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ARTICLE INFO ABSTRACT

Atmospheric particulate matters (TSP and PM,s) were sampled using quartz fiber filters and polytetra-
fluoroethylene (PTFE) filters, respectively. Particles deposited on the filters were characterized by a scanning
electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDX) and an attenuated total
reflection FT-IR spectroscopy (ATR-FT-IR). The in vitro inhalation bioaccessibility of TSP- and PM, s-bound
potentially toxic elements (PTEs) on the quartz fiber and PTFE filters with different physico-chemical properties
were extracted by four kinds of in vitro inhalation bioaccessibility procedures. SEM-EDX spectra under different
magnifications show the heterogeneous distribution and agglomeration of PM, 5 collected on the quartz fiber
filter and PTFE filter. Results of ATR-FT-IR show different surface functional groups of PM, 5 deposited on quartz
fiber and PTFE filters. 24 h was the optimal interval time for the analyses of in vitro inhalation bioaccessibility of
TSP-bound PTEs. The in vitro inhalation bioaccessibility of TSP- and PM, s—bound PTEs varied greatly among
four in vitro inhalation bioaccessibility procedures. The in vitro inhalation bioaccessibility of TSP- and
PM, s—bound PTEs didn't show strong dependence on the quartz fiber filters and PTFE filters with different
properties. The in vitro inhalation bioaccessibility procedures have greater influence on the in vitro inhalation
bioaccessibility of particle-bound PTEs than the kinds of the sampling filters.
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1. Introduction

Atmospheric particulate matter (PMs) is one of the key atmospheric
pollutants in China in recent years due to the rapid industrialization,
urbanization and increasing energy consumption (Hu et al., 2010;
Cheng et al., 2013; Zhuang et al., 2014; Lu et al., 2015). For example,
the regional haze episodes occurred frequently, especially in the winter,
attract more and more attention due to their potential health and
ecological risks (Gao et al., 2017a). PMs emitted from anthropogenic
sources such as combustion of fossil fuels, industrial emissions from
metallurgy, mining and mineral processing, and vehicle exhaust gen-
erally contain high levels of potentially toxic elements (PTEs) such as
As, Cr, Ni, Pb, Cd, Co, and V (Duan and Tan, 2013). These PMs-bound
PTEs may pose potential health risks to local residents via inhalation
exposure (Sun et al., 2014; Huang et al., 2017), therefore, the pollution
levels and risk assessment of PMs-bound PTEs attract wide attention.

Recognizing the severity of the PMs' pollution, Chinese scientists
have recently started the risk-based assessment of PMs-bound PTEs to
local residents (Gao et al., 2017b). The potential health risks were
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traditionally evaluated based on the total concentrations of PMs-bound
PTEs. Recent researches confirm that the biologically available con-
centration rather than the total concentration of a certain contaminant
in the soil and soil-like materials decided its biological effects
(Harmsen, 2007; Hu et al., 2012). Risk-based assessment based on the
total contents of a certain trace element may overestimate the potential
risks, which may result in the excessive control and management (Ng
et al., 2015). Therefore, the bioavailability is used in the risk-based
assessment recently (Ruby et al., 1999; EPA, 2007; Latawiec et al.,
2010; Ng et al., 2015). In order to simplify procedure of bioavailability
analysis, in vitro bioaccessibility, solubility of PM-bound PTEs in si-
mulated physiological solutions, have been investigated recently
(Mukhtar and Limbeck, 2013; Wiseman, 2015). Various in vitro in-
halation bioaccessibility procedures such as artificial lysosomal fluid
(ALF), simulated lung fluid (SLF), original or modified Gamble's solu-
tion have been employed to explore inhalation bioaccessibility of PMs-
bound PTEs (Mukhtar and Limbeck, 2013; Boisa et al., 2014; Coufalik
et al., 2016).

Pollution levels and risk assessment of PMs-bound PTEs are all
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based on airborne paricles collected on sampling filters (Duan and Tan,
2013; Sun et al, 2014). Filters generally include polytetra-
fluoroethylene (PTFE or Teflon") filter, quartz or glass fiber filter, cel-
lulose-membrane filter, and nylon filter. The PTFE filter is generally
employed to obtain atmospheric particulate matter samples for mass
concentration determination and for subsequent measurement of a
wide variety of PTEs. The pretreated quartz fiber filter is used to collect
samples for determination of carbon (including organic, elemental,
carbonate carbon) and trace elements. The nylon filter is used for the
collection of nitrate species and water soluble cations and anions. The
physicochemical characteristics of PTFE and quartz filters differ greatly.
For example, the PTFE filters are: 1) strong resistance to acids, bases,
and solvents; 2) hydrophobic membranes; 3) low background and in-
terference-free determination; and 4) low tare mass for accurate
gravimetric analysis. The quartz filter has strong resistance to tem-
perature and low background values for chemical determinations (Liu
et al., 2015; Pant et al., 2015; Sanchez-Soberon et al., 2015). Generally,
PTEFE fiber filters have hydrophobic properties (Chen et al., 2008). The
quartz fiber filters are more hydrophilic than the PTFE fiber filters. For
example, it is reported that free surface OH groups (3689 cm™ 'and
3620 cm 1) were observed on the surface of crystalline quartz (Gallei,
1973). It was reported that quartz fiber filters, glass fiber filters and
cellulose membranes had great effects on determinationof sulfate, ni-
trate and ammonium atmospheric particulate matter (Tian et al., 2016).
Whether do quartz and PTFE filters with different physicochemical
properties impact the extraction of in vitro inhalation bioaccessibility of
airborne PMs-bound PTEs? Moreover, the in vitro inhalation bioacces-
sibility procedures mentioned above (e.g., ALF, SLF, and original and
modified Gamble's solution) generally represent different solution
chemistry properties (Mukhtar and Limbeck, 2013; Boisa et al., 2014).
For example, the chemical components and pH (4.5) of ALF simulate
the phagocytosis of alveolar and interstitial macrophages (Stopford
et al., 2003), while Gamble's solution represents neutral condition of
the interstitial fluid found deep in the human lung (pH 7.4) (Zereini
et al., 2012). Few investigations have been carried out on comprisons of
sampling filters on inhalation bioaccessibility of PMs-bound PTEs.
Therefore, further investigations on effect of sampling filters on the
bioaccessibility of PMs-bound PTEs extracted using different in vitro
inhalation bioaccessibility procedures should be carried out.

