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[T I N R

Abstract: The auto exhaust and dust derived from increased traffic volumes have led to an increasing
level of atmospheric particulates in urban areas, which have become a primary pollutant of ambient
air in urban zones. Roadside plants can effectively retain atmospheric particulates and clean the
urban air via foliar capture of road dust. Five common roadside plants in Hangzhou were selected to
evaluate their capacity for the retention of particulate matter (PM) and the accumulation of metals.
The results showed that the PM retention capacity of the different plants varied greatly, as was the
case with Loropetalum chinense var. rubrum Yieh, Osmanthus fragrans (Thunb.) Loureiro, Pittosporum
tobira (Thunb.) Ait, Photinia x fraseri Dress and Cinnamomum camphora (L.) Presl. In addition, the
amounts of particles retained by the plants varied among seasons, with the highest retention in
winter (12.19 g'-m~?2) and the lowest retention in spring (6.89 g-m~2). The solids on the leaf surface
were mainly irregular particles, such as mineral fragments, soot aggregates, and fly ash particles.
Meanwhile, these plant species can effectively accumulate heavy metals that attached to the particles.
The leaves of the five tree species had the highest amounts of copper (Cu) and the lowest amounts of
cadmium (Cd). Among species, L. chinense and P. tobira had the strongest comprehensive capacity to
adsorb particulate matter and heavy metals. The results shed light on the rational selection of road
plants, both as ornaments and to purify air via dust suppression in subtropical zones.

Keywords: atmospheric particulate; heavy metals; urban vegetation; air pollution; ecosystem services

1. Introduction

Most urban areas in the world face severe air pollution problems because of rapid
industrialization and urbanization [1]. As a primary air pollutant, particulate matter (PM)
exceeds air quality standards in many cities worldwide, and the situation continues to
deteriorate [2]. Atmospheric particulate matter not only deteriorates air quality but also
threatens human health. According to the International Agency for Research on Cancer,
atmospheric particulate matter was classified as a group 1 contaminant [3]. The surface of
atmospheric particulate matter can adsorb or contain polycyclic aromatic hydrocarbons
(PHAs), heavy metals (HM), bacteria and viruses, and other harmful substances [4-7].
Human activities such as transportation and industry can release particulate matter con-
taining heavy metals into the atmosphere [1,8]. Harmful heavy metals move and resuspend
with particulate matter, deteriorating air quality, and entering the human respiratory
system, endangering human health [9-12].

Transportation emissions are one of the most important sources of fine particle in
cities [13]. In the EU countries, non-exhaust emissions of PM, 5 increased from 2.9% in
2000 to 5.2% in 2018, and PM; increased from 4.0% to 6.7% [14]. Harrison et al. [15] found
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that non-exhaust emissions from vehicles were the largest contributor to particle mass in
London. Particulate matter released from traffic emissions carries harmful heavy metals.
Hjortenkrans et al. [16] found that cadmium (Cd), copper (Cu) and lead (Pb) emissions
from automotive brake linings in Stockholm, Sweden, were 0.061 kg/year, 3800 kg/year,
and 35 kg/year, respectively. Particulate matter and heavy metals emitted from road
traffic in cities seriously threaten the inhabitants” health condition. It has been suggested
that the exacerbation of worsening respiratory symptoms, impaired lung function, and
prevalence of blood pressure is correlated with long-term exposure to air pollution related
with traffic [17-20].

Roadside plants can effectively reduce particulate matter from road traffic [21,22].
Plant leaves can act as natural filters by trapping and retaining the particulate matter from
traffic emissions [13,23-25]. Zheng et al. [22] believed that dense vegetation could effectively
block the penetration of road particulate matter, and the concentration of particulate matter
increases significantly in the front part of the vegetation (0-5m). Maher et al. [26] found that
particulate matter was reduced by 50% in those houses screened by roadside temporary
tree lines. Plants can not only absorb fine particles but also uptake the inherent toxic metals
in particles through their leaves [8,27]. Ozdemir et al. [13] also found that the roadside
leaves can effectively remove heavy metals. The highest removal rate of nickel (Ni), Pb, Cu,
and zinc (Zn) in road particulate matter by dense trees was 42.56%, 26.60%, 19.61%, and
19.12%, respectively.

