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• Root and foliage uptake ratios were calcu-
lated based on soil and hydroponic plants.

• Root uptake of SVOCs is the main source
for leaves of soil-cultured plants.

• Gas and particle contributions to the
SVOCs in hydroponic plants were esti-
mated.

• Hydroponic plants are more suitable as
biosamplers for indoor organic pollutants.
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Understanding the uptake pathways of organic chemicals in plants can help us use plants as biosentinels for human
exposure, and as remediation tools for contaminated sites. Herein, we investigated the relative contributions of root
and foliar (gas and particle) uptake pathways to indoor ornamental plants for phthalates (PAEs), organophosphorus
flame retardants (OPFRs), and polycyclic aromatic hydrocarbons (PAHs). We looked at different kinds of indoor orna-
mental plants via pot and hydroponic control experiments, comparing the levels between their leaves and indoor air
gaseous and particle phases, floor dust, and window film. Contributions of soil and foliage uptakes were calculated
based on chemical concentrations in leaves of hydroponic and soil cultured plants and their mass uptake rates. Across
all compounds, the contributions of root uptake to the chemicals in soil cultured plants ranged from 47.5 % to 88.5%.
Weused binaryfirst-ordermass conservation equations to calculate the contributions of foliage uptake via gaseous and
particle phases to the chemicals with similar Kow in plant leaves. Foliar uptake of PAEs occurred mainly via particle
adsorption, for light PAHs via gaseous absorption, and for OPFRs via both particle and gaseous uptakes. Negative cor-
relations between chemicals' foliage uptake ratios and their Kow and Koa values suggest that foliage uptake may be in-
fluenced by both chemical hydrophilicity and lipophilicity.
7 April 2023; Accepted 17 April 2
1. Introduction

Organophosphorus flame retardants (OPFRs), phthalates (PAEs), and
polycyclic aromatic hydrocarbons (PAHs) are semivolatile organic com-
pounds (SVOCs) of concern due to their ubiquity, persistence, and toxicity
to humans and the environment (Greaves and Letcher, 2017; Serrano et al.,
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2014; Sun et al., 2021). OPFRs and PAEs are widely used in textiles, furni-
ture, electronics, coating, polyvinyl chloride (PVC) plastic, and polyure-
thane foam (Katsikantami et al., 2016; Sun et al., 2018; Wei et al., 2015;
Zhang et al., 2022). PAHs are produced as a by-product of combustion
and can be found in tobacco smoke, smoke from open fires for heating or
cooking, and elsewhere (Nguyen-Duy and Chang, 2017; Oliveira et al.,
2019). PAEs and OPFRs have been frequently detected in the indoor envi-
ronment due to their extensive applications in products, while PAHs are
often produced from anthropogenic sources indoors (Orecchio et al.,
2013; Pantelaki and Voutsa, 2019; Sedlackova et al., 2021; Tri Manh
and Kannan, 2015). Some PAEs, OPFRs, and PAHs have been found to
be carcinogenic, neurotoxic, endocrine disrupting, mutagenic, and
bioaccumulative, and have been identified as “priority pollutants” by
environmental regulators around the world (Christia et al., 2019; Kim
et al., 2013; Soltani et al., 2014).

Plants can take up and accumulate organic chemicals mainly through
root uptake or foliar absorption (Collins et al., 2006). The uptake pathways
of chemicals by plants are complex and can be difficult to disentangle. Root
uptake may be the main pathway for both water and soil cultured plants to
accumulate brominated flame retardants (BFRs) and OPFRs, especially in
the early life stage.(Fan et al., 2020; Wu et al., 2018; Zhang et al., 2021) At-
mospheric SVOCs can also enter into the aerial plant parts via either gas-
eous or particle depositions (Collins et al., 2006; Liu et al., 2019; Zhu
et al., 2020). In general, Cousins and Mackay (Cousins and Mackay,
2001) proposed that for chemicalswith logKow (octanol-water partition co-
efficient) <2.5 and log Kaw (dimensionless Henry's law constant) < −1,
root uptake via transpiration should be the important pathway, while for
chemicals with log Koa > 6 (octanol-air partition coefficient) and log
Kaw > −6, foliar uptake should be the most important pathway. How-
ever, this may vary by location, plant species, and by the specific
SVOCs involved, and overall, there is still a lack of knowledge on the
contributions of root uptake and foliar absorption to the individual
SVOC levels within plants.

Plants and their tissues (e.g., pine needle, tree bark, or moss) have been
widely used as passive biosamplers for investigating numerous organic
chemicals in the environment. (Cabrerizo et al., 2012; McLachlan, 1999)
Different plants and tissues have been used for particular purposes due to
their special characteristics, such as the wax coating of pine needle, and
the high surface to volume ratio of tree bark and moss. In the indoor envi-
ronment, plants have rarely been used as biosamplers for pollutants (Wang
et al., 2021), in part because most indoor ornamental plants have multiple
sources or uptake pathways with uncertain contribution ratios. Therefore,
determining the relative contributions of root and foliar uptakes are essen-
tial for using the ornamental plant as the biomonitor of indoor SVOCs or
sentinel of human exposure to SVOCs (Wang et al., 2021), as well as un-
derstanding the plant uptake mechanisms of these chemicals. Here, we
conducted a 40-day pot and hydroponic experiment with 4 different or-
namental plant species in order to identify the main sources or uptake
pathways of PAEs, OPFRs, and PAHs in plant leaves, and to evaluate
their contributions to these compounds in leaves.

2. Material and method

2.1. Sample information

We selected four species of indoor ornamental plants, Spathiphyllum
kochii Engl. et Krause (Abbr. SK, also known as Spathe flower),
Chlorophytum comosum (Thunb.) Baker (CC, Bracketplant), Epipremnum
aureum (EA, Scindapsus), and Hedera nepalensis var. sinensis (Tobl.) Rehd
(HN, Ivy) for this experiment based on their high adsorption capacity of
formaldehyde (He and Peng, 2019; Xu et al., 2011; Yuwei et al., 2011).
We conducted a 40-day controlled experiment using both soil and hydro-
ponic cultures in a laboratory room (area: 42 m2) at a height of 1.5 m
fromMay 2021 to June 2021. For each of the plants, we covered the surface
of either the soil or the water with aluminum foil to prevent volatilization
and air deposition. All plants were placed in the same room for 30 days
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before this experiment. We watered the plants with ultrapure water and
changed the hydroponic water every 5 days during the first 30-day cultiva-
tion and the 40-day experiment. All treatments were performed in tripli-
cate. Every 10 days we collected samples of the plant leaves (3 pieces
each), floor dust, and window film (area: 400 cm2, wiped using a
precleaned tissue paper with dichloromethane). Dust and plant samples
were freeze-dried, ground, homogenized, and sieved into 60 mesh.