In the present study, TSP and PM, s, typical target PMs in ambient
air quality standards, were sampled using quartz and the PTFE filters,
respectively. In vitro inhalation bioaccessibility procedures including
ALF, SLF, Gamble's solution, and modified Gamble's solution were
utilized to extract bioaccessible PMs-bound PTEs. The objectives of this
study were: 1) to investigate the effect of the quartz and PTFE filters on
the solid properties of the collected airborne particles on the filters by a
scanning electron microscopy coupled with energy dispersive X-ray
spectroscopy (SEM-EDX) and an attenuated total reflection FT-IR
spectroscopy (ATR-FT-IR); 2) to evaluate the effect of the quartz and
PTEE filters on the bioaccessibility of PMs-bound PTEs extracted by four
kinds of in vitro inhalation bioaccessibility procedures including ALF,
SLF, Gamble's solution, and modified Gamble's solution; 3) to compare
the extraction performance of PMs-bound PTEs using different in vitro
inhalation bioaccessibility procedures.

2. Materials and methods
2.1. Sampling sites and schedule

Nanjing (118°22" and 119°14’E, 31°14’ and 32°37’N), located at the
lower reaches of the Yangtze River, is the capital city of Jiangsu
Province in eastern China. Nanjing is one of the major megacities in the
Yangtze River Delta which is currently one of the most developed areas
in China (Fig. S1). Literature show that atmospheric particles collected
from Nanjing enriched abundant PTEs such as As, Pb, Cd, Cu, and Zn
(Hu et al., 2013; Sun et al., 2014).
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PMs (TSP and PM, s) were sampled on quartz fiber filters or PTFE
filters (20.3 x 25.4 cm?) using a large-volume air sampler (HY-1000,
Qingdao Henyuan Instruments Co. Ltd., Qingdao, China) with a flow
rate of 1.05m® min~" at the rooftop of a four—storey building in Gulou
campus of Nanjing University during spring and autumn in 2015. For
each season, eight samples of TSP and PM, s were collected, respec-
tively. Local weather data including relative humidity, temperature,
wind speed and direction were collected from a local meteorological
station. In spring, the average temperature was 22 °C. The prevailing
wind direction was southeastern wind. In autumn, the average tem-
perature was 20 °C. The prevailing wind direction was northeastern
wind. Whatman quartz fiber filters (Whatman International Ltd.,
Maidstone England) were precombusted (500 °C, 6 h) and then equili-
brated in a desiccator for 48 h. Polytetrafluoroethylene (PTFE) filters
(Xinya Co. Ltd., Shanghai, China) were dried in an electrically heated
drying oven at 60 °C for 48 h and then equilibrated in a desiccator for
48 h. After sampling, all filter membranes were equilibrated in a de-
siccator for 48 h and then subsequently placed into a clean glass vial
with a PTFE-lined cap and stored at —20 °C until required for analysis.
PMs’ mass was calculated via the mass differences of filters between
pre- and post-sampling weighing by using an electronic balance with a
sensitivity of 0.01 mg (Sartorius BT25S, Germany). The field blank filter
membranes were set at the same time.

2.2. Characterization of particles on quartz and PTFE filters

Particles on the quartz fiber filters or the PTFE filters were char-
acterized by a S-3400N II scanning electron microscopy coupled with
energy dispersive X-ray spectroscopy (SEM-EDX) (Hitachi, Japan) and
an attenuated total reflection FT-IR spectroscopy (ATR-FT-IR). SEM-
EDX was used to observe the morphologies and chemical composition
of particles on the quartz and PTFE filters. ATR-FT-IR analysis of the
samples was carried out by an NEXUS 870 FT-IR spectrometer (Nicolet,
USA). Spectra were recorded in a range of 700-4000 cm ™! with the
resolution of 4 cm™!. The number of the scan was 8 for each sample
analysis.

2.3. Determination of total contents of elements

To determine the total concentrations of PMs-bound elements, a
Milestone ETHOS 1 (Milestone, Italy) microwave sample preparation
system with temperature control was utilized to digest the PMs' sam-
ples. The microwave-assisted digestion procedure was performed ac-
cording to the User's Guide of Milestone. Briefly, the sampling filter was
digested with 8 mL of 65% HNO3; and 2 mL of 30% H,0,. A three—stage
digestion program was used as follows: stage-1, heating to 100 °C
within 10 min, stage—2, heating continually to 180 °C within 5 min, and
stage-3, incubation at 180 °C for 15 min. After cooling down, the di-
gestion solutions were evaporated nearly to dryness and then dissolved
with 4mL of 2% HNOj. The solution was centrifuged at 4288 g for
5min and the supernatant solution was stored at 4 °C until analysis.
Samples and blanks were prepared in duplicate. HNO3; and H,O, were
ultrapure-reagent.