Plant species can affect the adsorption capacity of leaves for particulate matter and
toxic metals. Various factors, such as environment pollution level and leaf surface mi-
crostructure, can also influence plant’s capacity to retain particles and metals [8,28-30]. It is
generally believed that the roughness of the leaf surface, the size of the stomata, the density
of the fluff, and the secretions can affect the dust-retaining capacity of the plant [11,31,32].
Zheng et al. [11] found that the maximum particle retention was significantly positive
correlated with the density of leaf epidermal hairs, indicating that the hairs of the leaves
help to capture particulate matter. The plant leaves can uptake trace elements adhered
to particulate matter through stomata [27,33]. Wind speed, temperature, humidity, and
pollution conditions can also influence the deposition of airborne particles and the asso-
ciated trace elements [31,34,35]. Roy et al. [25] found Ficus bengalensis was more capable
of accumulating Cu and particulate matter in industrial than commercial zones. Many
studies focus on the adsorption of heavy metals and particulate matter on leaves, but less
attention has been paid to seasonal differences. To date, the relationship between heavy
metal accumulation in plant leaves and particulate matter is unclear under seasonal change.

From 2013 to 2014, the exceeded pollutants in Hangzhou were mainly PM; 5 and
PM;jg [36]. The number of motor vehicles reached 2.44 million in 2017, and traffic emissions
have become one of the most critical factors contributing to air pollution in Hangzhou.
Therefore, it is necessary to reduce the particulate matter emitted by traffic and reduce the
health impact on residents. In addition, Hangzhou is famous for its beautiful scenery and
landscape with plenty of greening, including roadside plants. The current study aims to:
(1) analyze the variations of airborne particle and metals retained by the leaves of common
roadside plants; and (2) reveal the relationship between the retention of foliar particles and
the accumulation of metals by the common roadside plant. The results will provide some
guidance for screening roadside species and improving the accuracy of the assessment on
existing urban plant species in the ecosystem services.

2. Materials and Methods
2.1. Study Area

Hangzhou city (119°25'-120°19.5 E,29°44’-30°12" N) is one of the most famous cities
located in the Yangtze River Delta. The resident population of Hangzhou in 2020 was
11.936 million. The motor vehicles were beyond 690,263 in 2010, and traffic emissions have
become one of the crucial factors contributing to air pollution in Hangzhou [37]. The area
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is characterized by a humid subtropical monsoon climate, with an average temperature of
16.0 °C, and an average rainfall of approximately 1613.9 mm annually [38].

2.2. Tested Plants

Five common roadside plants were screened according to our previous survey [39]
and studies conducted by others [40]. These five roadside plants are Photinia x fraseri Dress,
Loropetalum chinense var. rubrum Yieh, Cinnamomum camphora (L.) Presl, Osmanthus fragrans
(Thunb.) Loureiro and Pittosporum tobira (Thunb.) Ait. (Table S1).

2.3. Sampleanalysis
2.3.1. Leaf Sampling

Dagiao Road (119°57/56.264” E, 30°3/39.347” N), one of the main roads in southwest
Hangzhou, was selected for sample collection. It is one of the main roads of urban traffic,
with a large traffic volume. The road greening is in a common type, with one-board and
two-belt. The green belt is mainly located on the sidewalk separation line on both sides of
the road. The greening tree species are Cinnamomum camphora, Loropetalum chinense, Ilex
cornuta, etc.

Plants of each species with similar age and average crown and that were well devel-
oped and healthy were selected for sampling. The leaf was sampled at day 7 after rain
(rainfall exceeds 12.55 mm) in August and October 2020 and January and May 2021. The
leaves about 1.5 m from the ground with no diseases and no damages were selected and
sampled. All collections were repeated three times. For each species, about 30 leaves
were selected and packaged separately in a clean ziplock bag. A total of 60 samples (four
acquisitions x five samples X three replicates) were collected. The particle retention,
particle morphology and elements content were determined. The detailed specific local
meteorological parameters are provided in Table S2.

