, Vietnam

samples ranged from 90.0% to 105% (a relative standard
deviation: RSD < 15%). The recoveries of the native stand-
ards in the blank procedure (matrix spiked) ranged from
81.0% to 110% with the RSD < 15%. The method detection
limits (MDLs) of PAEs ranged from 0.08 to 0.30 ng/m">.
This study defined them as shown peaks with signal-to-noise
(S/N) ratios > 3. Further QA/QC data (e.g. blank levels and
MDLs of all target compounds) are detailed in Table S3.
For the concentrations below the MDLs (not detected—ND),
a value of one-half of the MDLs was assigned in statistical
analysis.

Statistical analysis

Statistical analysis was conducted by using Microsoft Excel
(Microsoft Office 2016) and Minitab 18® Statistical Soft-
ware (Minitab Inc.). Pearson correlation analysis and prin-
cipal component analysis (PCA) were applied to the whole
dataset to assess potential relationships and emission sources
of PAEs.

Risk assessment

Daily intake doses (ID) were estimated based on concen-
trations measured in air samples, the mean inhalation rate,
and body weights for age groups including adults and chil-
dren. The intake doses of selected compounds such as DEP,

DnBP, and DEHP were compared with respective reference
doses (RfD) proposed by the US Environmental Protection
Agency (US EPA 1987a, b, ¢) to estimate hazard quotients
(HQ). Equations for ID estimation and exposure parameters
were generally adopted from the US EPA (US EPA 2011)
and quite similar to those applied in our previous studies
(Tran et al. 2017; IARC 2018; Anh et al. 2020). Detailed risk
assessment equations and related parameters are tabulated
in Table S5.

Results and discussion
PAEs concentrations in air samples

In this investigation, 10 PAEs were found in 90 air samples
collected in the Hanoi urban areas including 78 indoor air
samples (laboratories, homes, and salons) and 12 ambient
air samples (Table 1). DEHP was detected in 100% of all
samples, followed by DnBP (90.0%) > DEP (98.0%) > DiBP
(96.0%) > DnOP (94.0%) > DMP (93.0%) > DCHP
(77.0%)) > DPP (68.0%) > BzBP (64.0%) > DnHP (60.0%).
For indoor air samples, the total concentrations of 10 PAEs
(Z10PAE) were in the ranges of 402—-1380 ng/m3 (labora-
tories); 320-3030 ng/m> (homes), and 2570-4470 ng/m?
(salons). The levels of PAEs in ambient air were signifi-
cantly lower than those in indoor air (range: 35.9-133 ng/
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m?). These results reinforce the assumption that the origin
of PAEs is from indoor environments (Afshari et al. 2004,
Koniecki et al. 2011; Pei et al. 2013; Tran and Kannan
2015). Moreover, environmental factors and photochemical
degradation may be responsible for the decrease of PAEs
levels in the ambient air (Markiewicz et al. 2017; Chen et al.
2018; Anh et al. 2021a, b; Zhou, et al. 2021).

Among PAEs, DEHP was found at the higher concen-
tration in air samples from various micro-environments:
laboratories (mean: 456 ng/m>, range: 217-858 ng/m?),
homes (mean: 651 ng/m?, range: 1341770 ng/m?), salons
(mean: 2350 ng/m°>, range: 1670-3040 ng/m?), and ambi-
ent air (mean: 31.3 ng/m?, range: 15.1-70.6 ng/m?). DnOP
was also commonly found in various micro-environments:
laboratories (mean: 145 ng/m3), homes (143 ng/m3), salons
(668 ng/m?), and ambient air (2.98 ng/m?), followed by
DnBP: laboratories (mean: 46.2 ng/m3), homes (156 ng/
m?), salons (350 ng/m3), and ambient air (1.95 ng/m3). This
is consistent with previous reports indicating that DEHP and
DnBP were more commonly used in commercial products
(US EPA 1987b; 1987c; Koniecki et al. 2011; Guo et al.
2014). Furthermore, these two compounds were also found
at higher levels in various environments (Net et al. 2015; Li
et al. 2020; Anh et al. 2021a, b).