Elemental concentrations in the resulting solution were detected by
an inductively coupled plasma atomic emission spectrometer (ICP-OES,
Optima 5300, PerkinElmer SCIEX) and an inductively coupled plasma
mass spectrometry (ICP-MS, Elan 9000, PerkinElmer SCIEX). Precision
and accuracy were verified using standard reference materials available
at the National Research Center for Geoanalysis, China (GBW07405,
Soil). Recovery percentages for PTEs ranged from 80% to 105% and the
precision was within 5% for all studied elements. ICP-MS was opti-
mized using 10 ug L7! Mg, Rh, In, Ba, Ce, Pb, and U in 2% HNOj so-
lution and the internal standard (20 pg L~ ! In and Bi in 2% HNO3) was
added online as internal standard during elements’ analysis. The con-
ditions of ICP-OES and ICP-MS were listed in Table S1 and Table S2,
respectively, of the supplementary materials.
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Fig. 1. SEM-EDX analyses of PM, s-deposited filters under at 1000 times magnification (A: PTFE filter; B: PM, 5 collected by PTFE filter; C: Quartz filter; D: PM, 5

collected by quartz filter).

2.4. Extraction of bioaccessible fractions of PTEs

Artificial lysosomal fluid (ALF), simulated lung fluid (SLF), original
Gamble's solution, and modified Gamble's solution were used to extract
bioaccessible PTEs in the filter samples (Table S3). The composition of
ALF (pH = 4.5) is MgCl, (50), NaCl (3210), CaCl, (128), Na,SO, (39),
NaOH (6000), NazHPO4 (71), N32C4H406'2H20 (90), C6H807 (20800),
C3H;NaO; (86), NH,CH,COOH (59), CeHsNaz0,-2H,O (77), and
C3HsNaOs3 (85 mg L™Y) (Colombo et al., 2008). The components of SLF
are MgCl,-6H,0 (212), NaCl (6400), CaCl,-2H,0 (255), Na;SO4-10H,0
(179), Na,HPO, (148), NaHCO; (700), NaHC4H4O¢-2H,O (180),
H2C6H507N32H20 (153), C3H3N303 (172), NHZCHZCOOH (118), and
C3HsNaO3 (290 mg L™1Y (Taunton et al., 2010). The composition of
Gamble's solution (pH = 7.3) is NH,4Cl (535), NaCl (6786), CaCl, (22),
H,SO,4 (45), NaH,PO, (144), NaHCO; (2268), NH,CH,COOH (375),
C3H7NOZS (121), C3H5N303 (52), C14H23N3010 (79), and C21H38NC1
(50 mg L™1) (Wragg and Klinck, 2007). The components of modified
Gamble's solution (pH = 7.4) are NH4Cl (5300), NaCl (6800),
CaC12~2H20 (290), HzSO4 (510), NaH2P04~H20 (1700), H3PO4 (1200),
NaHCO; (2300), Na,CO; (630), CsHgO,-H,O (420), NH,CH,COOH
(450), CH3COONa (580), CgHsNaz0,-2H,O (590), and CgHsKO,4
(200 mg L™Y) (Gray et al., 2010). The components of these common
procedures differ greatly to simulate fluids in different regions of lung
(Boisa et al., 2014). For example, ALF has higher organic contents and
represents more acidic (pH 4.5) cellular condition than SLF (pH 7.4)
and original/modified Gamble's solution (Wiseman, 2015). One six-
teenth of a filter was placed in a 10 mL high density polyethylene tube
containing 5 mL of the extraction solution. Sample was incubated under
a constant temperature of 37 °C using a water bath. The tubes were
mechanically shaken at 30 rev/min in an end-over-end shaker during
incubation periods (8h, 24h, 48h and 72h). The mixture was cen-
trifuged at 4288 g for 5min. To assess the recovery of elements,
bioaccessibility experiments with the addition of a spiked solution
containing As, Cr, Ni, Cu, Zn, Pb, Mn, Sr, Cd, Co, and V were conducted
on SLFs without and with 1/16 quartz fiber filter (about 5.4 X 6.4 cm?).
The spiked experiments were done by preparing a spiked solution for
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As, Cr, Ni, Cu, Zn, Pb, Mn, Sr, Cd, Co, and V using deionized water and
standard solution, and then adding it to the test tubes containing SLFs
(with or without a sample). The pH of filtrate should vary within 0.5 pH
unites compared to the initial pH; otherwise the extraction experiments
have to be redone. The resulting solution was stored at 4 °C until ana-
lysis. Analysis was conducted after extraction by ICP-OES and ICP-MS
mentioned above.

2.5. Data analysis

Statistical description was done using SPSS 19 for Windows soft-
ware package (SPSS Inc., Chicago, IL). One—way analysis of variance
(ANOVA) was utilized to determine whether elemental bioaccessibility
differed significantly among different extraction time (8, 24, 48, and
72h). Post-hoc multiple comparisons of means were conducted using
the least significance difference (LSD) test. Independent sample T test
was used to determine the significant differences of in vitro bioacces-
sibility between PTFE filters and quartz fiber filters. A p < 0.05 was
taken to reveal statistical significance.