2.3.2. Particulate Matter Density in Leaf Surface

The particulate matter on the leaf surface was measured by the weight difference
method [41]. The leaves were soaked in purified water for two hours, then washed clean.
The cleaned leaves were put on clean paper towels to dry. The filter membranes were dried
to constant weight at 60 °C (W7:10 um filter membrane weight; W5:2.5 um filter membrane
weight; W3:0.2 um filter membrane weight). Then, the dust-retaining liquid was filtered
through the filter membranes with different pore sizes in turn. The particles were obtained
with a particle size greater than 10 pm, between 2.5 and 10 um, and between 0.2 and 2.5 um
by sequentially filtering with membranes of 10 um, 2.5 um, and 0.2 pm, respectively. After
filtration, the filter pieces were dried in an oven at 65 °C to a constant weight and then
weighed (Wy: weight of 10 um filter membrane after filtration; W5: weight of 2.5 um filter
membrane after filtration; Wg: weight of 0.2 um filter membrane after filtration). The
weight of the particle was calculated according to the methods outlined by Dang et al. [39]
and briefly described as in Equation (1).

After drying, the leaf was scanned by a scanner (Epson Perfection V700 Photo) and
the leaf area was calculated by WinRHIZO Pro2005b (Regent Instruments) to (S).

The particulate matter density in the leaf surface was calculated by:

Qrsp = (W4 *W1) + (W5 *Wz) + (Wé *Wg,)/s
Qpmy, = (W5 — W) + (Wg —W3) /S D
Qpm,s = (W —W3)/S

2.3.3. Particle Morphology and Element Analysis

The particles on the leaf surface were adhered to the conductive glue, and then were
placed on the sample stage for gold spraying. Gold spraying can improve the conductivity
and the imaging effect. Then the processed samples were placed on the scanning electron
microscope (Feina/PHENOM Pro) to observe the morphology of the particles. At the same
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time, the elemental composition of the particles was analyzed by the energy spectrometer
(Feina/PHENOM Pro).

2.3.4. Metal Accumulation of Blade and Foliar Particles

The metal contents (Cd, Ni, Pb and Cu) in the PMs and leaves were measured. The
HNO;3-HCl digestion method and inductively coupled plasma mass spectrometry were
used for the determination (refer to Dang et al. [39] for specific methods).

2.3.5. Comprehensive Evaluation

To assess the pollution level caused by the metals in leaf particulate matter, the Geo-
accumulation index (Igeo) of four metals (Cd, Ni, Pb and Cu) was calculated as Equation (2).

Igeo = log, [Cn / (1.5 X Bn) | 2)

where C,, and B, represent the metal concentration in particulate matter and soil back-
ground, respectively. The soil background value adopts the soil element background
value of Zhejiang Province (Cd: 0.17, Ni: 23.93, Pb: 35.70, and Cu 22.63 mg-kg ') [42].
Muller’s [43] method was used to classify metal contamination categories (Table S3).

The capacity for particulate matter retention and for metal accumulation of foliar parti-
cles was comprehensively evaluated by the membership function in fuzzy mathematics [44].
The basic calculation method was as follows:

X — Xmin

Xmax - Xmin

Xy (©)
where X, is the membership function of the measured value tolerance capacity, which is
a value between 0 and 1. Xmax and Xy, are the maximum and minimum values of the
measured value of the index, respectively.

2.3.6. Data Analysis

SPSS 17.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. A one-way
analysis of variance (ANOVA) with a least significant difference (LSD) was applied to
determine the statistical differences (« = 0.05 or 0.01). Figures were mainly drawn using
Microsoft Excel 2019 (Microsoft Corp, Redmond, Washington, USA) and Adobe Photoshop
CC2019 software (Adobe System Inc., San Jose, CA, USA).

