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and uptake of metal and
non-metal elements from PM in
leaves of Pinus densiflora and
Quercus acutissima: a
comparative study

Jongkyu Lee, Myeong Ja Kwak and Su Young Woo*

Department of Environmental Horticulture, University of Seoul, Seoul, Republic of Korea

Trees can serve as effective biofilters of Particulate matter (PM) pollution,
making them valuable for managing air pollution and promoting public
health. Leaves of trees can reduce PM through absorption, adsorption, and
fallout mechanisms, which are influenced by species-specific characteristics
and environmental factors. Although several studies have explored the
impact of various leaf characteristics on their ability to adsorb PM from field
conditions, few have been conducted in controlled chambers to analyze
the adsorption of PM on leaf surfaces and the uptake of metal and non-
metal elements from PM on leaves. To fill these knowledge gaps, this study
investigated the PM adsorption and leaf characteristics of two different tree
species, Pinus densiflora (an evergreen coniferous species) and Quercus
acutissima (a deciduous broad-leaved species) under controlled conditions in
a PM exposure chamber with a target concentration of 300 pg m=. The main
aim of this study was to measure and compare the rate of PM component
(metal and non-metal elements) uptake in two species and investigate the
leaf characteristics that contribute to PM adsorption. We investigated the
relationship between PM adsorption and physiolog, micro-morphology,
and chemical properties of the leaf surface in two species. This study used
a Pearson’s correlation analysis and a principal component analysis (PCA)
to evaluate correlation between PM adsorption and leaf characteristics and
uptake of metal/non-metal elements in PM on leaves. This result showed that
leaf characteristics such as stomatal size, leaf roughness, and wax content
played a crucial role in PMy, adsorption, while physiological factors like
transpiration and leaf boundary layer conductance were identified asimportant
determinants of PM, s adsorption on plant leaves. It also observed significant
variations in the uptake of aluminum, iron, magnesium, phosphorus, and
sulfur. This study not only advances our understanding of the mechanisms
behind PM adsorption by tree leaves but also underscores the importance
of selecting appropriate tree species based on their leaf characteristics for
urban forestry and green infrastructure projects. The ability to strategically
use tree species for PM pollution mitigation highlights a practical approach
to enhancing environmental sustainability and public health.
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1 Introduction

Currently, environmental pollution and its adverse impacts on
human health are among the most pressing global problems requiring
worldwide action (Dodman et al., 2022). Especially, the effects of
particulate matter (PM) on human health, visibility, the ecosystem, the
weather, and the climate are extensive and are largely contingent upon
the properties of the aerosols, including their number concentration,
size, and chemical composition (Zhang et al., 2012). The atmospheric
PM is a significant air pollutant, with an aerodynamic diameter
ranging from 0.003 to 100 pm (Gilliam and Hall, 2016). PM constitutes
intricate mixtures of both solid and liquid particles along with
accompanying pollutants, such as nitrates, sulfates, polycyclic aromatic
hydrocarbons, and metals (Zanobetti et al., 2014). PM can either
be directly released into the atmosphere (primary) or generated in the
atmosphere through the transformation of gases into particles
(secondary). Additionally, both primary and secondary PM are
subject to chemical and physical transformations, as well as
transportation, processing within clouds, and removal from the
atmosphere (An et al., 2019). The exact mechanisms leading to the
formation of urban fine particulate matter (PM) remain largely
unclear, especially with regards to the processes associated with the
origin and growth of PM (Zhang et al., 2015).

Given their broad surface area, ability to respond to particles, and
distinct leaf characteristics, trees can serve as effective biofilters and
bioindicators to PM pollution. As such, incorporating trees into urban
environments can be a valuable strategy for managing PM pollution
and promoting public health (Janhill, 2015). Furthermore, trees can
function as a permeable barrier, which modifies the dispersion
patterns of local air and provides a sizable surface area for PM
deposition (Tomson et al., 2021). Airborne PM can be removed from
the atmosphere through both dry and wet deposition, resulting in its
deposition onto surfaces of trees. Dry deposition occurs through
gravitational sedimentation, which is significantly affected by airflow
rates and turbulence. In contrast, during wet deposition, particles and
gases are initially captured by precipitation forms such as rain, snow,
and fog (Wu et al., 2018).

Leaves of trees can reduce PM through several mechanisms.
Firstly, absorption involves the uptake and internal storage of PM by
leaves. Additionally, adsorption occurs when PM adheres to the
surface of plant leaves through physical and chemical interactions.
Lastly, the other mechanism is through fallout, which occurs when
PM settles on the leeward side of the trees (Perini et al., 2017). The
rates of adsorption and absorption of PM are influenced by a
combination of species-specific characteristics, including size, shape,
and leaf morphology, as well as additional factors such as location and
meteorological parameters, such as precipitation (Szbo et al., 2012).

Leaves can serve a critical function as an organ that balances
protection against water loss, pathogens, and pests with the need for
gas exchange to support photosynthesis reactions (Avellan et al.,
2021). Although plant leaf morphology varies among species,
common features of the leaf surface include trichome hairs, stomata,
and hydathode pores (Avellan et al., 2021). The plant cuticle, which
covers most of the leaf surface, primarily regulates transpiration but
also serves several other functions, such as controlling interactions
with environmental factors that can be either harmful or beneficial,
including microorganisms, dust, and atmospheric pollutants (Bi et al.,
2017). The cuticle also plays a crucial role in reducing PM by capturing
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and retaining particles through physical and chemical interactions
(Read et al,, 2020). The characteristics of cuticles can vary greatly
among species and even cultivars within a species, and this variation
is largely influenced by environmental factors (Du et al., 2015). Also,
the process of PM adsorption is influenced by the interaction between
the components of PM and certain compounds present on the foliage
surface, such as glucosides, proteins, and wax (Avellan et al., 2019). In
addition, leaves can indirectly contribute to the reduction of PM
concentrations by altering air humidity and temperature and through
the processes of evapotranspiration (Hofman et al., 2014; Lee et al,,
2022). The interaction between PM particles and the leaf surface is
largely influenced by their hygroscopicity, which is significantly
impacted by air humidity levels. Changes in humidity can alter the
physicochemical characteristics and dispersion state of particles,
ultimately affecting their interaction with plant leaves (Burkhardt,
2010). The predominant leaf characteristic responsible for PM
adsorption has not been clearly identified (Corada et al., 2021).
Further investigation into the leaf characteristics that have the greatest
impact on PM removal mechanisms is necessary to identify plant
species that are most effective in reducing airborne PM (Chaudhary
and Rathore, 2018).