We collected both active and passive air samples. Active air particle and
gaseous samples were collected using a glass fiber filter (GF, 46 mm diam-
eter, baked at 450 °C for 4 h) followed by polyurethane foam (PUF, 2 cm di-
ameter, 9 cm length, precleaned using Soxhlet extraction with ethyl acetate
for over 72 h) at a height of 1.5 m using a low volume active air sampler
(LV-AAS) with a flow rate of ∼4 L/min (details are shown in Table S1,
SI). Passive air samplers using low density polyethylene (LDPE,
10 cm × 5 cm, 0.01 cm thickness), polydimethylsiloxane sheet (PS,
10 cm×5 cm, 0.1 cm thickness), and silicone wristband (WB, 19 cm pe-
rimeter, 1.1 cm width, 0.1 cm thickness) were also deployed and col-
lected simultaneously with plant leaves (every 10 days) to provide a
time-integrated assessment of contaminant levels. Floor dust and win-
dow film, LDPE, PS, andWB were collected to help to identify the poten-
tial sources of SVOCs in plant leaves. All samples were stored at−20 °C
until further analysis.

2.2. Sample extraction

Dust (∼0.5 g), leaf (∼0.2 g), GF, PUF, or glass wipe samples were
spiked with deuterated surrogate standards (diethyl phthalate-d4 (DEP-
d4), DNBP-d4, and DEHP-d4 for PAEs; tris(2-chloroethyl) phosphate-d12
(TCEP-d12) and triphenyl phosphate-d15 (TPHP-d15) for OPFRs; acenaph-
thylene (ACY)-d8, phenanthrene (PHE)-d10, chrysene (CHR)-d12, and
perylene (PYR)-d12 for PAHs), ultrasonicated with a mixture of DCM: n-
hexane: acetone (2:2:1, v/v/v) for 20 min and repeated three times.
LDPE, PS sheet, or wristband samples were spiked with surrogate stan-
dards, extracted by shaking with ethyl acetate for 30 min and then soaking
for 12 h, and repeated three times. The extract was concentrated, cleaned
up on a silica gel column containing 4 cm silica gel (63–200 μm, baked at
450 °C for 8 h, 3% deactivated) toppedwith 1 cm of anhydrous sodium sul-
fate (baked at 450 °C for 4 h), and eluted with ethyl acetate. For plant sam-
ples, the extract was further cleaned up using a PSA cartridge (200 mg,
3 mL) and eluted with ethyl acetate.

2.3. Instrumental analysis

The target compounds included 8 PAEs (dimethyl phthalate (DMP),
DEP, di-isobutyl phthalate (DIBP), DNBP, BBzP, dicyclohexyl phthalate
(DCHP), DEHP, and di-(2-ethylhexyl) terephthalate (DEHT)), 9 OPFRs
(tri-isobutyl phosphate (TIBP), TNBP, TCEP, tris(2-chloro-isopropyl)
phosphate (TCIPP), tris(1,3-dichloro-2-propyl) phosphate (TDCIPP),
TPHP, 2-ethylhexyl diphenyl phosphate (EHDPP), triphenyl phosphine
oxide (TPPO), and tricresyl phosphate (TMPP)), and 12 PAHs (ACY,
acenaphthene (ACE), fluorene (FLU), PHE, anthracene (ANT), fluoran-
thene (FLA), PYR, benzo[a]anthracene (BaA), CHR, benzo[b]fluoran-
thene (BbF), benzo[k]fluoranthene (BkF), and Benzo[a]pyrene (BaP))
(Table S2, SI). All samples were analyzed using a Shimadzu GCMS-
QP2020 in the SIM mode with an electron ionization impact source. Sepa-
rationwas conducted on a DB-5MS column (30m×0.25mm×0.25 μm).
Injector and transfer line temperatures were both 290 °C with helium as
carrier gas at 1.5 mL/min.

2.4. Quality assurance and quality control (QA/QC)

All glassware was baked at 450 °C for >4 h and rinsed with hexane be-
fore use. We collected field blanks for the window film, LV-AAS, LDPE, PS,
and WB samples by exposing the sampler material in the same room for
1 min. A procedural blank was run alongside each batch of 5 samples to as-
sess potential contamination. We calculated the method detection limit
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(MDL) as the mean value of blanks plus three times the standard deviation
(Table S3, SI). The surrogate recoveries of plant leaf samples were 81.7 ±
9.7 %, 86.1 ± 8.7 %, 83.7 ± 9.1 %, 89.6 ± 10.4 %, 84.9 ± 12.4 %,
87.6 ± 10.1 %, 88.1 ± 9.6 %, 82.5 ± 10.6 %, 90.2 ± 11.8 % for DEP-
d4, DNBP-d4, DEHP-d4, TCEP-d12, TPHP-d15, ACY-d8, PHE-d10, CHR-d12,
and PYR-d12, respectively (details of all samples in Table S4, SI). All samples
were blank- and recovery-corrected.

2.5. Data analysis and statistics

Levels of target compounds were reported as ng/g dw in plant and dust,
ng/m3 in active air samples, ng/m2 in window film, and ng/sampler in
LDPE, PS, and WB samples. Statistical analyses were conducted using the
Microsoft Excel 2019 and SPSS 22 software packages. Normality of data
was tested using the Shapiro-Wilk's test. Spearman's correlation analysis
was used to determine the relationships between individual OPFR, PAE,
and PAH congeners in different matrices, with statistical significance re-
ported as p < 0.05. Data for the Principal Component Analysis (PCA)
were normalized using the z-score.

2.6. Estimation of the contributions of foliage and root uptakes to the SVOC
burdens in plant

SVOCs in plant leaves may originate from both root uptake (including
root-to-shoot translocation) and foliar uptake, and undergo translocation
and biodegradation within plant (Collins et al., 2006). However, for the hy-
droponic plants, since the ultrapure water is free of organic contaminants,
SVOCs in their leaves may only come from foliar uptake.