3. Results and discussion
3.1. Characterization of PM 5 by using SEM-EDX and ATR-FT-IR

The morphology of PM, s deposited on the PTFE filters and the
quartz fiber filters under different magnifications is exhibited in Fig. S2.
Particles were uniformly distributed on the surface of sampling fibers
without magnification (Fig. S2 (Q1 & P1)). However, agglomeration of
PM, s were observed clearly with the magnifications from 200 to 3000
times (Fig. S2). Fig. S2 shows that the particles were mainly deposited
on the surface of fiber layer and in the spaces among fibers for the
quartz fiber filters while mainly in the clearances for PTFE filters. The
chemical composition of PM, 5 collected on the PTFE filters and the
quartz fiber filters were observed by SEM-EDX (Fig. 1 and Fig. S3).
Fig. 1 showed that C, O and F were the main chemical composition for
the blank PTFE filters while O and Si for the blank quartz filter. After
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Fig. 2. ATR-FT-IR spectra of PM, s-deposited filters (A: PTFE filter; B: PM, s
collected by PTEFE filter; C: Quartz filter; D: PM, 5 collected by quartz filter).

sampling, the particles were mainly composed of crustal elements such
as Al, Si, Ca, and Fe (Fig. 1). Elemental contents were quite different
among different small location of filters with increasing magnification
(Fig. S3). The different agglomeration of PM, 5 on the PTFE and quartz
fiber filters may influence the extraction of PTEs using in vitro inhala-
tion bioaccessibility procedures.

ATR-FT-IR spectra can offer surface information on the functional
groups and their chemical environment for the samples (Fig. 2). Com-
pared with the quartz fiber filters, new adsorption peaks appeared in
PM, s-deposited filters. From Fig. 2D, the board peak located at
3216 cm ™! was characterized by O-H functionalities (phenol, alcohols,
or carboxylic acids) and coupled with the band at 1337 cm ™ !, Quinones
and carboxylic acids are the main components of cigarette smoke in the
aerosol (Hoffmann and Hoffmann, 1997). The peak located at
1680 cm ~ ! was characterized by N-H functionalities and coupled with
the band at 795cm™!. The stretching vibration was found at
1418 cm ™! which can be assigned to C-O of carboxylic acids. The
stretching vibration was also observed at 1032 cm ™! which can be as-
signed to C-O of alcohol and Si-O of SiO,. Interestingly, aromatic
compounds with C-O group like phenol also exist in the aerosol
(Mohiuddin et al., 2016). The different surface functional groups may
influence the extraction performance of PTEs by using in vitro inhala-
tion bioaccessibility procedures.

3.2. Concentrations of PMs-bound elements

Concentrations of TSP- and PM2.5-bound PTEs are presented in
Table 1. The crustal elements such as Al, Ca, Fe, K, Mg, and Na are
dominant elements in both TSP and PM, 5. The crustal elements in PMs
may be principally due to suspension/re-suspension of fine soil particles
or mineral dust (Guney et al., 2016). The concentrations of PTEs such as
As, Cr, Ni, Cu, Zn, Pb, Cd, Co, and V were much lower than those of the
crustal elements in both TSP and PM, s (Table 1). Among the PTEs, Zn,
Cu, and Pb had higher concentrations in both TSP and PM, 5 while As
and Cd were lower. Concentrations of As, Cr, Ni, Cu, Zn, Pb, Mn, Sr, Cd,
Co, and V varied greatly. Concentrations of particle-bound elements
among some Chinese cities in the literature were listed Table S4.
Compared with elemental concentrations listed in Table S4, Nanjing
suffered less pollution than Beijing, Xian, and Changsha, but heavier
than Hong Kong.
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3.3. Effects of extraction time on in vitro inhalation bioaccessibility of TSP-
bound PTEs

To in vitro tests of ALF and Gamble's solution (with or without
sample), the integral recovery percentages were 100% = 20%
(Table 2). Recovery percentages (with or without sample) for Pb, Zn in
SLF and Cd, Mn, Pb, Zn in modified Gamble's solution were lower than
80%, which may indicate the formation of precipitates in the tubes. To
in vitro tests of Gamble's solution (no sample), the recovery of Pb and Zn
was low (=17%, and <44%, respectively), consistent with the pre-
vious report (Guney et al., 2017). Effects of extraction time on bioac-
cessibility of TSP-bound PTEs are listed in Table 3. The crustal ele-
ments, such as Na, Ca, and Mg, are the important components of the in
vitro inhalation bioaccessibility procedures. Hence, the bioaccessibility
of PTEs such as As, Cr, Ni, Cu, Zn, Pb, Mn, Sr, Cd, Co, and V was in-
vestigated using in vitro inhalation bioaccessibility procedures. It is
reported that the equilibrium in the dissolution of particulate—bound
elements can be accomplished within the first 8 h (Huang et al., 2016).
However, some researchers believed that a 24 h interval time represents
the upper limit of bioaccessibility for PMs—bound PTEs using ALF and
Gamble's solution (Julien et al., 2011; Zereini et al., 2012). Interest-
ingly, a recent paper shows that the maximal lung bioaccessibility for
As, Pb, Fe and some samples with ALF is still increasing after 2 weeks
(Guney et al., 2017). Table 3 indicated that the bioaccessibility for most
elements did not increase significantly with the increasing extraction
time from 24 h to 72h and the elemental bioaccessibility for 24 h was
generally significantly higher than those for 8 h for both PTFE and
quartz fiber filters. No significant differences on in vitro bioaccessibility
of TSP-bound PTEs were observed for in vitro procedures between ALF
and Gamble's solution and for sampling filters between PTFE filters and
quartz fiber filters. Therefore taking the cost-effectiveness into account,
24 h was considered as the optimal interval time for the investigation of
in vitro inhalation bioaccessibility of PMs—bound PTEs in the present
study.