While numerous research efforts have explored how different leaf
traits impact particulate matter (PM) adsorption in natural field
settings, there has been limited study in controlled chamber
environments focusing on PM adsorption on leaf surfaces (Sazbo et al.,
2012; Song et al.,, 2015; Li J. et al,, 2021). Furthermore, while previous
research has largely focused on the adsorption of particulate matter
(PM) onto leaf surfaces, there is a notable lack of studies examining
how leaves absorb metal and non-metal elements from PM (Liu et al.,
2018; Zhang et al., 2022). To fill these knowledge gaps, this study
examined the PM adsorption and leaf characteristics of two
functionally distinct tree species, Pinus densiflora (a coniferous
evergreen species) and Quercus acutissima (a broad-leaved deciduous
species), which are typical pine-oak species in Korea (Kweon and
Comeau, 2021). The two species have different morpho-physiological
features that may influence their capacity for PM adsorption,
including both metal and non-metal elements from atmospheric
particles (Uscola et al, 2014). The clear differentiation in leaf
characteristics between the two species can provide insights into the
specific leaf traits that contribute to PM adsorption. The main
objectives of this study were to (1) quantify and compare the rate of
adsorption of PM components (Metal and non-metal elements) in
P densiflora and Q. acutissima, and (2) examine which leaf
characteristics factor affect the PM adsorption. Based on our
hypothesis, the wax-related characteristics, such as wax contents,
surface roughness, and microclimate-related characteristics, including
transpiration and leaf boundary layer, would be a significant role in
determining the capture of particles by the leaf.

2 Materials and methods

2.1 Plant materials and PM fumigation
chamber

In this research, we used 2-year-old seedlings of two common

pine-oak species, P. densiflora and Q. acutissima, which are widely
distributed and abundant in South Korea, as the test plants for our
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study (Kweon and Comeau, 2021). Seedlings of similar heights and
growth used in this study were obtained from the nursery at the
National Institute of Forest Science in Seoul, Korea (37°59'34"'N,
127°04'39”E) and transplanted into 9L plastic pots filled with raised
bed soil (Forest bed soil, Nongkyung, Incheon, Korea) for the
experiment at the University of Seoul in Seoul, Korea (37°58.2'52.6"N,
127°06.1'49.9”E). The height and root collar diameter (RCD) of
P. densiflora seedlings used in this experiment were measured to
be 85.2+846cm and 13.97+24mm, respectively. For the
Q. acutissima seedlings, the height and RCD measurements were
83.2+3.27cmand 11.73+ 1.49 mm, respectively. Before the start of the
experiment, the seedlings were acclimated to growth chamber
conditions, which included a day/night temperature of 27/22°C and a
relative humidity of 45 +2%. This acclimation process lasted for one
week and was conducted with natural sunlight. The plants were
irrigated daily to prevent water deficit and their positions in the
growth chamber were rotated regularly after irrigation to avoid any
positional effects. To avoid any potential canopy interference from
other plants, three seedlings of each species were kept in a control
chamber, while another six seedlings were placed in a treatment
chamber. The topsoil of each pot was covered with transparent
polyethylene bags to prevent the deposition of airborne PM on the soil
surface. Leaf sampling was conducted twice: once before exposure and
again 14days after exposure (DAE). Fully expanded leaves were
sampled and measured between 09:00h and 12:00h for analyses of
physiological, morphological and microstructural characteristics,
stomatal features, and leaf surface chemical properties. To assess PM
adsorption on foliage, leaf samples were collected at 14 and 28 days
after exposure (DAE). This sampling schedule was designed to
evaluate the outcomes at both the intermediate and final stages of the
study period. This experiment was conducted with three replications,
with each replication consisting of three seedlings from each species
per treatment. The experimental replications were conducted over a
period of 28 days.

This study used growth chambers (Growth chamber, Koito
Industries, Yokohama, Japan) that were equipped with a solid aerosol
generator (SAG 410, Topas GmbH, Dresden, Germany) to conduct
the experiment in the period between June and August of 2021. The
details of the exposure system have been previously outlined in Lee
etal. (2022). In the designed chamber, solid particles were transported
or deposited on the surface through convective diffusion and other
external forces in addition to Brownian motion and gravitational
sedimentation (Figure 1). Furthermore, a triple-layer charcoal filter
was installed inside the chamber to prevent external PM from entering
and to inhibit the re-entry of particles that had accumulated due to
convective diffusion and other external forces. Fly ash, an
anthropogenic PM that is produced as a byproduct of coal combustion
(Vargas Buonfiglio et al, 2017), was generated using a solid aerosol
generator in order to simulate PM pollution conditions in plants. In
this study, we used Fly ash test powder (JIS test powder class 10,
APPIE, Kyoto, Japan), which has a particle diameter mostly under
10 pm. In the treatment chamber, the plants were exposed for 9h to
fly ash particles, maintaining a target concentration of 300 pg/m® and
a flow rate of 25 liters per minute (LPM). During the experiment
period, the actual PM concentration was maintained at
292.32+33.56 pg/m’, and the daily average of particulate matter was
108.83+10.74 pg/m’. As a result, on 14 DAE, the total weight of PM
treated in the chamber was approximately 57 mg, and on 28 DAE, it
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reached about 114 mg. The PM concentration used in the study was
set based on the PM,, warning level specified by air quality standards
in Korea (Korea Ministry of Government Legislation, 2019). And, the
duration of PM exposure in this study was determined in accordance
with the PM pollution data recorded in South Korea during the year
2020 (National Institute of Environmental Research, 2021). The daily
variation environmental conditions in the PM-fumigated chamber are
shown in Figure 2.

2.2 Determination of mass and area of leaf
surface PM adsorption and metal/
non-metal element content

The mass of PM adsorption on leaf surface was evaluated by using
a modified method derived from the works of Dzierzanowski et al.
(2011) and Kwalk et al. (2020). Leaves of each plant species were
randomly selected for sampling at 14 and 28 DAE. The collected leaves
were placed in a glass bottle containing 200 mL of deionized water and
were cleaned using an ultrasonic cleaner (HSt Powersonic 620,
Hwashin Technology Company, Seoul, Korea) for 1 min to remove
particles from the leaf surfaces, which is referred to as ‘surface PM.
The collected water was passed through a glass filter funnel equipped
with a stopper support assembly and connected to a vacuum pump
(Rocker 300, Rocker Scientific Co., Ltd., Taipei, Taiwan), followed by
sequential filtration through three filters having different pore sizes of
10pm (Nylon filter, Merck Millipore, Darmstadt, Germany), 3 pm
(Mixed cellulose ester (MCE) filter, Merck Millipore, Darmstadt
Germany), and 0.2pm (MCE filter, Merck Millipore, Darmstadt,
Germany). Before the filtration process, the filters used for the analysis
were dried for 30 min at 60°C in a dry oven (HQ-FDO 84, Coretech
Korea co., Anyang, Korea). Subsequently, they were allowed to
stabilize in the weighing room to attain filter humidity equilibrium
before weighing. To prevent the filters from being affected by
electrostatic charges, they were exposed to an antistatic ionizer
(Antistatic kit, Mettler Toledo, Schwerzenbach, Switzerland) prior to
weighing. The filters were pre-weighed on a microbalance (XPR2,
Mettler Toledo, Schwerzenbach, Switzerland). The filters were dried
and weighed again using the same procedure as the pre-weighing step
to determine the mass of PM in each sample. Two fractions of
particulate matter, namely surface PM,, (SPM,,) (0.2-10pum) and
surface PM, 5 (SPM, ) (0.2-3 pm), were collected on filters. The mass
of PM was calculated by dividing the weight of the filtered particles by
the leaf area of each species. Following the rinsing step with deionized
water, the leaves were exposed to 150 mL of chloroform for 40s to
remove the epicuticular wax layer from the leaf tissues and to remove
any trapped particles in the wax layer, which is referred to as “wax
PM”. The method for filtering wax PM was identical to the method
used for surface PM filtration. The leaf sample’s total area was
determined using winFolia image software (winFolia, Regent
Instruments Inc., Sainte-Foy, QC, Canada) to calculate the mass of PM
in pg cm™ leaf area. The amount of particulate matter was measured
after washing both adaxial and abaxial surfaces of the leaves; however,
the results were reported based on the surface area of one side of
the leaf.