3. Results and Discussion
3.1. The Surface Morphology and Elements of Particle

Aerosol particulate matter mainly comes from natural and anthropogenic sources,
such as soil and surface geological sediments, biological materials, and fossil fuel burn-
ing [45-47]. Particles from soil and surface sediments were irregular blocks with similar
shapes, such as gravel pieces of nature [47]. Biological particles were pollen, spores, and
plant fragments [48]. The particulate matter produced by fossil fuel burning was primarily
spherical and circular [47,49].

The particles adsorbed by plant leaves were observed by a scanning electron mi-
croscope (Figure 1). The particles retained by leaves in this study mainly appeared as
regular and irregular shapes. Irregular-shaped particles were mostly fluffy polymer, chain
polymer, irregular block, and irregular flake. Regular-shaped particles were mostly spheri-
cal and cylindrical. An irregular flake, layered, and smooth surface particle can be seen
in Figure 1A. The main element oxygen (O) was detected, followed by carbon (C), alu-
minum (Al), silicon (5i), calcium (Ca), and other elements. Figure 1B represents an irregular
block particle mainly containing O, C, and Si. Irregular-shaped particles (Figure 1A,B) were
mainly formed from the mechanical abrasion of soil and surface geological deposits [49,50].
Figure 1C shows the particle with an oval shape, which was divided into biological particles
with C, nitrogen (N) and O as the main elements. Figure 1D shows a long stripe of particu-
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late matter originating from the earth and possibly transformed from secondary aerosol
formation from atmospheric reactions [51]. Figure 1E shows a fluffy polymer belonging
to soot aggregates. Figure 1F represents spherical particles with a smooth surface, which
were fly ash particles. The soot aggregates and spherical particles in the urban atmosphere
were primarily from fossil fuel burning (industrial or automotive) and automobile ex-
haust [52-54]. In summary, the particles retained by plants were mainly biological, mineral,
fly ash particles, and soot aggregates. The significant sources of road particulate matter
were soil and surface sediments, fuel combustion, vehicle exhaust emissions, and biological
debris. This was consistent with the findings of other scientists on the composition of leaf
dust particles [48].

@

@

9

[ 1 2
L 196 642 counts n 138 Secunds

[ 1 2 3 O
5,548,152 cousts in 165 secords

Figure 1. Morphology and energy spectrum of single particle retained by leaf.

3.2. Characteristics of Metals in Particle

The metal contents in the particles retained by plant leaves were different (Table 1).
The content of Cu (262.60 to 2825.00 mg-kg~!) in the particles was the highest, followed
by Pb (52.78 to 601.67 mg-kg ') and Ni (37.35 to 227.26 mg-kg 1), whereas Cd (1.68 to
23.44 mg-kg ') was the lowest level. The heavy metal contents in the different leaf particles
varied greatly among seasons. Ni and Cd were at the highest level in summer and lowest in
spring. By contrast, the contents of Cu and Pb were highest in winter and lowest in spring.
Zhu et al. [55] observed that the enrichment factor (EF) at moderate pollution levels in
winter was higher than in other seasons, especially for Cu and Pb, which was similar to our
findings. The Geo-accumulation index suggested that the pollution level in leaf particulate
matter was caused by heavy metals (Table S5). Cadmium and Cu had higher contamination
levels, and Ni had lower contamination levels. Traffic sources can emit large amounts of
heavy metals [13,55], and tire wear has been suggested to be a significant source of Cd [56].
Copper was a tracer for vehicle fuel burn and brake wear [56-58].
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Table 1. Metal content in leaf particulate matter (mg-kg™).
Tree .
Season . Cd Ni Pb Cu
Species
CcC 4.86 £ 0.75 58.44 £1.32 269.69 £+ 11.38 378.08 £ 5.49
LC 1.95 +£0.28 39.32 £2.94 142.34 - 13.86 270.37 £ 4.55
Spring OF 6.07 £ 1.59 124.64 +17.06 273.52 £26.01  981.25 £+ 127.32
PF 3.86 £ 1.66 50.51 £2.77 192.50 & 0.49 412.93 £ 15.66
PT 3.54 £ 0.60 46.07 £2.78 186.80 &+ 12.25 292.95 + 30.34
CcC 6.44 £ 1.63 89.82 £ 34.11 245.49 + 3.97 464.98 + 23.88
LC 2.74 £1.16 49.36 £7.83 54.05 £ 1.27 292.03 £11.91
Summer OF 2213 £1.26  211.74 +13.48 547.13 £ 55.62 1734.3 4= 30.88
PF 5.32 £0.39 61.26 + 3.61 148.29 £+ 23.03 423.86 £ 19.4
PT 530 £0.16 52.2 £3.04 149.54 £ 11.6 450.62 £ 25.63
CcC 4.88 £+ 0.84 7493 £1.55 336.24 +106.08  712.22 £ 23.47
LC 3.63 £ 0.63 7455+ 1.14 247.77 + 33.05 560.44 + 37.94
Autumn OF 7.05 £ 0.40 86.17 + 1.63 213.2 £1343 670.12 £ 24.32
PF 517 £0.43 80.52 +4.76 243.62 + 37.58 602.54 + 1.50
PT 2.54 £0.45 67.77 £ 0.24 312.94 £+ 3.34 523.13 + 8.64
CcC 8.48 £1.36 117.02 4 3.48 556.65 £ 33.1 2157.88 £ 667.12
LC 3.51 £0.44 59.4 £5.85 169.53 4 16.43 701.75 4+ 70.43
Winter OF 7.14 £0.99 71.36 + 3.00 197.02 £ 9.6 684.19 +28.78
PF 4.54 £ 0.50 76.71 £ 11.55 246.26 + 14.83 761.75 £ 0.68
PT 4.10 £ 0.07 68.81 + 2.84 265.51 £ 11.44 682.5 £ 40.10