The PAEs concentrations in indoor air samples collected
from the salons were higher than those from the laboratories
and homes (p <0.05). Meanwhile, X10PAE in ambient air

samples was the lowest level. Previous studies have reported
that PAEs found at high levels in commercial products such
as building materials, polyvinyl chloride (PVC) (Afshari
et al. 2004), and vinyl flooring (Liang and Xu 2015), which
are all used in homes, salons, and laboratories. Moreover,
most consumer products used in households and salons con-
tain large amounts of PAEs such as plastic materials (Orec-
chio et al. 2022), personal care products (EC 2009; Guo
et al. 2014; Pagoni et al. 2022), and cosmetics (Koniecki
et al. 2011). Such commercial products are the main sources
of PAEs released into the indoor air, whereas the distribution
of PAEs in the ambient air is attributed to diffusion through
the indoor environment (Ouyang et al. 2019; Szewczyriska
et al. 2020; 2021; Anh et al. 2021a, b).

The distribution of PAEs in indoor air from various cat-
egories (bedrooms, n=22; living rooms, n="7; and kitchen,
n=T7) (p>0.05) in the same house was compared (Table 2).
The highest levels of PAEs were found in kitchens (mean:
1230 ng/m?, range: 824-2330 ng/m>), followed by bedrooms
(mean = 1200 ng/m?, range =432-3030 ng/m?), and living
room (mean =854 ng/m?, range =320-1770 ng/m*). The
most predominant compounds were DEHP (55.0-59.0%),
DPP (13.0-18.0%), and DnOP (6.00-16.0%) (Fig. 2). The
results showed that there was no statistically significant
difference in PAEs concentrations between the pairs of
micro-environments. Very few studies reported the distri-
bution of PAEs in indoor air from different categories with

Table 1 Summary statistics (mean, SD, percentiles, ng/m3) of PAEs in various air samples collected from Hanoi, Vietnam

Categories Statistics DMP DEP DPP DiBP DnBP DnHP BzBP DCHP DEHP DnOP  XPAEs
Laboratories ~ Mean 996 379 291 36.5 46.2 4.41 3.48 14.5 456 145 757
SD 6.64  30.5 3.47 339 23.3 5.79 5.06 11.1 153 115 275
25" percentile 479 115 ND 14.6 30.4 ND ND 7.51 348 76.4 515
50" percentile 8.77  30.1 1.90 2738 39.5 2.09 1.02 11.7 430 102 640
75 percentile 15.6 54.9 4.56 37.0 56.7 6.62 5.39 20.6 533 181 1003
Homes Mean 15.6 33.1 13.1 99.8 157 4.75 3.40 12.8 651 143 1140
SD 9.85 168 44.4 132 92.4 10.6 4.18 24.3 411 155 607
25" percentile 992 184 ND 332 93.7 ND ND ND 278 49.8 717
50" percentile 14.8 322 2.08 56.9 135 0.5 2.05 8.62 596 81.2 1020
75" percentile  21.5 41.2 4.06 104 229 2.61 4.97 15.0 750 232 1500
Salons Mean 53.8 30.7 36.7 493 350 14.8 15.7 134 2350 668 3580
SD 452 353 496  48.6 190 24.1 20.0 229 557 385 798
25 percentile 14.1 470 0.10  7.90 217 ND ND ND 1940 257 2960
50" percentile  42.1 18.9 14.8 36.8 284 6.73 6.33 4.39 2161 697 3410
75" percentile  98.4 57.0 804 954 560 25.0 38.6 24.1 3020 959 2360
Ambient Mean 7.01 782 9.69 458 1.95 3.37 2.84 3.68 31.3 2.98 75.1
SD 4.39 524 134 337 1.56 2.79 248 2.79 16.2 2.28 30.1
25 percentile 3.98 404 086  0.87 1.02 0.29 ND 0.67 19.7 0.50 48.0
50 percentile 6.71 7.07 580 441 1.55 3.01 2.46 3.39 26.2 2.58 76.0
75 percentile 9.66 9.02 945 7.31 3.21 5.48 5.12 6.25 41.6 5.28 91.5