For the measurement of PM adsorption area, leaf samples were
harvested at 14 and 28 DAE between 09:00h and 12:00h and free-
dried using a lyophilizer (FD 8508, ilShinbiobase CO. Ltd.,

frontiersin.org


https://doi.org/10.3389/ffgc.2023.1301533
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Leeetal.

10.3389/ffgc.2023.1301533

Controlled
PM fumigation

(300 pg/m?3 for 4 weeks) Particle sample

Dust generator )

FIGURE 1

- E
omm o \ :
i We=o-)
| O
Measurement i Air dryer Air compressor
i
2.0 m i
i
i
i
15m i
1.5m
Temperature/Humidity Temperature/Humidity
controlled controlled
Controller Monitoring
CONTROL TREATMENT

Schematic diagram of the phytotron growth chamber and its environmental control system, which was adapted from Lee et al. (2022).
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The daily variations in actual PM concentration (solid gray line) and targeted PM concentration (dashed gray line), as well as temperature (red dotted
line), relative humidity (blue dotted line), and photosynthetic photon flux density (yellow bar) in the PM-exposed chamber.

Dongducheon, Korea). PM adsorption area was evaluated via field
emission scanning electron microscopy (FE-SEM; SU8010, Hitachi
High-Tech, Tokyo, Japan). Samples of Q. acutissima leaves were cut
into 5mmx20mm sizes, while P. densiflora leaves were cut into
20 mm sizes, and then attached to a carbon mount in preparation for
SEM analysis. The PM adsorption area per unit area was calculated as
mm? per 100 mm?.

The content of metal elements (Al, Fe, and Mg) and non-metal
elements (P and S) in leaves was determined using the method
described by Pequerul et al. (1993). The leaves harvested at 14 and 28
DAE were dried for 48 h at a temperature of 60°C. 0.2 g of leaf samples
(dry weight) placed in a 50mL dry flask, followed by adding 2mL of
70% HNO; and stirred. All the material was in a wet state when 1.6 mL
of 30% H,0, was added with caution in a well-ventilated hood,
followed by a slight stirring after the addition. It was heated to 100°C
on a hot plate, resulting in a strong effervescence. When the density
of the brown fumes decreased after about 7-8 min, the solution was
left to cool. A slightly yellow solution and a small amount of white
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solid in suspension remained. The solution was then filtered through
a syringe filter with a 0.2pm pore size and diluted to 10mL using
distilled water. The solution was analyzed by inductively coupled
plasma optical emission spectrometry (ICP-OES) to quantify Al, Fe,
Mg, P and S concentrations. The method used to determine the
content of metal and non-metal elements in fly ash was the same as
the method used for the leaves.

2.3 Measurement of gas exchange
characteristics

Fully developed leaves of the test plants were measured for
gaseous exchange parameters, including stomatal conductance (g;),
transpiration rate (Trmmol), and leaf boundary layer conductance
(gbw), before exposure (0 DAE) and at 14 DAE between 09:00h and
12:00h by using a portable photosynthesis measurement system
(Li-6400 XT, LI-COR Inc., Lincoln, NE, United States) with an LED
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light source chamber (6400-02B, LI-COR Inc., Lincoln, NE,
United States) (Farquhar et al, 1980). The measurements were
conducted with a maintained CO, concentration of 400 pmol mol™
and a block temperature set at 27°C, with a relative humidity (RH)
range between 50 and 60%. The photosynthetically active radiation
(PAR) was set to a near-saturation light intensity of 1,000 pmolm s,
and the air flow rate was held at a constant of 500 pmols™. The leaf
boundary layer (gbw) was determined through simultaneous
measurements, which included the humidity of the air inside the
chamber, as well as the temperature and transpiration rate (Trmmol)
from leaves, following the method outlined by Parkinson (1985) with
the formular below:

gbw = Trmmol/ A(Cy - G,) (1)

In this formula, “A” represents the projected leaf area (m?) within

« . o»

the chamber. The term “y;” (molmol™) denotes the saturation
humidity at the temperature of the leaves, while “y,” (molmol™) refers

to the humidity level of the air as it exits the chamber.

2.4 Measurement of micro-morphological
characteristics on surface of the leaves

Leaf samples were obtained from each chamber at 0 and 14 DAE
for the assessment of micro-morphological features. The leaf area and
width-to-length ratio were measured on five fully developed leaves of
each tree using winFolia image software (winFolia, Regent Instruments
Inc., Sainte-Foy, QC, Canada). After collecting the leaves, they were
dried for 48 h at 60°C to obtain their dry weights. The specific leaf area
(SLA) was then determined by dividing the leaf area by the dry weight
of each leaf, following the method of Wilson et al. (1999).

The stomata traits of leaves were determined using the same
procedure as that used for measuring PM adsorption area, as
mentioned above. The stomatal density per leaf and size of stomata
were assessed via filed emission scanning electron microscopy
(FE-SEM).

After stomata traits observations by the FE-SEM, we measured the
3D topography and roughness of leaf surfaces at 50x magnification
using a non-contact surface profiler (Bruker Contour GT-K™, Bruker
nano GmbH, Berlin, Germany). The leaf surface measurements
enabled the determination of several roughness parameters, including
the average roughness (Ra), maximum profile peak height (Rp), root
mean square roughness (Rq), which is the square root of the average
squared deviation between height measurements, and total height of
the profile on the leaf surface (Rt).

2.5 Measurement of leaf wettability and
chemical characteristics of leaf surface

The leaf wettabilty or hydrophobicity was evaluated using a
modified sessile droplet method adapted from Brewer et al. (1991).
Leaf blade fragments from the adaxial and abaxial surfaces of the test
plants were cut using a razor blade and mounted on glass slides with
double-sided tape. Using a contact angle analyzer (UNI-CAM/m,
GITsoft, Ansan, Korea), the drop contact angle of deionized water and
DMF (N,N-dimethylformamide) (3 pL for P. densiflora and 7 pL for
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Q. acutissima) with the leaf surface was measured to determine leaf

wettability. The following liquids were used for the contact angle

measurements: deionized water (total surface tension: 72.8 mN m™,

1

dispersive component: 29.1 mN m™, and polar component: 43.7 mN

m™") and N,N-dimethylformamide (total surface tension: 37.3 mN
m™', dispersive component: 32.42 mN m™’
mN m™!) (Janczuk et al,, 1989).

The wax content was analyzed by the method of Ebercon et al.