Here, we hypothesize that the growth states of hydroponic and soil cul-
tured plants were comparable. Therefore, their air-foliage exchange and
biodegradation amounts of SVOCs were similar. The mass balance (ng)
for SVOCs in the leaves of the soil and hydroponic cultured plants (CL)
can be expressed as follows:

V
dCL

dt
¼ mtcA=LALCA þmtcM=RARCM

� TFR=L � mtcL=AALCL � mtcR=MARCL � TFL=R � kCLV (1)

V
dCL

dt
¼ mtcA=LALCA þmtcM=RARCM � TFR=L

� mtcL=AAL � mtcR=MAR � TFL=R � kV
� �

CL

(2)

where V (m3) is the volume of the leaves,mtcj/k (m/h) the mass transfer co-
efficients between environmental media j and k (denoted by the subscripts
A for air, L for leaf,M for growingmedia, i.e., water and soil, and R for root),
AL the contact area of the leaf,AR the contact area of the root, TFR/L (−) the
translocation factor from roots to leaves, TFL/R (−) the translocation factor
from leaves to roots, and k (h−1) thefirst order transformation rate constant
for the leaves. By grouping all the terms associated with each concentration
into an overall process flow rate “ki” (m3/h, analogously to the technique
employed in multimedia fugacity modeling (Mackay, 2001)), we get the
following:

V
dCL

dt
¼ kACA þ kMCM � kLCL (3)

where kACA is the mass flow rate (mol/h) from the air to the leaf, kMCM the
mass flow rate from the growing media to the leaf, and kLCL the mass flow
rate out of the leaf. For hydroponic plants, CM is considered as 0, since the
ultra-pure water was free of SVOCs. At steady state, this gives the following
equations for the concentrations in the hydroponic (CH, ng/g) and soil-
cultured (CS, ng/g) plants in Eqs. (4) and (5), respectively.

0 ¼ kACA � kLCH;i:e:, CH ¼ kACA

kL
(4)
3

0 ¼ kACA þ kMCM � kLCS;i:e:, CS ¼ kACA þ kMCM

kL
(5)

Further, we can also assume that kL was the same for the hydroponic
and the soil cultured plants, based on previous results showing little transfer
from leaves to clean growing media (< 10 %), and since the plants were
grown under the same conditions and had similar dimensions, the mass
transfer coefficients for biodegradation and volatilization from the leaves
to the air were likely equal between the different growing media. Thus,
the relative contribution of the air to leaf pathway to plant mass uptake
(Rf) is shown in Eq. (6), and the contribution from the soil to the leaf (RS)
in Eq. (7):

Rf ¼ kACA

kACA þ kMCM
¼ CH

CS
(6)

RS ¼ 1 � CH

CS
¼ CS � CH

CS
(7)

Lipids serve as important compartments in the partitioning of organic
compounds into organisms (Geisler et al., 2012). To investigatewhether in-
teractions other than nonpolar partitioning (membrane lipid-water and
storage lipid-water) to SVOCs can more accurately explain the partition be-
tween plants and water logKow based model, logKmw and logKsw were esti-
mated using Eqs. (8) and (9) (this kind of estimation for partitioning
between plants and air was not conducted due to the lack of related data)
(UFZ, n.d.):

log Kmw ¼ vV þ sSþ aAþ bBþ eE þ c (8)

logKsw ¼ v
0
V þ s

0
Sþ a

0
Aþ b

0
Bþ e

0
E þ c0 ð9Þ

where Kmw and Ksw are the membrane lipid-water and storage lipid-
water partition coefficients estimated based on poly-parameter linear free
energy relationships (pp-LFERs) model; Capital letters V, S,A, B, and E, rep-
resenting the intermolecular interactions that govern the partition process,
are cavity formation, polar interactions, H-bond interactions, van derWaals
interactions, respectively (Geisler et al., 2012).

2.7. Estimation of the contributions of gaseous and particle absorptions to the
foliage uptake of SVOCs

The foliage uptake of SVOCs includes both particle and gaseous absorp-
tion. An experimental evidence suggested that most SVOCs are persistent in
plants, and metabolism is not a significant factor for the accumulation of
these compounds (McLachlan, 1999), thus, we assume that the degradation
rate of a certain SVOC in plant leaves is consistent whether it comes from
the foliage absorption via gaseous or particle phases. Therefore, after
deducting the degraded part, the residual SVOC is contributed from both
the gaseous and particulate phases. Previous studies have suggested that
the permeability of plant cuticles to organic chemicals was linearly related
with its Kow (Collins et al., 2006; Riederer et al., 2002). Thus, we assume
that two congeners in the same chemical group sharing similar Kow values
have the same absorption pathways, patterns, and contributions of gaseous
and particulate absorptions. Since the hydroponic plants in this study only
absorb SVOCs from gaseous and particle phases by foliar uptake, the contri-
butions of gaseous and particle absorption can be calculated by the follow-
ing binary first-order mass conservation formulas:

CP1VP þ CG1VG ¼ m1

CP2VP þ CG2VG ¼ m2

�
(10)

RP ¼ CPVP

M
(11)

RG ¼ CGVG

M
(12)



Fig. 1. Concentrations of PAEs, OPFRs, and PAHs in plant leaves (H: hydroponic, S: soil-cultured), dust (D), window film (WF), and active gaseous (APUF) and particle (GF)
samples.
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where CP1 and CP2 are the concentrations (ng/m3) of two SVOC congeners
with similar Kow value in the air particle phase; CG1 and CG2 are their con-
centrations (ng/m3) in the air gaseous phase; m1 and m2 are their masses
(ng) per unit mass (1 g) leaf; VP and VG are the effectively adsorbed air vol-
umes (m3) for particle and gaseous SVOCs, respectively, assuming that VP

and VG for congeners with similar Kow are the same; RP and RG are the con-
tribution ratios of particulate and gaseous uptakes to the SVOC burden in
leaf (M). We note that this estimation could only be used for those com-
pounds within the same chemical group which have similar Kow values.