A

TSP retained (g-m?)

@
2

1
g

CC: Cinnamomum camphora (L.) Presl; LC: Loropetalum chinense var. rubrum Yieh; OF: Osmanthus fragrans (Thunb.)
Loureiro; PF: Photinia x fraseri Dress; PT: Pittosporum tobira (Thunb.) Ait.

3.3. The Particle Retained by Plant Leaf

The retention capacity for different particle sizes varied among all species of plants
(Figure 2). The L. chinense plants consistently retained the most total suspended particles
(TSP) (2.25-4.66 g'm~2), PMyq (1.27-1.39 g-m~2), and PM, 5 (0.18-0.74 g'm~2) in compar-
ison to the other four plants (p < 0.05). The lowest retentions of PM;g and PM, 5 were
detected in Photinia x fraseri and C. camphora plants. Liu et al. [59] also noted that the
L. chinense plants showed the largest amount of particulate matter retention, which was
obviously higher than those of Photinia x fraseri and C. camphor plants. These differences in
leaf particulate matter retention among species can be ascribed to leaf morphologic struc-
ture and leaf area [24,60-62]. A rough surface, a high stomatal density, and dense surface
villi are factors that may contribute to the higher particulate matter retention capacity in
L. chinense plants [63,64]. On the other hand, the smooth leaf surface of C. camphora plants
might not be facilitated to absorb particulate matter [65].

B Spring O Summer B Autumn [0 Winter
6.00

B 200 C 1.00
a q
B o150 - a E
&p =0
&
z T
£ 100 | £ 050
- -
g boE
H b ]
= 050 be © =
B - / by B
0,00 0.00

Tree species
Figure 2. Foliar particulate matter retention of different plants. Note: (A) TSP, (B) PM;g, (C) PM; 5, CC:
Cinnamomum camphora (L.) Presl; LC: Loropetalum chinense var. rubrum Yieh; OF: Osmanthus fragrans
(Thunb.) Loureiro; PF: Photinia X fraseri Dress; PT: Pittosporum tobira (Thunb.) Ait. Different lowercase
letters in the figure indicate significant differences among different tree species in the same season
(p <0.05).
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The particulate matter retained on the leaf surface was classified by size as fine particles
(d £2.5 um), coarse particles (2.5 um < d < 10 um), and large particles (d > 10 pm). Particles
captured by plant leaves were predominantly large, accounting for 43.70%-90.78% of TSP,
followed by coarse particles (7.60%-36.04% of TSP) and fine particles (16.2%—-22.73% of
TSP) (Figure 3). Korniczak et al. [48] reported that large particles accounted for the greatest
proportion of particulate matter retained by roadside plants. O. fragrans plants accumulated
80.02% to 90.78% of the large particles.