3.4. Effects of in vitro inhalation bioaccessibility procedures on in vitro
inhalation bioaccessibility of TSP- and PM, s-bound PTEs

The in vitro inhalation bioaccessibility of TSP- and PM, s-bound
PTEs deposited on the PTFE filters and the quartz fiber filters is listed in
Table 4. Generally, the in vitro inhalation bioaccessibility varied greatly
among TSP- or PM, s-bound PTEs extracted using four in vitro inhala-
tion bioaccessibility procedures (Table 4). For example, As, V, and Cr
showed higher bioaccessibility while Co was the lowest among four
kinds of in vitro inhalation bioaccessibility procedures (Table 4). The in
vitro inhalation bioaccessibility of Ni, Cu, Zn, Pb, Mn, Sr, and Cd was
generally in the range of 10-40% (Table 4). The in vitro inhalation
bioaccessibility of PMs-bound PTEs in the related literature is listed in
Table S5. Table S5 also shows the great differences on the in vitro in-
halation bioaccessibility among different PMs-bound PTEs.

The extraction performance of the in vitro inhalation bioaccessibility
procedures varied greatly for TSP- or PM, s-bound PTEs (Table 4). The
high extraction performance of ALF was attributed to its acidity
(Stopford et al., 2003; Wiseman and Zereini, 2014; Huang et al., 2016).
Relatively high extraction efficiency of Gamble's solution was also ob-
served, which was attributed to pentetic acid (DTPA) contained in
Gamble's solution. It is reported that addition of chelates to soils can
help metals transfer from the solid to the aqueous phase and then in-
crease metals solubility (Barona et al., 1999). The lowest bioaccessi-
bility was observed for the PTFE filters and the quartz fiber filters ex-
tracted using the modified Gamble's solution. Zn, Pb, and Mn showed
high bioaccessibility using ALF and Gamble's solution, however, rela-
tively low bioaccessible proportions were observed using other two in
vitro inhalation bioaccessibility procedures. Taking abundant anions
contained in the in vitro inhalation bioaccessibility procedures into
account, metal cations dissolved in the solution may react with anions
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Table 1
Concentrations of elements in PM samples (ng/m°®) (n = 8).
TSP-PTFE TSP-Quartz PM, 5- PTFE PM, 5- Quartz
Avg SD cv Avg SD cv Avg SD cv Avg SD Ccv
As 10.9 5.5 50.3 8.54 7.93 92.9 6.28 4.65 74.0 1.38 0.64 46.4
Cr 12.5 6.2 49.4 40.9 16.4 40.1 7.46 3.30 44.2 20.1 9.9 49.1
Ni 15.6 8.8 56.2 39.0 39.0 100 9.96 2.09 21.0 6.71 1.94 28.9
Cu 191 98 51.5 154 57 37.1 150 12 8.00 58.3 11.2 19.2
Zn 352 206 58.5 411 212 51.6 198 114 57.6 327 223 68.2
Pb 132 95 72.0 117 49 42.1 69.4 30.9 44.5 72.5 40.1 55.3
Mn 84.6 51.7 61.1 111 54 48.8 53.7 36.2 67.4 68.6 38.7 56.4
Sr 43.0 20.3 47.2 30.5 10.1 33.1 23.6 10.0 42.4 12.7 3.0 23.2
Cd 3.25 4.03 124 3.60 3.53 98.1 1.50 0.98 65.3 1.45 0.72 49.7
Co 18.9 6.3 33.2 1.93 0.92 47.7 9.82 1.94 19.8 0.50 0.28 56.0
\% 10.6 4.4 41.4 8.90 3.91 43.9 4.66 2.14 45.9 7.59 3.59 47.3
Al 1590 780 49.0 2576 995 38.6 1278 1245 97.4 491 305 62.2
Ca 6150 3923 63.8 11635 4067 35.0 2036 2193 107.7 1364 900 66.0
Fe 2507 1096 43.7 3295 1171 35.5 1803 975 54.1 1471 436 29.7
K 1085 497 45.8 1429 813 56.9 1074 577 53.7 600 270 44.9