3. Results and discussion

3.1. Concentrations of PAEs, OPFRs, and PAHs in different matrices

The concentrations of PAEs, OPFRs and PAHs in different ornamen-
tal plant leaves, window film, dust, and active air samples are shown in
Fig. 1. The concentrations of PAEs, OPFRs, and PAHs in the particle
phase (GF) ranged from 95.5 to 301, 1.62 to 3.44, and 1.83 to
4.08 ng/m3, respectively, while those in the gaseous phase (APUF)
were 1600–3980, 7.59–12.7, and 85.6–247 ng/m3, respectively. The
SVOC concentrations in the particle phase were significantly lower
than these in the gaseous phase. The PAE, OPFR, and PAH concentra-
tions in the dust samples were 10,500–368,000, 2840–8930, and
2900–8440 ng/g, while those in the window films were in the range
of 74,900–406,000, 2240–6140, and 946–9100 ng/m2, respectively.
The PAE, OPFR, and PAH concentrations in the air, dust, and window
film samples varied widely during the exposure period.

The concentrations of PAEs, OPFRs, and PAHs in the leaves of hydro-
ponic plant were in the range of 1750–13,000 (mean: 5250 ± 3420),
41.7–1749 (mean: 94.2 ± 42.6), and 66.2–547 (mean: 222 ± 143) ng/g,
while those in the leaves of soil cultured plants were 2700–28,100 (mean:
13,800 ± 7270), 132–525 (mean: 305 ± 126), and 156–787 (mean:
414±171) ng/g, respectively. All target compounds were 100% detected.
Generally, the concentrations of PAEs, OPFRs, and PAHs in the soil-cultured
plants were significantly higher than those in the time-matched hydroponic
plants with the mean values in the soil cultured plants 2–5 times of those in
the hydroponic ones. This result suggested that soil was an important
source of PAEs, OPFRs and PAHs for the soil cultured indoor plants. Surpris-
ingly, the concentrations of PAEs, OPFRs, and PAHs in plant leaves did not
increase with time but fluctuated, suggesting the partitioning between
chemicals in the plants and the environment may reach equilibrium and
vary with the environmental contamination. The mean concentrations of
PAEs, OPFRs, and PAHs in the hydroponic CC leaves were the highest
followed by the hydroponic EA and SK, whereas the SVOC levels in the
soil cultured SK leaves were the highest, followed by the soil cultured CC,
HN, and EA. This implies that CC may have more effective absorption
capacity of airborne SVOCs from the ambient air than other indoor plants.
This is consistent with the fact that people useChlorophytum comosum to ab-
sorb indoor formaldehyde gas (Zhao et al., 2014).

3.2. Compositions of PAEs, OPFRs, and PAHs in different matrices

The compositions of PAEs, OPFRs, and PAHs in the plant leaves, win-
dow film, dust, and active air samples are shown in Fig. 2. For PAEs,
DNBP (38.7 %) was the dominant congener in the plant leaves followed
by DEHP (29.9 %), DEHP was the dominant PAE in the dust, window
film, and air particle phase followed by DNBP, whereas DMP dominated
in the gaseous phase followed by DIBP. For OPFRs, TCEP was the most
abundant congener in the plant leaves, dust, and air particle phase, while
TCIPP and TNBPwere the dominant congeners in windowfilm and gaseous
phase, respectively. It is noteworthy that compositions of TCEP in the soil
plant leaves were significantly higher than those in the hydroponic plant
leaves, suggesting that TCEP, a relatively hydrophilic compound (logKow:
1.44), mainly enters plant leaves through root uptake followed by upward
translocation. For PAHs, PHE was the dominant congener in all samples,
followed by FLU in the leaves and gaseous phase, but by FLA in the dust
5

and particle phase. Although, the compositions of three chemical groups
varied with sampling matrices, they were similar in the hydroponic and
soil cultured plant leaves, dust, and particle phase. Meanwhile, PAH com-
positions in the leaves were also comparable with those in the gaseous
phase. This indicated that the sources of target compounds in the hydro-
ponic and soil cultured plants may be similar, especially for PAEs and
PAHs. Furthermore, similar compositions of PAEs, OPFRs, and PAHs were
found in the 4 different soil cultured plants, indicating similar uptake and
accumulation processes of SVOCs by herbaceous and vine plants.

3.3. Source apportionment

Correlations of PAE, OPFR, and PAH concentrations among plant
leaves, dust, window film, particle phase, gaseous phase, LDPE, PS, and
WB are tested using Spearman's correlation analysis and are shown in
Figs. S1–S3 of SI. PAEs in all leaves were almost significantly positively cor-
related with those in the GF, dust window film, and LDPE samples
(p < 0.05), but not the APUF, PS, or WB samples, while PAHs in the leaves
showed significant positive correlations with those in the APUF, PS, and
WB samples, but not in the GF, dust, window film, or LDPE samples. How-
ever, for OPFRs, the situation was complex. OPFRs in the leaves were only
significant positive correlated with some APUF (or GF, depending on plant
species), dust, and WB samples. This suggested that PAEs and PAHs in
plants may be mainly associated with particle and gaseous phases, respec-
tively, whereas the OPFRs in plants may originate from multiple sources
or complex biological processes, such as biodegradation or biotransforma-
tion. Correlations between leaves and matrices were generally similar for
the hydroponic and soil cultured plants, indicating that although the ab-
sorption pathways of SVOCs by plants differ with different cultivation
methods, the absorption amounts and composition characteristics of these
chemicals may mainly depend on their properties. Meanwhile, the SVOC
compositions in the hydroponic and soil cultured plant leaves were also
similar, indicating that SVOCs absorbed by root and then translocated to
leaf were similar to those absorbed by leaf. In other words, the factors con-
trolling the root uptake and root-to-shoot translocation of chemicals resem-
bles those of foliage uptake. Thus, the three indoor plants in this study,
whether soil or hydroponic cultured, can be effective biomonitors in the in-
door environment.

Principle component analysis (PCA) was performed in order to identify
the main sources of these chemicals (Fig. 3). Two principal components
were extracted accounting for 70.2 % of the cumulative variances. PC1, ac-
counting for 54.4 % of the total variance, exhibited high loadings on most
chemicals with relatively high Koa. This indicated that PC1 may be related
to air particle or soil particle sources. PC2, accounting for 15.8%of the total
variance, exhibited high positive loadings on chemicals with low Koa,
e.g., PHE, TCIPP, DEP, DMP, andDIBP. DEP has been detected in household
and personal care products, such as dry-cleaning fluids, body lotion, and
perfumes. DMP is applied in insect repellent. DIBP is used as crosslinker
and plasticizer (USEPA, 2020). TCIPP has been widely detected in insula-
tion and sealant foams (Hartmann et al., 2004). Thus, PC2 indicated emis-
sions from household or personal care products. In the score plot, plant leaf
(both hydroponic and soil cultured), LDPE, dust, and window film samples
were grouped together with GF samples (Fig. 3b), indicating that particu-
late phase was their main source.