Ba-oum [(2sum<d<iopm Ed<25um

Relative adsorbed amount
Relative adsorbed amount 7

100%
90%
80% 4
70%
60"'0 1
50%
40% 4
30% 4
20% 4
10%

0% -

Relative adsorbed amount M)
Relative adsorbed amount J

Tree species

Figure 3. Size distribution of particulate matter deposition on the leaf of five plants. Note: (A) spring,
(B) summer, (C) autumn, (D) winter; CC: Cinnamomum camphora (L.) Presl; LC: Loropetalum chinense var.
rubrum Yieh; OF: Osmanthus fragrans (Thunb.) Loureiro; PF: Photinia x fraseri Dress; PT: Pittosporum
tobira (Thunb.) Ait.

Climate, weather, and pollution all affect plant retention of particulates in different
seasons [35]. The seasonal variation of TSP retention by different plants was in descending
order of winter (12.19 g-m_z) > summer (10.42 g-m_z) > autumn (7.86 g-m_z) > spring
(6.89 g'm~2). According to the local “Zhejiang Water Resources Bulletin,” air pollution was
most severe in winter. When air pollution is severe, plants tend to retain more particulate
matter [66]. Prajapati et al. [67] reported that particulate matter retention was highest
in winter. Particulate matter accumulation in winter is attributed to wet leaves, as well
as foggy conditions that prevent particulate matter from dispersing. This led to plants
retaining more particulate matter during winter.

3.4. The Metal Accumulation in Leaf

The sampled roadside plants showed significant heavy metal accumulation variations
(Figure 4). Copper content was the highest in the plant leaves, whereas Cd and Pb contents
were the lowest. The higher Cu content in the leaves may be due to the role of essential
metals as micronutrients in plant biosynthesis of enzymes, auxins, and proteins [68]. The
L. chinense plants had an outstanding performance absorbing Ni and Pb because plants
accumulated the most significant amount of these two heavy metals in autumn and summer.
The greatest Cd content was more evident in the P. tobira plants than in other plants. The
Cu contents in the leaves of five plant species were similar, and no significant differences
were observed (p > 0.05). The level of heavy metals in the leaves was affected by the growth
status of the plant itself, the level of metals in particulate matter, and the leaf structural
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characteristics [1,21,69]. According to Lorenzini et al. [70] and Cao et al. [63], L. chinense
and P. tobira plants had a more vital capacity for accumulating heavy metals, which may
have been attributed to their particulate matter retention capacity and physiological growth
behaviors.

A 0,90~ B Spring O Summer B Autumn Ezll\\'in[cr B 12.00 B Spring O Summer @ Autumn (J Winter
el o 10.00
en &p 10.00
= (.70 =~
oo on
E 0.60 a £ 8.00

a S’
T 0.501 E
= L 6.004
*é 0.40 =
= 030 b = 400
= bc b ah a e
£ 020 g d =
= C o .00
O 010 cede  cffe z

0.00 -
cC LC OF PF PT

C 1.80 A B Spring O Summer B Autumn O Winter D 20.00 4 B Spring O Summer B Autumn O Winter
= 160 a 2~ 18.00 1 a
% b
50 o0
g 8
Prait D
g b
rey -
2 3
2 =3
£ E
o =
A Q

Tree species

Figure 4. Metal content in leaves of different plants. Note: (A) spring, (B) summer, (C) autumn,
(D) winter; CC: Cinnamomum camphora (L.) Presl; LC: Loropetalum chinense var. rubrum Yieh; OF:
Osmanthus fragrans (Thunb.) Loureiro; PF: Photinia X fraseri Dress; PT: Pittosporum tobira (Thunb.) Ait.
Different lowercase letters indicate the significant differences among different plant species in the
same season (p < 0.05).