, and polar component: 4.88

(1977), which involves observing the color change that results from the
reaction of acidic potassium dichromate (K,Cr,0O;) with the waxes on
the leaf surface. Circular leaf discs with a diameter of 8 mm and a total
weight of 0.1g were prepared from the leaves harvested at 0 and 14
DAE in each chamber, for wax extraction. The leaf discs were immersed
in 10mL of HPLC-grade chloroform for 30 to extract the leaf wax. The
duration of the immersion time was previously established to ensure
complete removal of the epicuticular wax from the leaf surface (Mayeux
and Jordan, 1984; Huggins et al., 2018). The extract was transferred to
a clean 2mL glass vial and dried using a nitrogen evaporator (BT1607,
BT lab systems, St. Louis, MO, United States) maintained at 70°C for
30min. The extract obtained after removing chloroform was oxidized
by adding 0.3 mL of K,Cr,0; and heating it for 30 min at 100°C. The
vials were cooled down for a while. Then, 0.7 mL of deionized water
was added to each vial and left for color development for 1h.
Measurements of optical density for each sample were obtained using
a spectrophotometer (Synergy H1, BioTek instruments, Inc., Winooski,
VT, United States) at a wavelength of 590nm. The wax content was
determined by comparing against a standard curve generated at the
same wavelength using known concentrations of carnauba wax. The
results were expressed as mg dm™.

To measure surface pH, fully developed leaves of the test plants
were used at 0 and 14 DAE between 09:00h and 12:00h, using a
portable pH meter (HI99171, Hanna instruments, Padova, Italy).
Surface pH of leaves was determined by placing the pH electrode at
five random positions on the leaf surface of the test plants, and the
results were then averaged.

2.6 Statistical analyses

All statistical analyses were performed using SPSS Statistics 26
(SPSS Inc., Chicago, IL, United States) and the statistical significance
level was set at p<0.05. The normal distribution of data was assessed
using the Shapiro-Wilk test, and homogeneity of variances was
checked using the Levene test. The data were then analyzed using
one-way ANOVA with Tukey’s HSD (p<0.05) as a post hoc test to
investigate metal/non-metal element content on leaves among times
and species. An independent #-test (p <0.05) was used to determine
significant differences in leaf characteristics at 0 DAE between
P. densiflora and Q. acutissima, as well as significant differences in
mass and area of leaf surface PM adsorption for each day between the
two species. Pearson correlation was performed to investigate the
relationship between the ability of PM adsorption (PM,, or PM,5) and
leaf characteristics of both tree species at each DAE, and a principal
component analysis (PCA) was performed to identify the main factors
that could potentially influence PM adsorption. The values in the
figures and tables are the mean + SD. The data were processed using
Microsoft Excel (Excel 16.0, Microsoft Corporation, Redmond,
Washington, DC, United States).
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3 Results

3.1 Leaf surface PM adsorption and metal/
non-metal element content

Figure 3 represents the different sizes and shapes of fly ash particles
on the adaxial leaf surface of P. densiflora and Q. acutissima. As depicted
in Figure 3, most fly ash particles exhibit a spherical shape. The
spherical shape of the particles indicates that they were likely formed
during high-temperature combustion processes involving coagulation,
condensation, and nucleation of evaporated materials. Particles within
the size range of 0.001-10pm, from nanoscale to microscale, are
commonly produced during high-temperature combustion processes
(Akinyemi et al., 2019). The figure reveals obvious differences in the
surface structures between the two species. The most notable
distinction is that P densiflora leaves are amphistomatous, with
stomatal pores present on both sides, while Q. acutissima leaves are not.
The observed differences also revealed that the adaxial surface of
P, densiflora had fly ash deposits on the inner walls of stomata or the
periphery of guard cells (Figures 3A,C). In Q. acutissima, fly ash
deposition was observed around grooves on the leaf surface
(Figures 3B,D). Different sizes and shapes of fly ash particles were
observed between 14 and 28 DAE. At 28 DAE, there was a noticeable
increase in the abundance of larger particles on the leaves of both
species compared to 14 DAE. Large fly ash particles are primarily
formed through the aggregation of smaller particles and have an
irregular and loose surface. Differences in PM adsorption ability was
observed between the adaxial and abaxial surfaces of both species (data
not shown), possibly due to the transportation of particles via Brownian
motion and gravitational sedimentation from the top to bottom in the

10.3389/ffgc.2023.1301533

chamber. Due to significantly lower levels of PM adsorption, compared
to the adaxial surface, the images and results of PM adsorption from
the abaxial surface were not included in this study.

We also examined the mass of PM and PM adsorption area on the
foliage of P. densiflora and Q. acutissima, which allowed us to compare
their respective PM adsorption abilities (Table 1). At 14 DAE, there
was a significant increase in the mass of surface PM,, and PM, 5 on the
leaves of P. densiflora compared to Q. acutissima, with a difference of
43 and 75%, respectively (p <0.01). There was no significant difference
in wax PM,, and PM,; between the leaves of P. densiflora and
Q. acutissima at 14 DAE. However, at 28 DAE, there was a significant
difference in wax PM,, and PM, 5 between the leaves of P. densiflora
and Q. acutissima, with a difference of 75 and 77%, respectively
(p<0.05 and p<0.001). The trend in PM adsorption area was also
similar to that of the mass of PM adsorption. P. densiflora showed a
significantly higher PM adsorption area than Q. acutissima at both 14
and 28 DAE (p<0.001). The mass of total PM,, showed a significant
positive correlation with PM adsorption area on the leaves of both
P, densiflora and Q. acutissima (R*=0.806, as shown in Figure 4).

Among the elements examined in fly ash particles, the
concentration of metals (Al, Fe, Mg) and non-metals (P and S)
accounted for 58%, 26%, 7%, 5%, and 4%, respectively (Figure 5). Al
exhibited the highest concentration in the fly ash particle, while the
concentrations of Mg, P, and S were the lowest among the elements
examined. Figure 5 also shows that there were differences in the foliar
uptake of elements from fly ash particles between the two species.
Significant differences in Al concentration on the leaves were observed
between the control and treatment for both P densiflora and
Q. acutissima at both 14 and 28 DAE. Although no significant
difference was observed between the treatment of P. densiflora and

FIGURE 3

Field emission scanning electron micrographs of adaxial leaf surface of P. densiflora and Q. acutissima exposed to 300 pg m~2 of fly ash particles at 14
and 28 days after the beginning of exposure (DAE). Micrographs of adaxial surfaces of P. densiflora at 14 and 28 DAE (A,C) and Q. acutissima at 14 and
28 DAE (B,D), with white dashed circles indicating fly ash particles on the leaves, and asterisks indicating stomata.
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TABLE 1 Mass of PM and PM adsorption area on leaves of P. densiflora and Q. acutissima exposed to 300 ug m~3 of suspended fly ash particles at 14 and
28 days after exposure began (DAE).

Species Mass of PM on foliage PM
adsorption
WPMlo WPles TPM10 2
9 B % area (mm
(rgcm3)  (ugcm™3) (pgcm?) 100 mm-2)
Pinus densiflora 24.5244.92%% 6.66+3.92%% 1.38+2.60 0.5+0.15 25.9+0.27%% 7.16 4 4% 4.9242.82%%5
14 DAE
Quercus acutissima 13.97+3.22 1.65+3.55 1.09+0.22 0.36+0.94 15.06+0.43 2+4.26 3.22+0.42
Pinus densiflora 84.61+8.51%% 24.62423.77% | 4.02%£16.57% | 13+£273%FF | 88.63+0.33%% | 2592+26.4%  8.51+16.88%%*
28 DAE
Quercus acutissima 34.94+4.73 1.30+10.63 0.99+0.45 0.3+0.08 35.94%0.07 1.61+10.71 4.73+0.47

Data are summarized as means+SD (n=3). Asterisks indicate significant differences between P. densiflora and Q. acutissima based on the paired-samples -test (* p<0.05, ** p<0.01, *#*
p<0.001). SPM,,=Surface PM,,; SPM, s = Surface PM, 5; WPM,,= Wax PM,; WPM, 5= Wax PM, 5; TPM,,=Total (Surface + wax) PM,y; TPM, s =Total PM, 5.
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Relationship between mass of total PMy, on leaves (ng cm~2) and PM adsorption area on leaves (mm? 100 mm~2) of P. densiflora and Q. acutissima
exposed to 300 ug m= of suspended fly ash particles at 14 and 28 DAE.