Mg 558 281 50.4 752 306 40.6 494 561 113.6 217 113 52.0
Na 837 380 45.3 2381 812 34.1 556 237 42.7 1220 966 79.1
Avg: average value; SD: standard deviation; CV: coefficient of variance.
Table 2 3.5. Effects of PTFE and quartz fiber filters on in vitro inhalation
Recovery percentages (%) for PTEs following spiking (after 24 h) for in vitro bioaccessibility of PTEs
bioaccessibility tests conducted with different SLFs (n = 4).
ALF SLF Gs® MGS® The comparisons of the PTFE filters and the quartz fiber filters on
the in vitro inhalation bioaccessibility of TSP- and PM, s-bound ele-
No sample ments show that there is no identical rule between the PTFE filters and
As 97.61 *+ 4.63 97.34 + 3.46 95.96 * 4.64 95.67 + 4.35 " . . . . .
o 0465 = 549 9046 = 379 0267 = 376 0637 = 329 t}.le quar{z fl!)er filters except for Co (Table 4.). The in vitro }nhalgtlon
Ni 103.75 + 2.67 93.79 + 3.34 05.67 + 4.68 07.64 + 3.46 bioaccessibility of TSP- and PM, s-bound Co in the quartz fiber filters
Cu 97.64 + 4.97 93.31 + 5.64 96.73 + 4.87 95.64 + 3.07 were significantly higher than them in the PTFE filters for four kinds of
Zn 96.79 + 5.67 31.93 + 3.53 95.96 + 4.97 63.64 + 3.67 in vitro inhalation bioaccessibility procedures (Table 4). To ALF, TSP-
E}}’ égléggfg‘;g“ ;2'2; f g'zg 33'2; f ;"Zg Z:'éi f 3'?2 bound Ni and PM,s-bound As in the PTFE filters were significantly
n . * 5. . x o 8 x 5. . x 4. . . . . .
S 96.79 + 5.04 05.92 + 5.08 05.46 + 514 03.94 + 2.64 higher than th(.)se in the quart.z fiber ﬁlters. while TSP—. bo.u.nd Co and
cd 97.64 + 2.79 86.79 + 3.78 95.63 + 4.39 58.74 + 2.76 PM,, s5-bound Ni, Cu, Co, and V in the PTFE filters were 51gn1ﬁcantly less
Co 97.46 + 4.63 96.34 + 4.67 94.67 * 4.67 94.67 * 2.18 than those in the quartz fiber filters (Table 4). No similar results were
v . 971~64 *379 91.94 £ 483 96.37 £ 3.67  97.64 + 3.24 observed for other three in vitro inhalation bioaccessibility procedures
With sample | . s , . .
LF, Gambl lution, and modifi mbl lution). As mention
As 99.71 + 7.46 95.74 + 3.47 92.76 + 6.86 88.64 + 5.37 (SLF, Gamble's so ‘ft on, a d modified Ga €550 ution). As me t_° ed
cr 93.67 + 5.34 90.74 + 3.64 86.37 + 5.61 04.95 + 7.39 above, the quartz fiber filters are more hydrophilic than the PTFE filters
Ni 96.28 * 4.94 91.74 * 4.63 93.76 * 7.34 92.91 * 7.65 (Chen et al., 2008). Although the physical and chemical characteristics
Cu 95.37 + 6.98 87.64 = 4.16 92.76 *+ 7.48 88.37 = 7.94 between the PTFE filters and the quartz fiber filters differ greatly, their
Zn 96.67 + 5.38 31.76 + 2.34 94.68 + 6.49 55.67 + 5.67 effects on the in vitro inhalation bioaccessibility didn't show strong
Pb 97.64 = 4.72 15.37 = 0.69 91.56 * 6.37 45.46 + 6.28 d d the hvd hili t £ filt I bi
Mn  93.82 * 4.38 8576 = 3.79 9261 * 7.34 5273 * 7.69 ependence on the hydrophitlic properties of LIers. In sum, bloacces-
Sr 95.93 + 5.69 93.74 + 3.04 95.39 + 5.94 03.68 + 7.38 sibility depended on several factors, such as element species, pH and
cd 88.74 * 4.96 84.57 * 2.76 87.64 + 5.37 46.94 + 6.86 chemical components of the extraction solution.
Co 92.96 + 4.37 91.67 + 2.97 89.34 + 5.68 91.62 * 7.16
\% 93.67 + 5.64 91.74 + 2.86 95.67 + 4.93 93.67 + 8.04