SD: Standard deviation; ND: Not detected
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Table 2 Summary. stati§tics Sample sites Mean SD 25th percentile ~ 50th percentile ~ 75th per-

of PAE concentrations in centile

indoor air from various micro-

environments (ng/m’) Bedrooms (n=22) 1200 648 742 1040 1820
Living rooms (n=7) 854 582 413 605 1270
Kitchens (n=7) 1230 530 879 1070 1450

documented data. The concentrations in the air from bed-
rooms and living rooms from this study were much lower
than those from a previous report in Hangzhou, China
(mean: 9740 ng/m® and 17,400 ng/m®, respectively) (Pei
et al. 2013). To our knowledge, the levels of PAEs in catego-
ries in the same house may be depended on various factors
to which this study is limited such as the number of items in
each room capable of spreading PAEs, connections between
rooms, ventilation, temperature, etc. Further studies need to
be done to elucidate this issue.

In comparison, the PAEs levels found in air samples
from Vietnam are similar to the air samples in the center
of Paris, France (Z7PAE: 207 + 150 to 918 +443 ng/m?)
(Moreau-Guigon et al. 2016), in New York, USA (Z9PAE,;
mean: 390 ng/m?; range: 53.6-4850 ng/m®) (Tran and Kan-
nan 2015), and in Poland (Z3PAE: mean =2860 ng/m3,
median=3030 ng/m3) (Szewczynska et al. 2020). Besides,
the results in our study are higher than the air samples col-
lected in the center of Beijing, China with air samples in dor-
mitory (Z6PAE: mean =468 ng/m?; SD =353 ng/m?), office
(Z6PAE: mean =280 ng/m?; SD =264 ng/m?), and ambient
air (Z6PAE: mean = 125 ng/m’; SD=99.8 ng/m?®) (Chen
et al. 2018). Meanwhile, 210PAE levels in air from this
study are much lower than in similar studies in China such
as newly decorated indoor air samples in Hangzhou (Pei
et al. 2013) and office areas in Hangzhou, China (X15PAE:
3620-25,500 ng/m?; Ouyang et al. 2019). These results show
that the distribution of PAEs in the air is very different by
geographical area (Fig. S2). This can be explained by various
habits in the use of commercial products containing PAEs.

Fig.2 Distributions of PAEs in
indoor air from various home

micro-environments Bedroom

Kitchen

Living room

Environmental factors can also influence the release of PAEs
into the environment and need to be further investigated.

Distribution of PAEs in air samples between daytime
and night

In this study, a total of 36 samples at 2 different times in
each of 6 laboratories (Table S4) were collected from 7—8
am to 6—7 pm (during laboratory staff hours/office hours)
and 7-8 pm to 6-7 am (outside office hours). Four PAEs
including DIBP, DnBP, DEHP, and DnOP were detected
with a frequency of 100% in all samples. DEHP was found at
the highest levels (mean =456 ng/m®, median =430 ng/m>),
followed by DnOP (mean = 145 ng/m?, median= 120 ng/
m3), and DnBP (mean=46.2 ng/m3, median=39.5 ng/
m3). Whereas, other PAEs were measured at the low con-
centrations: DnHP (mean/median: 4.41/2.09 ng/m3); BzBP
(mean/median: 3.48/1.02 ng/m3); and DPP (mean/median:
2.91/1.90 ng/m?) (Table 3).