Q. acutissima at 14 DAE, a significant difference in the Al
concentration on the leaves was found at 28 DAE, with P. densiflora
exhibiting a higher concentration compared to Q. acutissima. In terms
of Fe concentration on the leaves, both P. densiflora and Q. acutissima
showed significant differences between the control and treatment at
both 14 and 28 DAE. Similar to the Al concentration, there was no
significant difference observed in Fe concentration between the
treatment of P. densiflora and Q. acutissima at 14 DAE. At 28 DAE, Fe
concentrations on the leaves of Q. acutissima were significantly higher
than those of P. densiflora. The Mg concentration on the leaves did not
show any significant differences between the control and treatment for
both P, densiflora and Q. acutissima at 14 and 28 DAE, except for
Q. acutissima at 28 DAE, unlike the Al and Fe concentrations. A
significant difference in Mg concentration on the leaves between the
control and treatment was only observed for Q. acutissima at 28
DAE. In terms of P concentration on the leaves, no significant
differences were observed between P. densiflora and Q. acutissima, as
well as between the control and treatment for both species at both 14
and 28 DAE. The S concentration on the leaves exhibited significant
differences between the control and treatment for both P. densiflora

Frontiers in Forests and Global Change

and Q. acutissima at both 14 and 28 DAE, except for P. densiflora at 28
DAE where no significant difference was found.

3.2 Structural traits and physiological
characteristics

To compare the two species, we used FE-SEM to analyze the
structural characteristics of P. densiflora and Q. acutissima leaves at 0
DAE (Figure 6). The SEM images demonstrated marked distinctions
in stomatal appearance between the two species. The stomatal
distribution differed significantly between P densiflora and
Q. acutissima leaves, with P. densiflora exhibiting amphistomatic
characteristics and Q. acutissima being non-amphistomatic. The
abaxial surfaces of P. densiflora and Q. acutissima exhibited significant
differences in stomatal density. Comparison of the two species showed
a significant difference in stomatal density on the abaxial leaf surface,
with Q. acutissima exhibiting a 79% higher density than P. densiflora
(p<0.001). Conversely, the stomatal size on the abaxial leaf surface
was significantly larger in P. densiflora than in Q. acutissima, with a
difference of 77% (p <0.001) (Table 2).
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To compare the leaves of P densiflora and Q. acutissima,
we analyzed physiological characteristics, including stomatal
conductance, transpiration, and leaf boundary layer conductance, in
response to microclimate changes around the trees (Table 2). There
were highly significant differences observed in all physiological
parameters between the leaves of P. densiflora and Q. acutissima. In
terms of stomatal conductance, transpiration, and leaf boundary layer
conductance, P. densiflora exhibited significantly higher values than
Q. acutissima, with increases of 42%, 46%, and 61%, respectively
(p<0.05, p<0.01, and p<0.001).

3.3 Leaf surface wettability and chemical
properties

All contact angle values were individually determined and
compared for both species in deionized water (DW) and
N,N-dimethylformamide (DMF), and the summarized results are
presented in Figure 7 and Table 3. A lower contact angle value, as
obtained from the measurement results, indicates better surface
wetting (Good, 1992). The wetting behavior of a plant leaf is
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multifaceted, determined by both the characteristics of the solvent and
the properties of the leaf surface. Liquids with varying surface tension
properties, including polar and dispersion components, can result in
different contact angle values on the surface of plant leaves, as shown
in Figure 7 and Table 3. Significant differences were observed in the
contact angles of DW and DMF on the adaxial and abaxial leaf surfaces
between the two species, with P. densiflora showing significantly higher
values than Q. acutissima in all parameters (Table 3). Wax contents
were also analyzed to compare the leaf surface chemical characteristics
of P. densiflora and Q. acutissima (Table 3). The wax content of
P, densiflora was significantly higher than that of Q. acutissima, with a
52% increase (p <0.001). The leaves of P. densiflora and Q. acutissima
did not show any significant differences in surface pH, in contrast to
the significant difference in wax content (Table 3).

3.4 Microstructural and morphological
characteristics

The leaf surfaces of P. densiflora and Q. acutissima were examined
for morphological and microstructural features, with results presented
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FIGURE 6

Field emission scanning electron micrographs showing stomata traits of P. densiflora and Q. acutissima before 300 pg m~> of suspended fly ash
particles exposure (0 DAE). Abaxial surface micrographs of P. densiflora (A,C) and Q. acutissima (B,D) at 60 and 1,000 X magnification, respectively.

TABLE 2 Physiological characteristics (stomatal conductance, transpiration, and leaf boundary layer conductance) and structural traits (stomatal
density and stomatal size) of P. densiflora and Q. acutissima before 300 ug m~> of suspended fly ash particles exposure (0 DAE).

Species Physiological characteristics Structural traits
Stomatal Transpiration Leaf boundary Stomatal density Stomatal size
conductance (mmol H,O layer conductance (mm2) (pm)
(molm=—=2sY) m=—2s?) (molm=—2s7)
Pinus densiflora 0.26 £0.05* 4.55+0.32%%* 5.77 £1.21%%* 89.54+15.91 175.16 +33.74%%*
Quercus acutissima 0.15+£0.05 2.47+0.96 2.24+0.46 424.48 +£13.29%%* 40.88+7.98

Data are summarized as means +SD (1 =3). Asterisks indicate significant differences between P. densiflora and Q. acutissima based on the paired-samples t-test (* p<0.05, ** p<0.01,

##k p<0.001).

in Figures 8A,B, respectively. The different leaf shapes of P. densiflora
and Q. acutissima are shown in Figure 8A. In terms of specific leaf area
(SLA), Q. acutissima (88.89£4.19cm* g™') had significantly higher
values compared to P. densiflora (67.93+17.08cm* g™') (p<0.05)
(Table 4). The width to length ratio (W/L) was significantly higher in
Q. acutissima than in P. densiflora, with a difference of 89% (p <0.001)
(Table 4).