& Gamble's solution.
> Modified Gamble's solution.

and consequently decreased metal solubility. A recent research shows
that inhalation bioaccessibility is highly elemental and sample specific
for ALF and Gamble solution (Guney et al., 2017). The extraction per-
formance of the in vitro inhalation bioaccessibility procedures may be
dependent on several factors such as chemical components, element
species, pH of the extraction solution, and surface tension of the ex-
traction solution (Coufalik et al., 2016). Therefore the conflicts on the in
vitro inhalation bioaccessibility of PMs-bound PTEs suggest that further
validation should be carried out on the in vitro inhalation bioaccessi-
bility procedures before their application in the health risk assessment
via inhalation exposure.
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4. Conclusion

In the present study, the heterogeneous distribution and agglom-
eration of PM, 5 sampled on quartz fiber filter and PTFE filter were
observed through SEM under different magnifications. The different
surface functional groups were also found on PM, 5 collected on the
PTEFE filters and the quartz fiber filters. The agglomeration and different
surface functional groups may influence the extraction performance of
PTEs using in vitro inhalation bioaccessibility procedures. Results from
the extraction experiments of different time for TSP-bound PTEs
showed that 24 h was considered as the optimal interval time for the
investigations of the in vitro inhalation bioaccessibility of TSP—bound
PTEs. Although the quartz fiber filters are more hydrophilic than the
PTEE filters, the in vitro inhalation bioaccessibility of PTEs doesn't show
strong dependence on the hydrophilic properties of quartz and PTFE
filters. However, in vitro bioaccessibility of TSP- and PM, s-bound PTEs
varied greatly among in vitro inhalation bioaccessibility procedures. So
the in vitro procedures rather than the sampling filters have great in-
fluence on the extraction of in vitro bioaccessibility and the in vitro
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Table 3
Effects of extraction time on bioaccessibility (%) of TSP-bound PTEs by using ALF and SLF.
ALF SLF
8h 24h 48h 72h 8h 24h 48h 72h
PTFE
As 43.5 + 28.0° 83.2 + 15.8° 78.2 * 22.4% 72.4 * 21.0° 34.7 + 23.3° 63.2 = 9.1° 60.7 + 8.87 58.1 + 19.6%
Cr 49.8 + 22.8° 46.9 + 10.4° 49.0 + 14.5% 54.0 + 12.9° 47.1 + 9.0 487 + 12.12 54.1 + 11.5% 52.3 + 9.7%
Ni 21.9 + 12.3° 39.0 = 17.9° 34.2 + 17.4%° 37.9 = 16.5*" 4.00 * 3.01¢ 15.0 + 6.4 11.3 + 5.0° 19.0 + 8.2°
Cu 8.62 + 6.18° 20.0 = 9.3% 18.2 + 16.17 24.2 + 9.17 5.75 + 4.01° 21.9 + 15.3° 13.2 = 7.72P 16.3 + 7.2°
Zn 20.1 + 12.6° 26.8 + 12.2° 27.6 * 17.2% 25.0 + 10.9° 2.09 + 0.81° 4.64 + 2.70° 4.57 + 3.64% 3.11 + 2.39°
Pb 11.0 + 6.6" 17.8 + 5.2° 19.4 = 597 21.7 + 6.4° 0.07 + 0.04° 8.63 + 6.04° 5.25 + 2.49° 4.80 + 4.22°
Mn 17.9 + 12.8° 31.6 + 14.6° 32.3 + 10.8° 34.8 + 10.5° 3.10 = 2.51° 17.1 + 8.9* 15.5 + 4.2% 20.8 + 8.4°
Sr 13.7 + 8.3° 22.7 + 5.0 23.2 * 567 28.8 + 6.1% 6.83 + 4.34° 28.4 = 7.2° 27.3 + 5.8° 40.0 + 6.2*
cd 17.6 + 10.5" 35.7 + 23.1° 34.8 £ 11.7° 33.7 + 10.0° 3.54 + 1.99° 19.9 + 9.6° 16.7 + 2.5% 16.2 + 4.6°
Co 1.02 + 1.04° 1.76 + 1.02%° 2.22 + 1.27° 212 + 0.71° 0.28 + 0.16" 1.16 + 0.58*¢ 0.95 + 0.50° 1.56 + 0.82*
\Y 22.0 + 13.6° 69.3 = 10.0° 59.6 + 13.1° 62.3 = 12.7° 23.4 + 7.8° 71.5 + 11.7° 62.0 = 13.1° 66.8 + 17.3°
Quartz
As 27.3 + 9.4° 73.5 + 21.2° 64.2 + 18.1° 49.6 + 15.4° 45.7 + 33.7° 57.7 + 13.9° 56.8 + 16.8° 58.7 + 19.4°
Cr 21.1 + 4.6° 73.1 + 12.9° 69.6 + 13.0° 60.6 + 19.5° 19.2 * 2.1° 80.5 + 8.57 74.6 + 9.8° 75.2 + 11.7°
Ni 4.69 + 3.05° 15.1 + 10.0*° 16.6 + 14.3° 17.4 + 10.8* 1.53 + 1.20° 9.60 + 6.88° 8.94 + 5.31° 11.2 + 8.3°
Cu 574 + 2.71° 17.9 + 9.0° 19.5 + 13.8° 22.0 + 8.2° 418 + 1.88° 22.0 + 11.8° 15.7 + 2.0° 16.5 + 8.1°