3.4. Contributions of root and foliage uptakes to SVOCs in plant leaves

The contribution ratios of root and foliage uptakes to the chemical
levels in different plants are shown in Fig. 4. DEHP, DEHT, BaA, CHR,
and BaP were not employed in the calculation due to their high deviations
of concentrations in plant leaves. HN was not used since it is a vine plant.
The root uptake ratios of SVOCs were 55.4 %–88.5 % (mean: 73.2 %),
47.5 %–81.4 % (70.4 %), and 54.5 %–88.3 % (69.4 %) for SK, CC, and
EA, respectively. The contribution of root uptake to a certain SVOC conge-
ner in the plants is species-dependent (Liu et al., 2019). Air–foliage ex-
change has been suggested to be the primary uptake pathway of rice for



Fig. 2. Compositions of PAEs, OPFRs and PAHs in indoor plant leaves (H: hydroponic, S: soil-cultured), dust (D), window film (WF), and active gaseous (APUF) and particle
(GF) samples.

Y. Wang et al. Science of the Total Environment 883 (2023) 163644

6



Fig. 3. Principal component loading plot (a) and score plot (b).
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PBDEs (Wang et al., 2015). Another study using chambers to expose wheat
to polybrominated diphenyl ethers (PBDEs) via various routes, suggested
that most of the PBDE burdens (>80 %) in wheat leaves originated from fo-
liage uptake rather than root uptake (0.34–18.7%) (Zhu et al., 2020). How-
ever, root uptake from soil was still important (47.5–88.5%,mean: 71.0%)
for soil cultured plants in the real indoor environment of this study, which
was in a line with previous studies (Wang et al., 2020; Zhang et al., 2021).
The different result may be due to the different environment, contamina-
tion, plant species or chemical's properties.

As shown in Fig. 5, significant negative correlations were found be-
tween Rf and logKoa and Rf and logKow of compounds in different plants.
Relatively low foliage uptake ratios but high root uptake ratios were
found for SVOCs with high Kow values, suggesting that hydrophobic com-
pounds are more likely to be absorbed by plant roots than leaves. This
Fig. 4. Foliage and root uptake ratios for PAEs, OPFRs, and PAHs in different plants.
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may be attributed to the transpiration pull. A previous study found that
the chemicals with high hydrophobicity could be taken up by binding
with the proteins in plant roots, carried to root lipid constituents, but be
harder to be translocated to shoots (Liu et al., 2019). Another study also
suggested that it is the combination of the solubility of chemicals in water
and the solubility in cell membrane that determines the root uptake and
translocation of chemicals in plant, considering that these chemicals ab-
sorbed by plant root must penetrate the epidermis, cortex, endodermis,
and pericycle to reach the xylem (McFarlane and Berry, 1974; Sheppard,
1996; Trapp et al., 1994; Trapp and McFarlane, 1994). Since hydrophobic
compounds may be adsorbed or stored in lipid, cell wall, or cell membrane,
storage lipid-water partition coefficient (Ksw) or membrane lipid-water par-
tition coefficient (Kmw) may be a more appropriate control factor for the
acropetal translocation of SVOCs than Kow. This hypothesis could be con-
firmed by better correlations of Rf vs Ksw and Rf vs Kmw than Rf vs Kow

(Fig. 5). Moreover, based on the R-value (Fig. 5 c and d), the storage lipid
content (i.e., Ksw) may better explain the translocation characteristics of
SVOCs than membrane lipid content (Kmw).

Foliage uptake ratios were higher for the SVOCs with lower Koa values
(Fig. 5b), suggesting the relatively volatile compounds were absorbed by
leaves. However, foliage uptake ratio was not directly negatively correlated
with logKoa, but was segmented linear with logKoa with three segments
(Fig. 5b): For SVOCs with logKoa of 6.34–8.81, their foliage uptake ratios
were significantly negatively correlated with the logKoa. For SVOCs with
logKoa of 9.77–11.91, their foliage uptake ratios were negatively correlated
with the logKoa again, but with different linear relationships and slope
factors. Whereas, for SVOCs with logKoa of 8.81–9.77, their foliage uptake
ratios seemed independent of logKoa. This was in consistent with a mathe-
matical analysis by McLachlan M S (McLachlan, 1999), who elucidated
that foliage uptake of SVOCs occurs primarily via one of three processes:
equilibrium partitioning between the vegetation and the gaseous phase, ki-
netically limited gaseous deposition, and particle-bound deposition. He de-
veloped a framework using the relative differences in accumulation
behavior as a function of chemical'sKoa for identifying themajor foliage up-
take process. The framework suggests that for compounds with low logKoa

(<∼8.5), their foliage uptake may be significantly correlated with logKoa,
and depend on the equilibrium partitioning between the plant and the gas-
eous phase. For compounds with intermediate logKoa (∼8.5–11), their fo-
liage uptake may be independent of Koa, but still dominated by the
kinetically limited gaseous deposition. In this case, the storage capacity
of plant for chemical with logKoa of 8.5–11 is too high to reach an equi-
librium. For compounds with high logKoa (>∼11), their foliage accu-
mulation may be in line with Koa again, and primarily by particle-
bound deposition.



Fig. 5. Linear regression of Rf and Kow (a), Koa (b), Kmw (c), and Ksw (d).
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3.5. Contributions of gaseous and particle absorptions to the foliage uptake
of SVOCs

Previous studies focused on the behaviors of SVOC congeners in the
plants (Sun et al., 2019; Wang et al., 2011; Zhang et al., 2021) were not
based on actual experiments in indoor environment. It is reported that
PBDE levels in the wax of leaf were significantly higher than those in the
inner leaf, stem, and root (Zhu et al., 2020). Thus, plant leaves have the
best potential to be the biomonitor of SVOCs in indoor environment.
Fig. 6. Contribution ratios of foliage uptakes via gaseous and pa
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Nevertheless, research on foliar uptake of SVOCs is still limited, as well as
the computational model for the contribution of gaseous and particulate
SVOC uptakes. The model we used here helps us easily calculate the contri-
bution ratios of gaseous and particle SVOCs in plant leaves, which makes it
possible to reflect the contaminants of gaseous and particle SVOCs in indoor
environment by testing SVOC levels in plant leaves.