Using a non-contact surface profiler, we captured 3D topography
images of the adaxial and abaxial surfaces of P. densiflora and
Q. acutissima leaves, as shown in Figure 8. 3D topography images
revealed significant differences in leaf roughness between P. densiflora
and Q. acutissima (Figure 8B). The presence of obvious ridges on the
leaf surfaces of both P. densiflora and Q. acutissima, shown in Figure 8,
indicate their high capacity for PM adsorption due to their rough leaf
surfaces. The average roughness (Ra) is a parameter mostly used to
quantify the roughness of leaf surfaces. In both the adaxial and abaxial
surfaces of the leaves, P. densiflora showed significantly higher values
of Ra than Q. acutissima, with an increase of 48 and 58%, respectively

Frontiers in Forests and Global Change

09

(p<0.01) (Table 4). Similar to Ra, P densiflora demonstrated
significantly higher values of Rt (representing total height of the
profile on the leaf surface) than Q. acutissima on both the adaxial and
abaxial surfaces of the leaves, with increases of 26 and 47%,
respectively (p<0.01 and p<0.001) (Table 4). However, there was no
significant difference observed between the two species in Rp, which
represents the maximum profile peak height.

3.5 Factors influencing PM adsorption on
the leaves

The correlation between the absorption of PM,, and PM,; on
leaves at 14 and 28 DAE, and the characteristics of P. densiflora and
Q. acutissima leaves, are represented in Figures 9A B. These leaf
characteristics, assessed at 0 and 14 DAE, include stomatal features,
leaf wettability, and gas exchange, chemical, morphological, and
micromorphological attributes. The leaves of both species at 0 and 14
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FIGURE 7
The optical images of a deionized water (DW) and N,N-dimethylformamide (DMF) droplet on adaxial and abaxial leaves of P. densiflora and Q.
acutissima before 300 pg m~* of suspended fly ash particles exposure (0 DAE). The optical images of DW droplet on adaxial and abaxial leaves of P
densiflora (A,E) and Q. acutissima (C,G), respectively. The optical images of DMF droplet on adaxial and abaxial leaves of P. densiflora (B,F) and Q.
acutissima (D,H), respectively.

TABLE 3 Leaf wettability (deionized water (DW) and N,N-dimethylformamide (DMF) contact angle) and chemical characteristics (wax content and
surface pH) of P. densiflora and Q. acutissima before 300 ug m~3 of suspended fly ash particles exposure (0 DAE).

Species Leaf wettability Chemical characteristics
Adaxial Abaxial Wax content Surface pH
(mgdm~3)
Contact angle  Contact angle Contact angle Contact angle
(DW) (?) (DMF) (°) (DW) (°) (DMF) (°)
Pinus denszﬂom 105.70 £ 6.29%* 52.51£1.39%%%* 114.87 £4.43%%* 55.14+1.86%** 0.97 £0.14%%* 5.09+0.06
Quercus acutissima 94.61+1.03 31.09+2.36 81.83+1.68 32.04+2.13 0.44+0.09 5.15+0.02

Data are summarized as means+SD (n=3). Asterisks indicate significant differences between P. densiflora and Q. acutissima based on the paired-samples t-test (* p<0.05, ** p<0.01, *#*

p<0.001).

DAE were examined for PM adsorption over a period of two weeks to
determine the amount of PM adsorbed. Wax, W/L (width-to-length
ratio), SD (stomatal density), SS (stomatal size), Ra, and Rt exhibited
a significant correlation with the adsorption of total PM,, on leaves.
Of these, SS and Ra displayed the strongest positive correlation with
TPM,, (Mass of total PM,, on foliage). However, both W/L and SD
were significantly negatively correlated with TPM,,. TPM, 5 (Mass of
total PM,; on foliage) adsorbed by plant leaves was significantly
correlated with Trmmol (transpiration), gbw (leaf boundary layer
conductance), wax, W/L, SD, SS, Ra, and Rt. Only TPM,; showed
significant correlation with Trmmol and gbw, while TPM,, did not
show any correlation with these parameters. Ra also exhibited the
strongest positive correlation with the adsorption of TPM, 5 on the leaf
surfaces. Focusing on a single factor is insufficient and neglects the
combined effects of multiple factors on PM adsorption by plant leaves.
With an initial assessment of variable correlations, PCA was used to
categorize each factor and reduce the principal components. In
addition, this study also used loading plots of PCA to classify the
parameters based on their relationship with metal and non-metal
elements present in PM.

After performing PCA, three principal components were
generated, which collectively accounted for 79.75% of the variance in
the data (Figure 10). The first principal component (PC1) was able to
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explain 47.38% of the total variations, indicating its strong explanatory
power. PC 1 was mainly based on width-to-length ratio of leaf (W/L),
stomatal characteristics (SD and SS), and leaf roughness. The variables
Ra, Wax, Cond, and SS had loading values of 0.91, 0.89, 0.81, and 0.80,
respectively, and were located in the positive coordinate of PCl
(Table 5). The variables SD and W/L were located in the negative
coordinate of PCl with loading values of —0.98 and—0.94,
respectively. The second principal component (PC2), which accounted
for 23.24% of the total variations, was dominated by PM adsorption
including both TPM,, and TPM, 5 and metal elements on leaves such
as Fe, Al, and Mg (Table 5).

4 Discussion

4.1 Factors affecting adsorption of
particulate matter (PM) on plant leaves

In this study, we investigated the PM adsorption ability and leaf
characteristics of two tree species, Pinus densiflora and Quercus
acutissima, which exhibit distinct differences in leaf traits to identify
the key leaf characteristic responsible for PM adsorption. In plants,
leaves are the predominant location of PM adsorbed, with the
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FIGURE 8
(A) Selected leaf images and (B) of P. densiflora and Q. acutissima before 300 pg m~* of suspended fly ash particles exposure (0 DAE). Abaxial surface
micrographs of P. densiflora (a,c) and Q. acutissima (b,d) at 60 and 1,000x magnification, respectively.

TABLE 4 Micro-morphological and morphological characteristics (specific leaf area and width/length ratio) of P. densiflora and Q. acutissima before

300 ug m~3 of suspended fly ash particles exposure (0 DAE).

Micromorphological characteristics
Adaxial Abaxial
Ra (pm) Rp (um) Rq (pm) Rt (pm) Ra (pm) Rp (pm) Rq (pm) Rt (pm)
Pinus densiflora 2.59+0.74%* 6.90+1.71 2.52+1.31 17.83+£2.05%* 2.25+0.61%* 7.24+3.40 2.96+0.72%* 18.63+3.37#%%*
Quercus acutissima 1.34+0.15 6.52+1.35 1.44+0.25 13.19+2.10 0.95+0.04 4.53+0.21 1.19+0.04 9.84+0.80
Morphological characteristics
Species
Specific leaf area (cm? g™') Width/length ratio
Pinus densiflora 67.93+17.08 0.04+0.01
Quercus acutissima 88.89+4.19% 0.36+0.02%**

Data are summarized as means +SD (1 =3). Asterisks indicate significant differences between P. densiflora and Q. acutissima based on the paired-samples t-test (* p<0.05, ** p<0.01,
##% p <0.001). Ra=the average roughness; Rp = maximum profile peak height; Rq=root mean square roughness; Rt = total height of the profile on the leaf surface.