Overall, the total concentrations of PAEs in the night air
samples were significantly higher than in the daytime air
samples (p <0.05) (Fig. 3). These results suggest that sev-
eral factors may affect the distribution of PAEs in indoor
air such as temperature, pressure, wind speed, or weather
but according to our observations in the night conditions,
the laboratories are always closed so the circulation of air
to the outside is lower than during the daytime. An earlier
study revealed that the use of air purifiers with windows kept
closed (natural ventilation) can lead to a significant reduc-
tion in terms of indoor-to-outdoor concentration ratios and a
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Table 3 Concentrations (median and range, ng/m’) of PAEs in the
daytime and night air samples collected from laboratories

PAEs Daytime Night
(n=18) (n=18)

DMP 4.94 (ND-16.9) 14.2 (5.98-28.7)
DEP 15.9 (ND-126) 44.2 (10.9-103)

DPP ND (ND-5.87) 4.32 (ND-12.8)
DiBP 14.8 (8.49-44.4) 33.2 (18.2-149)

DnBP 30.4 (15.6-46.1) 56.5 (36.1-108)

DnHP 0.49 (ND-10.5) 4.96 (ND-22.5)
BzBP ND (ND-15.5) 4.05 (ND-21.5)
DCHP 7.71 (ND-13.6) 7.46 (20.5-40.8)
DEHP 372 (217-506) 525 (346-858)

DnOP 77.5 (52.0-126) 177 (76.2-499)

YPAE 525 (402-756) 977 (639-1375)

n: Number of samples; ND: Not detected

decrease in organic gaseous pollutants (Pacitto et al. 2019).
The other study concluded that temperature, humidity, air
ventilation, and seasonality all affected the concentrations
of volatile organic compounds (Huo et al. 2020).

Potential sources of PAEs in air

The principle component analysis (PCA) was used to
find the potential sources of PAEs in the air samples
(Table S6 and Fig. S1, Supplementary data). From the
analysis of the correlation matrix (Table S6), only PC1
to PC5, the data sets have achieved over 80% of the
cumulative variance. PC1, PC2, PC3, PC4, and PC5
accounted for 35.0%, 15.0%, 12.0%, 9.50%, and 9.00%
of the cumulative variance, respectively. Particularly,

Fig.3 Daytime and nighttime
concentrations of PAEs in
indoor air of laboratories
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PCs with the highest percentage of cumulative variance
tended to correlate with high-molecular-weight PAEs
including PC1 (DEHP, DnOP), PC2 (DnHP, DCHP), and
PC3 (BzBP, DEHP). BzBP has been used as a plasti-
cizer in various indoor and outdoor items such as vinyl
tiles, vinyl gloves, adhesives, caulks, food conveyor
belts, carpet tiles, artificial leather, tarps, automotive
trim, and traffic cones (Calvo-Flores et al. 2018). DEHP
and DnOP are mainly used as plasticizers in household
plastic products and cosmetics (Rudel and Perovich
2009; Net et al. 2015). Additionally, DnHP and DCHP
are widely used as a binder in ink or coating products
(NTP-CERHR 2003; US CPCS 2011). In general, these
data suggest that high-molecular-weight PAEs were the
main pollutant components and they had a strong impact
on the accumulation of PAEs in the air samples.

To assess the origin of each pair of individual PAEs,
the Pearson correlation matrix was used for our data
sets in this study (Table S7). Some pairs of PAEs have
moderate correlation (with p <0.05) such as DMP ver-
sus BzBP (r=0.569); DnBP versus DCHP (r=0.507);
DiBP versus DEHP (r=0.544). Especially, two pairs of
high-molecular-weight PAEs have a high correlation:
BzBP versus DnOP (r=0.644; p <0.05) and DEHP ver-
sus DnOP (r=0.672; p <0.05). However, some pairs of
individual PAEs have a lower correlation and the rest
have no or very weak correlation relationships with
the others. Some high-molecular-weight PAEs such as
BzBP, DEHP, DnOP were used a lot as a plasticizer in
common indoor or outdoor products such as vinyl tiles,
vinyl gloves, adhesives, caulks, food conveyor belts, car-
pet tiles, artificial leather, tarps, automotive trim, and
traffic cones (Calvo-Flores et al. 2018; Rudel and Per-
ovich 2009; Net et al. 2015). Conclusively, these results
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propose that high-molecular-weight PAEs in air samples
collected in Hanoi urban areas could have the same ori-
gin because of their strong correlations.