Three pairs of chemicals, TIBP vs TDCIPP, TNBP vs TPHP, and BkF vs
BaP from the same chemical group used in this estimation obtained the
meaningful contribution values (>0). The contribution ratios of gaseous
rticle phases on the typical SVOCs in different plant leaves.
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and particle absorptions to these pairs of chemicals in the hydroponic SK,
CC, and EA are shown in Fig. 6. The contribution ratios of particle uptake
were 2.3 %–3.1 % for TIBP, 28.8 %–34.9 % for TDCIPP, 9.0 %–15.1 %
for TNBP, 89.2 %–93.7 % for TPHP, 0.5 %–58.3 % for BkF, and 2.6 %–
87.4 % for BaP, respectively. Similar contributions of gaseous and particle
uptakes were found for TIBP vs TDCIPP and TNBP vs TPHP in the three
kinds of plants. Generally, congener with the lower Koa value in the
paired chemicals has a higher gaseous uptake ratio, since it is inclined
to exist as gaseous form. A chemical's volatility and Koa value can signif-
icantly influence the air-particle partitioning and subsequently affect its
foliage uptake. Collins et al. (Collins et al., 2006) suggested that SVOCs
with logKoa > 11 are more inclined to be particle-bound and can desorb
from the particle into the leaf. However, another exposure environment
showed that particle-bound PBDEs were the main source of PBDEs with
logKoa range of 6.55–9.66 in wheat leaves (Zhu et al., 2020). Thus, Koa

may be not the only determining factor for the foliage uptake of a cer-
tain compound. Some SVOCs with logKoa < 11, such as TPHP (10.8),
in leaves in this study may still derive from particle phase. Moreover,
the composition of plant (e.g., content of lipid, fiber, and carbohydrate)
can also significantly affect the uptake of organic chemicals (Bohme
et al., 1999; Simonich and Hites, 1994). Thus, the different composi-
tions of the plants and their specific absorption mechanism of PAHs
may be the reason of the different contributions of gas and particle up-
takes for BkF and BaP in SK leaves compared with those in the other
two plants.

Significant correlations were found between SVOC concentrations in
plant leaves (both hydroponic and soil cultured) and these in air particle
or gaseous phases, indicating that indoor ornamental plants have the ca-
pacity to act as the biosamplers of SVOCs in indoor air. Meanwhile, hy-
droponic plant can be regarded as a better biomonitor due to its simple
sources (less root uptake). SVOC concentrations in the hydroponic CC
were relatively higher than those in the hydroponic SK and EA, and
even more significantly correlated to SVOC levels in ambient air.
Thus, the hydroponic CC leaf acted as a more effective biosampler
than the other two types of plants.

3.6. Limitations

This study is subject to several limitations. First, this experiment was
conducted in a real indoor environment with fluctuating SVOC concentra-
tions, which may cause an inconsistent foliar uptake speed and large devi-
ation of SVOC concentrations in the tested plants during different sampling
periods. Second, the concentrations of SVOCs in soil were not analyzed and
discussed in this study, although as shown since the cultivated soils used for
these plants were the same, we could still disentangle relative contribu-
tions. Third, the degradation of SVOCs in plants was assumed to be negligi-
ble. Fourth, the growth states of plants were considered similar in the
hydroponic and soil matrices.

Despite the limitations, both hydroponic and soil cultured house-
plants with the advantages of easy access, low cost, and more acceptable
to participants, are qualified passive biosamplers in the indoor environ-
ment, where possible, we recommend using hydroponically grown
plants as biosamplers.

4. Conclusion

Here, we investigated the relative contributions of root and foliar up-
takes via gas and particle phases to the indoor ornamental plants for
phthalates, OPFRs, and PAHs. Root uptake pathway is the main contribu-
tion way to most of the target chemicals in soil cultured plants, whereas fo-
liar uptake via gaseous absorption and particle adsorption both contribute
to the chemicals in hydroponic plants, and their contribution ratios
depended on chemical hydrophilicity and lipophilicity. Overall, the
model introduced in this study provided a novel method for calculating
the ratios of different uptake pathways for plants, which contributes to a
better understanding of the uptake mechanisms of SVOCs in plants.
9

CRediT authorship contribution statement

Yan Wang: Conceptualization, Writing – original draft, Writing – re-
view& editing, Supervision, Project administration, Resources, Funding ac-
quisition. Zihao Zhang:Methodology, Investigation, Formal analysis, Data
curation, Writing – original draft. Yue Xu: Resources, Writing – review &
editing, Funding acquisition. Timothy F.M. Rodgers:Methodology, Writ-
ing – review& editing.Mukaddas Ablimit: Investigation, Formal analysis.
Junze Li: Investigation, Formal analysis. Feng Tan: Resources, Writing –
review & editing.

Data availability

Data will be made available on request.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgments

This studywas supported by theNational Natural Science Foundation of
China (Nos. 21976023 and 41877401), the Fundamental Research Funds
for the Central Universities of China (No. DUT22JC23), and the Natural Sci-
ence Foundation of Liaoning Province of China (2022-MS-143).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.163644.

References

Bohme, F., Welsch-Pausch, K., McLachlan, M.S., 1999. Uptake of airborne semivolatile or-
ganic compounds in agricultural plants: field measurements of interspecies variability.
Environ. Sci. Technol. 33, 1805–1813.

Cabrerizo, A., Dachs, J., Barcelo, D., Jonest, K.C., 2012. Influence of organic matter content
and human activities on the occurrence of organic pollutants in antarctic soils, lichens,
grass, and mosses. Environ. Sci. Technol. 46, 1396–1405.

Christia, C., Poma, G., Harrad, S., de Wit, C.A., Sjostrom, Y., Leonards, P., Lamoree, M.,
Covaci, A., 2019. Occurrence of legacy and alternative plasticizers in indoor dust from
various EU countries and implications for human exposure via dust ingestion and dermal
absorption. Environ. Res. 171, 204–212.

Collins, C., Fryer, M., Grosso, A., 2006. Plant uptake of non-ionic organic chemicals. Environ.
Sci. Technol. 40, 45–52.

Cousins, I.T., Mackay, D., 2001. Strategies for including vegetation compartments in multime-
dia models. Chemosphere 44, 643–654.