Zn 4.98 + 2.75° 11.5 + 6.7*° 12.9 + 10.9° 14.3 + 2.4° 0.42 + 0.37° 4.00 + 1.83° 4.87 + 2.15° 3.49 + 1.53°
Pb 438 + 1.42° 14.1 + 6.2° 15.8 + 8.1° 17.1 + 5.2 0.73 + 0.53° 5.38 + 4.23° 5.26 + 3.84° 2.36 = 2.20°°
Mn 5.01 + 2.08" 15.5 + 4.3° 17.1 + 8.0° 18.9 + 7.0° 1.64 + 0.34° 10.8 + 3.1° 13.8 + 7.17 12.3 + 2.5°
Sr 11.6 + 8.6" 35.7 = 20.1° 38.2 + 13.87 39.5 + 12.8° 8.85 + 4.62° 451 + 18.5° 56.3 = 28.9° 58.1 + 24.3°
cd 5.98 + 2.96" 21.3 + 9.2* 24.9 + 16.6 25.6 + 9.8% 1.83 + 0.58° 13.6 + 6.2* 14.7 + 6.9 10.1 + 4.1°
Co 3.76 + 1.80° 12.8 + 5.7° 16.2 = 11.1° 17.8 + 7.5% 1.75 + 0.55" 115 + 5.1° 14.8 + 8.0° 11.9 + 5.0°
\% 29.2 + 25.3° 60.3 * 16.0° 58.9 = 12.9° 56.5 + 16.7° 27.1 + 20.8° 65.4 + 22.3° 64.8 = 21.2° 67.8 = 22.1°
Average values with different letters differ significantly by the LSD test (p < 0.05).
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Table 4
Effects of PTFE and quartz filters on bioaccessibility (%) of TSP- and PM2.5-bound PTEs by using different SLFs at 24 h extraction.
ALF SLF
TSP-P* TSP-Q* PM, 5-P* PM, 5-Q* TSP-P TSP-Q PM, 5-P PM, 5-Q
As 83.2 + 15.8* 73.5 + 21.2 88.8 + 6.0° 41.8 = 10.7° 63.2 + 9.1* 57.7 + 13.9° 61.7 + 22.4 55.1 + 25.9°
Cr 46.9 + 10.4° 731 + 12.9* 69.9 = 18.6° 62.8 = 14.0° 48.7 + 12.1° 80.5 + 8.5° 65.1 = 16.6° 55.8 + 11.8°
Ni 39.0 = 17.9° 151 + 10.0° 283 = 5.8° 47.7 + 8.4° 15.0 + 6.4% 9.60 * 6.88° 10.0 + 417 8.32 + 3.79°
Cu 20.0 + 9.3% 17.9 + 9.0 149 + 4.2° 40.6 + 9.17 21.9 + 15.3% 22.0 + 11.8% 14.9 + 6.0° 25.8 + 5.0%
Zn 26.8 + 12.2° 115 + 6.7° 443 + 16.2% 48.7 + 2.3% 4.64 + 2.70° 4.00 + 1.83° 20.9 + 13.1% 8.85 + 1.26"
Pb 17.8 + 5.2° 14.1 + 6.2* 451 + 15.8° 49.7 + 1.0° 8.63 * 6.04° 5.38 + 4.23° 6.63 * 5.20° 1.03 + 0.41°
Mn 31.6 + 14.6° 15.5 = 4.3° 31.0 + 10.3% 33.4 + 1.2° 17.1 + 8.9° 10.8 + 3.1% 18.8 + 12.3° 19.6 + 6.6
Sr 22.7 + 5.0 30.0 + 12.7° 27.0 £ 7.5% 332 £ 1.9° 28.4 = 7.2° 451 + 18.5° 39.0 £ 14.1* 34.3 + 12.6°
cd 28.0 + 8.9% 21.3 + 9.2° 48.1 + 16.7° 55.2 + 7.7° 19.9 + 9.6* 13.6 + 6.2% 27.5 + 14.2° 26.4 + 4.1%
Co 1.76 = 1.02>  12.8 = 5.7* 1.86 + 0.26°  33.2 = 4.4° 1.16 + 0.58" 11.5 * 5.1? 1.64 = 0.71° 19.9 = 7.2*
\% 69.3 + 10.0% 60.3 + 16.0% 29.8 + 7.5" 46.8 + 5.47 71.5 + 11.7° 65.4 + 22.3° 64.6 + 11.4% 54.7 + 14.2°
Gamble's solution Modified Gamble's solution
TSP-P TSP-Q PM, 5-P PM,5-Q TSP-P TSP-Q PM, 5-P PM,5-Q
As 82.6 + 15.4* 60.2 + 0.3° 52.3 + 13.4 48.1 + 28.8° 64.0 + 8.2* 70.3 + 18.0° 75.4 + 14.2° 55.6 + 20.1°
Cr 70.3 + 19.1° 57.8 + 10.1° 68.3 = 15.6° 30.8 + 8.8" 50.6 = 19.7° 65.3 = 6.0° 75.2 + 5.7° 33.9 + 10.4°
Ni 17.5 + 12.4° 7.76 + 5.31° 9.02 * 7.65° 9.13 + 8.83° 27.9 + 8.67 17.8 + 10.1* 10.9 + 15.0° 9.40 * 8.09°
Cu 24.6 + 19.8° 23.5 + 15.7 15.8 + 4.2° 37.0 + 15.7° 22.2 + 15.8° 28.6 + 6.3 11.1 = 2.0° 24.6 + 9.9°
Zn 32.9 + 23.9° 12.2 = 4.9° 54.8 + 23.4% 432 + 9.67 2.08 + 1.56° 4.43 + 2.43° 7.80 + 5.48% 4.16 + 2.30%
Pb 27.2 + 10.2° 10.4 + 4.0° 49.7 + 20.7°  40.0 + 8.9° 6.70 = 457° 256 + 1.77° 372 + 2.16° 0.49 + 0.23°
Mn 28.1 + 10.0° 13.7 + 3.0° 33.8 + 16.5% 26.5 * 5.7% 3.67 * 1.17% 2.38 + 0.97° 6.04 + 4.55% 4.61 + 3.26%
Sr 27.1 + 13.4° 46.0 £ 25.1% 22.9 + 5.0° 231 + 1.7% 12.5 + 3.3° 34.3 + 18.8° 15.3 + 3.6* 14.7 + 3.1*
cd 39.2 + 14.4° 20.5 + 4.8° 57.5 + 23.7° 50.3 = 21.7° 3.58 + 1.35° 2.18 + 0.99° 109 + 5.6% 8.98 + 6.31°
Co 1.73 = 114> 108 = 3.1* 1.57 = 055> 229 * 3.53° 1.19 + 0.58" 19.1 * 5.5° 1.60 + 0.59" 19.0 + 3.3%
\% 69.4 + 20.4* 68.3 = 12.7% 51.0 + 14.7% 73.3 £ 17.7° 58.7 + 12.6 54.3 + 20.9° 69.0 + 9.0° 79.3 + 28.0°

TSP-P: TSP-PTFE; TSP-Q: TSP-Quartz; PM, 5-P: PM, 5- PTFE; PM; 5-Q: PM, 5- Quart.
Average values with different letters differ significantly by the LSD test (p < 0.05).

123



Z.-j. Tang et al.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.atmosenv.2018.09.045.
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