Risk assessment of human exposure to PAEs
through inhalation

In this study, daily intake doses (ID) of individual PAEs
through inhalation and hazard quotients (HQ) for non-cancer
endpoints of DEP, DnBP, and DEHP were calculated and the
results are shown in Table 4 and Fig. 3. ID values ranged
from a few ng/kg-bw/d to several hundred ng/kg-bw/d.
Overall, ID values in this study were much lower than the

reference dose of some PAEs such as DEP (800,000 ng/kg-
bw/d; US EPA 1987a), DnBP (100,000 ng/kg-bw/d; US EPA
1987b), and DEHP (20,000 ng/kg-bw/d; US EPA, 1987c).
This is more evident when evaluating Hazard Quotients val-
ues (HQ), the mean of HQ values (including DEP, DnBP,
and DEHP) were in the range of 10-107 for children and
adults (Fig. 4).

In comparison, the ID value of PAEs through inhala-
tion for children was 338 ng/kg-bw/d (Anh et al. 2020)
and was lower than in this study (724 ng/kg-bw/d). The
mean/median exposure doses of X10PAE calculated for
adults and children through the consumption of bottled
drinking water were 254/231 and 256/233 ng/kg-bw/d,

Table 4 The estimated human

Adults
exposure doses to PAEs through

Children

inhalation for adults and

Intake doses (ng/kg-bw/d, median and range)

children

10.3 (0.04-28.7)
21.6 (3.94-48.3)
8.72 (NA — 171)
69.8 (4.58-369)

87.8 (16.3-315)

3.17 (NA-28.4)
2.27 (NA-13.4)
8.36 (NA-91.2)
421 (86.9-1140)
92.3 (NA—403)

1.08 * 107 (1.19 * 107°-2.89 * 10™)
2.58 %107 (5.51 * 107°-8.65 * 1074
7.29*1073 (2.15*1073-1.79 * 1072)

2.70 %1075 (4.92 * 107°-6.04 * 1075)
8.78 * 107 (1.63 * 107*-3.15 * 107%)
2.10%1072(4.34%107°-5.72 107

DMP 3.48 (0.03-9.75)

DEP 8.65 (0.96-23.1)

DPP 2.46 (NA*-42.6)

DiBP 20.2 (1.87-102)

DnBP 25.8 (5.51-86.6)

DnHP 1.19 (NA-8.99)

BzBP 0.89 (NA-5.25)

DCHP 3.34 (NA-25.8)

DEHP 146 (42.9-357)

DnOP 36.2 (5.02-144)

Hazard quotients (median and range)
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respectively (Le et al. 2021). Furthermore, the estimated
exposure doses to PAEs through dust ingestion (based
on the median concentrations) were in the ranges of
19.4 ng/kg-bw/d (for adults) to 90.4 ng/kg-bw/d (for
toddlers) (Tran et al. 2016). In a recent study on PAEs
in house and workplace dust samples, the ID of DEHP
(0.29-44.0 ng/kg-bw/d) were about one order of mag-
nitude higher than those estimated for DnBP, DiBP, and
BzBP (0.013-18.0 ng/kg-bw/d) (Anh et al. 2021a, b).
Overall, the ID value in this study is assessed as average
because the contributions of many other sources have not
been taken into calculation.

Conclusions

In this work, 10 PAEs were investigated in indoor and
outdoor air samples collected from Hanoi, Vietnam.
The PAEs patterns in the air samples were dominated by
DEHP, followed by DnOP, DiBP, and DEP. The high con-
centration correlations existed between some PAEs pairs
such as DMP/BzBP, DnBP/DCHP, DiBP/DEHP, and
two pairs of high-molecular-weight PAEs: BzBP/DnOP,
DEHP/DnOP. The concentrations in air samples from
laboratories at the night were significantly higher than in
the daytime. Human exposure doses to PAEs via inhalation
were higher than other pathways such as dust ingestion
and drinking water but did not exhibit serious health risks.
Overall, the results of this study add baseline data needed
for nationwide monitoring surveys of PAEs and may help
the authority in terms of issuing the policy related to these
chemicals in the future.
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