Fan, Y., Chen, S.-J., Li, Q.-Q., Zeng, Y., Yan, X., Mai, B.-X., 2020. Uptake of halogenated or-
ganic compounds (HOCs) into peanut and corn during the whole life cycle grown in an
agricultural field. Environ. Pollut. 263, 114400.

Geisler, A., Endo, S., Goss, K.-U., 2012. Partitioning of organic chemicals to storage lipids: elu-
cidating the dependence on fatty acid composition and temperature. Environ. Sci.
Technol. 46, 9519–9524.

Greaves, A.K., Letcher, R.J., 2017. A review of organophosphate esters in the environment
from biological effects to distribution and fate. Bull. Environ. Contam. Toxicol. 98, 2–7.

Hartmann, P.C., Burgi, D., Giger, W., 2004. Organophosphate flame retardants and plasti-
cizers in indoor air. Chemosphere 57, 781–787.

He, H., Peng, Q.a., 2019. Absorption and resistance to formaldehyde of indoor ornamental
plants. Guihaia 39, 737–742 (In Chinese).

Katsikantami, I., Sifakis, S., Tzatzarakis, M.N., Vakonaki, E., Kalantzi, O.-I., Tsatsakis, A.M.,
Rizos, A.K., 2016. A global assessment of phthalates burden and related links to health
effects. Environ. Int. 97, 212–236.

Kim, K.-H., Jahan, S.A., Kabir, E., Brown, R.J.C., 2013. A review of airborne polycyclic aro-
matic hydrocarbons (PAHs) and their human health effects. Environ. Int. 60, 71–80.

Liu, Q., Wang, X., Yang, R., Yang, L., Sun, B., Zhu, L., 2019. Uptake kinetics, accumulation,
and long-distance transport of organophosphate esters in plants: impacts of chemical
and plant properties. Environ. Sci. Technol. 53, 4940–4947.

Mackay, D., 2001. Multimedia Environmental Models: The Fugacity Approach. Second edi-
tion. CRC Press, Baton Rouge.

McFarlane, J.C., Berry, W.L., 1974. Cation penetration through isolated leaf cuticles. Plant
Physiol. 53, 723–727.

McLachlan, M.S., 1999. Framework for the interpretation of measurements of SOCs in plants.
Environ. Sci. Technol. 33, 1799–1804.

https://doi.org/10.1016/j.scitotenv.2023.163644
https://doi.org/10.1016/j.scitotenv.2023.163644
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254152409
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254152409
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254152409
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210250194251
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210250194251
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210250194251
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254178818
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254178818
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254178818
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254187316
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254187316
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254195388
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254195388
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254216220
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254216220
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254216220
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254226793
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254226793
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254226793
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254236342
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254236342
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254259775
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254259775
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210253516518
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210253516518
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254274080
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254274080
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254292241
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254292241
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254306783
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254306783
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254306783
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210251188091
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210251188091
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254314934
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254314934
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254325216
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254325216


Y. Wang et al. Science of the Total Environment 883 (2023) 163644
Nguyen-Duy, D., Chang, M.B., 2017. Review on characteristics of PAHs in atmosphere, an-
thropogenic sources and control technologies. Sci. Total Environ. 609, 682–693.

Oliveira, M., Slezakova, K., Delerue-Matos, C., Pereira, M.C., Morais, S., 2019. Children envi-
ronmental exposure to particulate matter and polycyclic aromatic hydrocarbons and bio-
monitoring in school environments: a review on indoor and outdoor exposure levels,
major sources and health impacts. Environ. Int. 124, 180–204.

Orecchio, S., Indelicato, R., Barreca, S., 2013. The distribution of phthalate esters in indoor
dust of Palermo (Italy). Environ. Geochem. Health 35, 613–624.

Pantelaki, I., Voutsa, D., 2019. Organophosphate flame retardants (OPFRs): a review on ana-
lytical methods and occurrence in wastewater and aquatic environment. Sci. Total Envi-
ron. 649, 247–263.

Riederer, M., Daiss, A., Gilbert, N., Kohle, H., 2002. Semi-volatile organic compounds at the
leaf/atmosphere interface: numerical simulation of dispersal and foliar uptake. J. Exp.
Bot. 53, 1815–1823.

Sedlackova, L., Melymuk, L., Vrana, B., 2021. Calibration of silicone for passive sampling of
semivolatile organic contaminants in indoor air. Chemosphere 279, 130536.

Serrano, S.E., Braun, J., Trasande, L., Dills, R., Sathyanarayana, S., 2014. Phthalates and diet:
a review of the food monitoring and epidemiology data. Environ. Health 13, 43.

Sheppard, S.C., 1996. Ecological toxicity testing: scale, complexity and relevance. J. Environ.
Qual. 25, 1162–1163.

Simonich, S.L., Hites, R.A., 1994. Vegetation-atmosphere partitioning of polycyclic aromatic-
hydrocarbons. Environ. Sci. Technol. 28, 939–943.

Soltani, N., Keshavarzi, B., Moore, F., Tavakol, T., Lahijanzadeh, A.R., Jaafarzadeh, N.,
Kermani, M., 2014. Ecological and human health hazards of heavy metals and polycyclic
aromatic hydrocarbons (PAHs) in road dust of Isfahan metropolis,Iran. Sci. Total Environ.
505C, 712–723.

Sun, J., Pan, L., Tsang, D.C.W., Zhan, Y., Zhu, L., Li, X., 2018. Organic contamination and
remediation in the agricultural soils of China: a critical review. Sci. Total Environ.
615, 724–740.

Sun, J., Wu, Y., Jiang, P., Zheng, L., Zhang, A., Qi, H., 2019. Concentration, uptake and human
dietary intake of novel brominated flame retardants in greenhouse and conventional veg-
etables. Environ. Int. 123, 436–443.

Sun, K., Song, Y., He, F., Jing, M., Tang, J., Liu, R., 2021. A review of human and animals ex-
posure to polycyclic aromatic hydrocarbons: health risk and adverse effects, photo-
induced toxicity and regulating effect of microplastics. Sci. Total Environ. 773, 145403.

Trapp, S., Matthies, M., McFarlane, C., 1994. Model for uptake of xenobiotics into plants: val-
idation with bromacil experiments. Environ. Toxicol. Chem. 13, 413–422.