structure of leaf morphology playing a crucial role in their PM
capturing efficiency (Castanheiro et al., 2020). Leaf morphological
traits, such as size, shape, surface texture, stomatal characteristics,
epidermal wax layers, and wettability, play a crucial role in determining
their proficiency in adsorbing PM (Esposito et al., 2020; Zhang et al.,
2022). Some species, however, have leaves with distinct morphological
characteristics, including increased roughness and a wax layer, that
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can elevate their efficiency in capturing particles (Li J. et al.,, 2021;
Sharma and Saxena, 2022). Although many studies have investigated
the effects of various leaf characteristics on their ability to adsorb PM
in field conditions, few studies have been conducted in controlled
chambers to examine PM adsorption on leaf surfaces. The adsorption
of PM by leaves varies depending not only on leaf characteristics, but
also on the physical and chemical properties of the particles
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(Burkhardt, 2010; Read et al., 2020). For this study, fly ash was chosen
as the particulate matter source because it is a byproduct of coal
combustion and is considered a primary source of fine PM in ambient
air, thus allowing for a realistic simulation of PM adsorption by leaves
(Zierold and Odoh, 2020). The adaxial leaf surfaces of P. densiflora and
Q. acutissima are shown in Figure 3, displaying the various sizes and
shapes of fly ash particles. The SEM image shows a significant increase
in the abundance of larger particles on the leaves of both species at 28
DAE compared to 14 DAE (Figure 9). Larger particles on the leaves
are typically formed through the aggregation of smaller particles over
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time, which is largely influenced by changes in the microclimate due
to plant transpiration and the hygroscopic properties of the particles
(Barwise and Kumar, 2020). The correlation between the adsorption
of TPM,s and transpiration observed further supports the
phenomenon of particle aggregation on the leaf surface over time
(Figure 9). This correlation suggests that transpiration plays a role in
creating changes in the microclimate of the leaf surface, which in turn
leads to the aggregation of smaller particles into larger ones.

We observed that PM was able to enter the stomatal cavity and/or
obstruct the stomata, based on our analysis of the SEM images of leaf
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FIGURE 10
Principal component analysis (PCA) of PM adsorption, metal/non-metal elements content, and leaf characteristics of P. densiflora and Q. acutissima.
Parameters are projected onto PC1 and PC2. TPM,, = total PM,o; TPM, s = total PM,s; Cond = stomatal conductance; Trmmol = transpiration; gbw = leaf
boundary layer conductance; CA = deionized water contact angle on adaxial leaves; SLA = specific leaf area; W/L = width-to-length ratio; SD = Stomatal
density; SS = Stomatal size; Ra = the average roughness; Rp = maximum profile peak height; Rq = root mean square roughness; Rt = total height of the
profile on the leaf surface.

surfaces of P. densiflora (Figure 3). This result is consistent with
previous research indicating that particles may enter leaf tissues
through the stomatal cavity and subsequently block the stomata
(Przybysz et al., 2014; Song et al., 2015). Kwak et al. (2023) confirmed
the attachment of PM particles inside the inner wall of stomata or the
periphery of guard cells in evergreen species, which have easily
distinguishable stomata compared to other tree species. From the
results of the correlation analysis revealed a significant positive
association between stomatal size and the adsorption of TPM,, and
TPM,; for both species, with correlation coefficients of 0.583 and
0.501 (p<0.01 and p<0.05), respectively (Figure 9). The distribution
of stomata on P, densiflora and Q. acutissima leaves varied significantly,
with P. densiflora being amphistomatic and Q. acutissima being
non-amphistomatic (Figures 3, 6). Furthermore, the size of stomata
on the abaxial leaf surface was found to be significantly larger in
P. densiflora compared to Q. acutissima (Table 2). As a result, our
findings are consistent with previous research indicating that pine
species have a greater propensity to accumulate particulate matter
than broadleaved species (Beckett et al., 1998; Grantz et al., 2003;
Seebo et al., 2012; Cayuela et al,, 2019). In the PCA analysis of the
current study, stomatal size along with other parameters such as Ra,
Trmmol, and Wax, which showed a positive correlation with PM
adsorption, were located in the same group (Figure 10). By using PCA
to analyze the data, we were able to consider the impact of various
factors related to stomatal size on the adsorption of PM by plant
leaves, rather than neglecting the role of certain stomatal size-related
factors and obtaining an inaccurate assessment of the phenomenon
(Tian et al,, 2019). It is a widely accepted fact that stomatal size plays
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a crucial role in regulating physiological processes, such as
transpiration and photosynthesis, which in turn affect plant growth
and survival (Biissis et al., 2006; Carignato et al., 2019).

There were significant distinctions observed between the
parameters that correlated with TPM,, and those that correlated with
TPM,; (Figure 9). Physiological characteristics such as transpiration
and leaf boundary layer conductance were only related to the
adsorption of TPM,;. Specifically, we found that physiological
characteristics such as transpiration and leaf boundary layer
conductance were only associated with the adsorption of TPM, s. The
ability of fly ash particles to absorb moisture suggests that raising the
humidity levels could have increased the efficiency of PM adsorption
for particles smaller than 2.5um (Sepahvand et al, 2022). Leaf
boundary layer conductance is recognized as an essential parameter
for PM adsorption since the initial deposition of particles on the leaf
surface is significantly affected by Brownian motion. Following the
deposition, the particles tend to wrap around the airflow and disperse
along the boundary layer between the leaf and the atmosphere before
eventually adhering to the leaf surface (Yin et al., 2020).

By analyzing SEM images of Q. acutissima leaves, we were able
to observe that PM particles were attaching to grooves on the leaf
surface (Figure 3). As reported in earlier studies, the existence of
stomata, grooves, and trichomes on leaf surfaces promotes the
adhesion of PM, which is supported by our findings (Liang et al.,
20165 Li X. et al, 2021). Tree species that have ribbed, folded,
rough, and hairy leaf surfaces have been found to be more effective
in PM adsorption compared to species with unfolded, smooth
surfaces (Niu et al., 2020; Zhang et al., 2023). The correlation
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TABLE 5 Principal component analysis (PCA) results for PM adsorption,
metal/non-metal elements content, and leaf characteristics in P.
densiflora and Q. acutissima.

Parameters PCA factor
PC1(47.38%) PC2(23.24%)

Total PM,, 0.52 0.78
Total PM, 5 0.61 0.56
Magnesium (Mg) —0.53 0.69
Iron (Fe) 0.15 —0.95
Aluminum (Al) 0.46 0.77
Sulphur (S) —0.69 —0.13
Phosphorus (P) 0.01 —0.4
Stomatal conductance 0.81 —-0.13
Transpiration 0.78 -0.1
Leaf boundary layer conductance 0.81 -0.17
Contact angle on adaxial leaves 0.67 —-0.62
Wax contents 0.89 0.1
Surface pH —0.68 0.49
Specific leaf area —0.66 0.66
width-to-length ratio —0.94 —0.22
Stomatal density —0.98 —-0.07
Stomatal size 0.8 0.33
The average roughness 0.92 0.13
Maximum profile peak height —0.05 —0.61
Root mean square roughness 0.62 —0.24
Total height of the profile 0.72 0.26

This table displays the score values for each independent variable across each factor derived
from the PCA.

analysis results indicated a strong positive significance between
leaf roughness and the adsorption of both TPM,, and TPM,;
(Figure 9). The stomata size of P. densiflora contributed to
significantly higher values of Ra, which represents the average of
leaf surface, compared to Q. acutissima on both the adaxial and
abaxial surfaces of the leaves. Recent studies on the removal
efficiency of vegetation for PM have mainly concentrated on
investigating the correlation between leaf characteristics,
microstructure, and particle accumulation (Liu et al., 2018; Read
etal, 2020; Avellan et al., 2021). Additionally, various studies have
concentrated primarily on the velocity of particle deposition, a
factor influenced by tree canopies and the leaf area index (LAI),
which plays a critical role in determining the efficiency of trees in
removing PM (Han et al., 2020; Corada et al., 2021; Sonwani
et al., 2022).