Plant leaves accumulate heavy metals differently according to the season. A leaf can
uptake more heavy metals in spring and winter, with slight differences among species
(Figure 4). C. camphora, L. chinense, and O. fragrans accumulated more Cd in summer and
autumn and less in spring and winter. The O. fragrans and Photinia X fraseri plants showed
the highest foliar Cu uptake in summer, and other plants had the highest Cu uptake in
autumn. Seasonal differences in the leaf metals were affected by plant physiological activity
and pollution level of metals in the atmosphere [8,71]. It has been demonstrated that plants
in spring have stronger physiological activity and a larger stomatal opening, and therefore
have a stronger capacity for capturing heavy metals in spring [72]. In general, the higher
the concentration of metals in air particulates, the higher accumulation of metals in plant
leaves [73]. Heavy metal contents were higher in the sampled particulates collected during
winter (Table 1). Therefore, plant leaves were able to accumulate more heavy metals in
winter. These results are in line in the findings of Liu et al. [74], who found that the higher
level of metals in the leaf particles correlated with the higher capacity of plants to absorb
metals in winter.
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3.5. Relationship between Leaf Metals and Particulate Matter Retention

In the event that the particulate matter carrying heavy metals was deposited on
the leaf surface, the metals could then transfer to the leaf [27,75]. The level of the leaf
metals positively correlated with the leaf particulate matter (Table 2). For example, in
L. chinense and Photinia X fraseri plants, foliar Cu and Pb uptake were mainly correlated with
PM,; 5 amounts. In P. tobira plants, Cd accumulation was positively correlated with PM.19
retentions in the leaves. A positive correlation between leaf heavy metal concentration
and particulate matter heavy metal concentration was also found in some cases (Table 2).
For L. chinense, Cu in leaves and particulate matter was significantly positively correlated.
There was a significant positive correlation between Cd in leaves and particulate matter,
such as P. tobira. The results showed that sampled roadside plants could absorb Cd, Cu,
and Pb in atmospheric particulates through stomata, cuticle cracks, and lenticels, which
was supported by Gajbhiye et al. [76] and Sharma et al. [27].

Table 2. Correlations of metal content in leaves and leaf particulate matter.

Coefficient of Correlation

Tree 10 pm <
Species ~ Metals cd Ni Pb Cu TSP d>10um d<25 4525
um
um
cd —0.052 0.019 0.076 0211 ~0.007 —0.388 —0.141 —0.073
Ni —0.397 —0.294 —0.382 ~0.387 —0.46 —0.572 —0.246 —0472
cC Pb 0423 0.392 0.520 0.627 * 0.520 0.229 0.054 0.453
Cu —0.334 —0.458 —0.355 0.001 —0.063 0.125 ~0517 —0.085
cd 0.404 0.498 0.628 * 0.419 0.325 0.239 —0852% 0167
. Ni 0.32 0.417 0.615 * 0.329 0.232 0040  —0766** 0027
Pb —0.124 ~0.291 ~0.270 ~0.136 ~0.093 ~0.019 ~0.119 ~0.113
Cu 0.757*  0831*  0847*  0809*  0.745* 0.596 * 0500  0712%
cd —0.086 —0.213 —0.289 —0.212 ~0.001 0.232 —0.491 —0.012
Ni —0.468 —0.467 042 —0475 —0.365 —0.458 0.671 * —0.342
OF Pb 0.043 0.185 0.221 0.306 0.579 * 0.436 0.098 0.588 *
Cu —0.264 ~0.320 —0.276 ~0.329 ~0.293 —0.412 0.702 * —0.269
cd 0.178 —0.041 ~0.182 0.004 ~0.009 ~0.268 0.457 0.161
Ni —0621%  —0729%  —0681*  —0.640*  —0581* 0.030 —0.365 —0.498
PE Pb 0.114 0.132 0.068 0473 —0.062 —0.378 0219 ~0.001
Cu —0.249 —0.342 —0415 ~0.210 —0.376 —0411 0.008 ~0.286
cd 0.661 * 0.351 ~0.218 0.334 0.029 0.513 0.291 0322
Ni —0.556 —0.024 0.046 —0.131 —0.396 —0.056 ~0.229 —0.368
PT Pb 0.583 * 0.080 —0.275 0.201 0.141 0.301 ~0.047 0.261
Cu —0732%  —0.448 —0.404 0571  —0584*  —0582* 0.575 —0.696 *