Trapp, S., McFarlane, C., 1994. Plant contamination. Environ. Sci. Pollut. Res. 1, 252.
Tri Manh, T., Kannan, K., 2015. Occurrence of phthalate diesters in particulate and vapor

phases in indoor air and implications for human exposure in Albany, New York,USA.
Arch. Environ. Contam. Toxicol. 68, 489–499.

UFZ, .. UFZ-LSER database: calculation of partition coefficients https://www.ufz.de/index.
php?en=31698&contentonly=1&m=0&lserd_data[mvc]=Public/start#searchresult.
10
USEPA, 2020. Chemicals dashboard Help: Chemical Search. https://www.epa.gov/chemical-
research/chemicals-dashboard-help-chemical-search.

Wang, G., Liu, Y., Jiang, N., Liu, Y., Zhao, X., Tao, W., Lou, Y., Li, N., Wang, H., 2020. Field
study on bioaccumulation and translocation of polybrominated diphenyl ethers in the
sediment-plant system of a national nature reserve,North China. Chemosphere 261,
127740.

Wang, S., Zhang, S., Huang, H., Zhao, M., Lv, J., 2011. Uptake, translocation and metabolism
of polybrominated diphenyl ethers (PBDEs) and polychlorinated biphenyls (PCBs) in
maize (Zea mays L.). Chemosphere 85, 379–385.

Wang, Y., Wang, S., Xu, Y., Luo, C., Li, J., Zhang, G., 2015. Characterization of the exchange of
PBDEs in a subtropical paddy field of China: a significant inputs of PBDEs via air-foliage
exchange. Environ. Pollut. 205, 1–7.

Wang, Y., Zhang, Z., Tan, F., Rodgers, T.F.M., Hou, M., Yang, Y., Li, X., 2021. Ornamental
houseplants as potential biosamplers for indoor pollution of organophosphorus flame re-
tardants. Sci. Total Environ. 767, 144433.

Wei, G.-L., Li, D.-Q., Zhuo, M.-N., Liao, Y.-S., Xie, Z.-Y., Guo, T.-L., Li, J.-J., Zhang, S.-Y., Liang,
Z.-Q., 2015. Organophosphorus flame retardants and plasticizers: sources, occurrence,
toxicity and human exposure. Environ. Pollut. 196, 29–46.

Wu, X., Wang, W., Zhu, L., 2018. Enhanced organic contaminants accumulation in crops:
mechanisms, interactions with engineered nanomaterials in soil. Environ. Pollut.
240, 51–59.

Xu, Z., Wang, L., Hou, H., 2011. Formaldehyde removal by potted plant-soil systems.
J. Hazard. Mater. 192, 314–318.

Yuwei, L.H., Bin, L.I., Sifeng, L.I., Ying, Z., Licheng, L.I.U., 2011. Monitoring, purification and
response of three indoor ornamental plants on formaldehyde pollution. Acta Botan.
Boreali-Occiden. Sin. 31, 776–782 (In Chinese).

Zhang, Q., Wang, Y., Zhang, C., Yao, Y., Wang, L., Sun, H., 2022. A review of organophos-
phate esters in soil: implications for the potential source, transfer, and transformation
mechanism. Environ. Res. 204, 112122.

Zhang, Q., Yao, Y., Wang, Y., Zhang, Q., Cheng, Z., Li, Y., Yang, X., Wang, L., Sun, H., 2021.
Plant accumulation and transformation of brominated and organophosphate flame retar-
dants: a review*. Environ. Pollut. 288, 117742.

Zhao, X.-G., Zhang, N., Shu, H., Liu, N., 2014. Study on the purification effect of
chlorophytum comosum on indoor formaldehyde. 2nd International Conference on Re-
newable Energy and Environmental Technology (REET). 675-677, pp. 229–232 Dalian,
PEOPLES R CHINA.

Zhu, H., Wang, F., Li, B., Yao, Y., Wang, L., Sun, H., 2020. Accumulation and translocation of
polybrominated diphenyl ethers into plant under multiple exposure scenarios. Environ.
Int. 143, 105947.

http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210251211900
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210251211900
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254341833
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254341833
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254341833
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254341833
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254361632
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254361632
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254377321
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254377321
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254377321
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254386931
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254386931
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254386931
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254401460
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254401460
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254410397
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254410397
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210251234827
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210251234827
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254420766
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254420766
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210251410756
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210251410756
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210251410756
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254431292
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254431292
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254431292
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254442431
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254442431
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254442431
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210251433773
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210251433773
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210251433773
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254453148
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254453148
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210253063057
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210253099871
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210253099871
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210253099871
https://www.ufz.de/index.php?en=31698&amp;contentonly=1&amp;m=0&amp;lserd_data<mvc>=Public/start#searchresult
https://www.ufz.de/index.php?en=31698&amp;contentonly=1&amp;m=0&amp;lserd_data<mvc>=Public/start#searchresult
https://www.epa.gov/chemical-research/chemicals-dashboard-help-chemical-search
https://www.epa.gov/chemical-research/chemicals-dashboard-help-chemical-search
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210252227222
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210252227222
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210252227222
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210252227222
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254472393
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254472393
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254472393
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254494167
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254494167
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254494167
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254529573
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254529573
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254529573
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254537763
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254537763
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254547480
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254547480
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254547480
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254555970
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254555970
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210252269635
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210252269635
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210252269635
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254568016
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254568016
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254568016
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254580220
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254580220
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210253002803
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210253002803
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210253002803
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210253002803
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254589466
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254589466
http://refhub.elsevier.com/S0048-9697(23)02264-7/rf202304210254589466

	Identifying the contributions of root and foliage gaseous/particle uptakes to indoor plants for phthalates, OPFRs and PAHs
	1. Introduction
	2. Material and method
	2.1. Sample information
	2.2. Sample extraction
	2.3. Instrumental analysis
	2.4. Quality assurance and quality control (QA/QC)
	2.5. Data analysis and statistics
	2.6. Estimation of the contributions of foliage and root uptakes to the SVOC burdens in plant
	2.7. Estimation of the contributions of gaseous and particle absorptions to the foliage uptake of SVOCs

	3. Results and discussion
	3.1. Concentrations of PAEs, OPFRs, and PAHs in different matrices
	3.2. Compositions of PAEs, OPFRs, and PAHs in different matrices
	3.3. Source apportionment
	3.4. Contributions of root and foliage uptakes to SVOCs in plant leaves
	3.5. Contributions of gaseous and particle absorptions to the foliage uptake of SVOCs
	3.6. Limitations

	4. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References