Besides the physical features of the leaf surface, the chemical
properties of plant leaves are also closely linked to PM adsorption
(Avellan et al,, 2021). The attachment of particles to foliage is
affected by the degree of attraction between functional groups
present on the particle surface and specific compounds found on
the foliage surface, including glucosides, proteins, and wax (which
contains polysaccharides, fatty acids, fatty alcohols, and fatty
aldehydes) (Avellan et al., 2019). Our research into the chemical
properties of P densiflora and Q. acutissima involved an
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examination of leaf surface wettability, surface pH, and leaf wax
content to make comparisons between the two species (Table 3).
Limited studies have assessed the plant surface roughness, and the
distribution of chemical compounds on cuticle surfaces remains
unknown. Both of these factors are expected to influence the
contact phenomena of surface-deposited water, aerosol particles,
or microorganisms (Barthlott et al., 2017). The wettability of leaves,
which is influenced by the properties of the leaf surface cuticle and
trichomes, as well as leaf shape morphology, can reduce
transpiration and promote foliar uptake (Fernandez et al., 2021).
However, in this study, no significant relationship was found
between contact angle and PM adsorption (Figure 9). The
differential particle adsorption observed between the two species
may have also been influenced by differences in the wax contents
on their leaves, according to our results (Table 3; Figure 9). The
hydrophobicity of leaves, which is associated with the degree of
particle retention, is determined by the hydrocarbon contents in
the epicuticular waxes (Wang et al., 2013). High hydrophilicity can
lead to the development of a water film over the leaf surface, which
can indirectly affect PM adsorption by altering the microclimate
around the leaves (Andrade et al.,, 2022).

4.2 Elemental uptake from PM by plant
leaves

Particle size is not the only determining factor for their affinity
with specific leaf characteristics; their chemical properties also play
a crucial role in this regard (Kah et al., 2019). The present study not
only analyzed the correlation between leaf characteristics and
particle size, but also classified them based on their relationship
with both metal and non-metal elements present in fly ash
(Figure 10). Our results showed that there were variations in the
uptake of elements from fly ash particles by the two species
(Figure 5). Aluminum (Al) had the highest concentration among
the elements examined in the fly ash particles, accounting for the
largest proportion at 58%, followed by iron (Fe) at 26%. The
concentrations of magnesium (Mg), phosphorus (P), and sulfur (S)
were the lowest among the elements examined of the total
concentration of elements in the fly ash particles (Figure 5). The
concentrations of elements in fly ash particles have the potential to
influence the uptake of these elements by plant leaves. As a result,
significant differences were observed in the uptake of Al between
P. densiflora and Q. acutissima. The presence of major elements
such as Al, Fe, Mg, S, and Si in fly particles generated by coal
combustion processes represents a significant risk to human health
(Bharathi et al., 2014). Aluminum mainly enters plant leaves
through the cuticle in aqueous solutions (Zhang et al., 2010).
Previous research demonstrated that airborne Al also can be taken
up by leaves through cuticular penetration, as evidenced by the
presence of Al within the leaves following exposure to acidic
wetness (Vike, 2005). Positive association was observed between
Al uptake and parameters related to foliar water uptake, such as
transpiration and stomatal conductance, in the PCA analysis
(Figure 10). Fe in fly ash particles is predominantly present as ionic
states, which can also be emitted from sources such as vehicle
exhaust, brake wear debris, and road dust (Gonet and Maher,
2019). Li et al. (2017) reported that sunflower and tomato plants
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exhibited different levels of foliar iron absorption, which were
attributed to variations in the combined thickness of the cuticle
and epidermal cell wall. In this study, we also observed the foliar
uptake of Fe in both P. densiflora and Q. acutissima (Figure 5).
Unlike the concentration of Al and Fe on leaves, which were
observed in both species throughout the study, foliar uptake of Mg
was only observed in Q. acutissima at 28 DAE. Although
P. densiflora showed higher PM adsorption than Q. acutissima, no
significant difference was found in P. densiflora between the control
and treatment groups at either duration. The exposure to fly ash
may not have affected the foliar uptake of Mg, given its high
mobility within plants as a highly phloem-mobile cation that can
be translocated to sites with high nutrient demand (Jezek et al.,
2015). While the concentration of P and S in fly ash showed no
significant difference, there was a marked variation in the foliar
uptake of these elements by leaves of P. densiflora and Q. acutissima
at both 14 and 28 DAE. Unlike this study, numerous studies have
provided evidence that leaves can absorb the macronutrient
phosphate (P) (Eichert et al., 2008; Fernandez et al., 2014; Gorlach
and Miihling, 2021). The effectiveness of foliar phosphorus (P)
absorption has been reported to vary across different physiological
conditions in trees. For instance, under P-deficient conditions, the
reduced transpiration rates in leaves could be attributed to stomatal
closure, thereby limiting the penetration of leaf-applied P solutions
through stomata (Bindraban et al., 2020). Previous studies have
demonstrated that particulate matter can negatively affect the
photosynthetic apparatus in plants treated with different
compounds (Lee et al., 2022), which can subsequently impact the
efficiency of foliar phosphorus (P) absorption. Investigating the
elemental composition of particles on leaves provides valuable
insights into pollution sources and can inform effective monitoring
and mitigation strategies (Deng et al., 2018). However, as species-
specific differences in elements from PM of foliar uptake may exist,
it is necessary to conduct further research to ensure accurate and
comprehensive monitoring of air pollution. The results of our study
provide insights into the effects of leaf characteristics on the ability
of plants to capture PM by comparing two functionally distinct tree
species. However, further investigations are necessary to fully
understand the impacts that the leaf characteristics of different
species have on PM adsorption. This could involve examining
anatomical, physiological, and chemical changes in the plants, as
well as conducting studies under varying environmental conditions
to better understand the factors that influence PM adsorption.

5 Conclusion

This study investigated the factors that affect PM adsorption on
plant leaves, with a focus on the leaf characteristics of two tree species,
P, densiflora and Q. acutissima. The results showed that PM adsorption
by leaves is influenced by a combination of micro-structural
characteristics and physiological characteristics such as transpiration
and leaf boundary layer conductance. Stomatal size, leaf roughness,
and wax content were found to be important leaf characteristics in
determining PM,, adsorption. Physiological characteristics, including
transpiration and leaf boundary layer conductance, were identified as
important factors affecting the adsorption of PM, 5 on plant leaves.
The study also examined the uptake of metal and non-metal elements
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from fly ash particles by the two tree species, with significant variations
observed in the uptake of aluminum, iron, magnesium, phosphorus,
and sulfur. The findings suggest that plant species-specific differences
in elements from PM of foliar uptake may exist, which highlights the
need for further research to ensure accurate and comprehensive
monitoring of air pollution. Overall, this study provides valuable
insights into the impacts of leaf characteristics on PM adsorption by
comparing two functionally distinct tree species and highlights the
need for further investigations to fully understand the complex factors
that influence PM adsorption by plant leaves.
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