* Significant at the p < 0.05 level (according to 2-tailed tests).** Significant at the p < 0.001 level (according to
2-tailed tests). CC: Cinnamomum camphora (L.) Presl; LC: Loropetalum chinense var. rubrum Yieh; OF: Osmanthus
fragrans (Thunb.) Loureiro; PF: Photinia x fraseri Dress; PT: Pittosporum tobira (Thunb.) Ait.

3.6. Comprehensive Evaluation of Tested Plants

The comprehensive evaluation of tested plants in particulate matter retention and
metal accumulation using the membership function method is provided in Table 3. The
L. chinense plants were superior in terms of particulate matter retention. In contrast,
C. camphora plants were inferior in retaining particles than other plants. Cadmium and
Cu were the most polluted by road particulate matter (Table S5). The P. tobira plants had
the greatest accumulation capacity for Cd and Cu, whereas Photinia x fraseri plants had
the lowest accumulation capacity of heavy metals. The comprehensive evaluation results
suggest that, in regard to the retention of particulate matter and the accumulation of metals,
the plants had the descending order of L. chinense > P. tobira > O. fragrans > Photinia x fraseri
> C. camphora.
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Table 3. A comprehensive evaluation of the capacity of plant leaves to retain particulate matter and
accumulate heavy metals.

T Membership Function Value Comprehensive Evaluation

ree

Species . Particulate Heavy .

TSP PM;y PMy; Cd Ni Pb Cu Matter Metal Comprehensive Rank

CC 0.00 0.00 0.00 0.00 0.19 0.72 0.70 0.00 0.40 0.20 5
LC 1.00 1.00 1.00 0.08 1.00 1.00 0.83 1.00 0.73 0.86 1
OF 0.75 0.13 0.14 0.28 0.00 0.06 0.45 0.34 0.20 0.27 3
PF 0.18 0.12 0.25 0.22 0.11 0.00 0.00 0.18 0.08 0.13 4
PT 0.28 0.28 0.10 1.00 0.17 0.11 1.00 0.22 0.57 0.40 2

CC: Cinnamomum camphora (L.) Presl; LC: Loropetalum chinense var. rubrum Yieh; OF: Osmanthus fragrans (Thunb.)
Loureiro; PF: Photinia x fraseri Dress; PT: Pittosporum tobira (Thunb.) Ait.

4. Conclusions

The capacity for particulate matter retention and metal accumulation by the leaves
of five road plant species were comprehensively evaluated in this study. The particulate
matter retained by plants were mainly soot aggregates, fly ash particles, mineral particles,
and biological particles. Cadmium and Cu in the particulate matter had the highest con-
tamination levels. L. chinense and O. fragrans displayed great potential to retain particulate
matter, followed by P. tobira, Photinia X fraseri, and C. camphora. Among species, L. chinense
showed a higher foliar Cd and Ni uptake, and P. tobira absorbed the highest Pb in the
leaf. The results revealed that these road plant species could effectively capture particulate
matter and heavy metals. Taken together, L. chinense and P. tobira showed a high capacity
for the retention particulate matter, which is why they should be a recommended roadside
greening species in urban zones in east China for improving air quality.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f13081290/s1, Table S1: Biological characteristics of tree species
used in the experiment; Table S2: Meteorological parameters of the sampling point; Table S3: The
grades of geo-accumulation indexes; Table S4: Morphological characteristics and chemical composi-
tion of residual single particles in blades; Table S5: Geo-accumulation index and pollution type of
different heavy metals.
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