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Abstract: We applied a method combining field-emission scanning electron microscopy (FE-SEM)
with energy dispersive X-ray spectrometry (EDX) to visualize the deposition and localization of
the submicron-sized ammonium sulfate (AS) particles. The AS particles emitted from an aerosol
generator in the laboratory were spherical in shape and individually deposited without aggregation
on the surface of a silicon substrate. We determined the AS particles on the surfaces of the needles of
Japanese larch (Larix kaempferi) and Japanese cedar (Cryptomeria japonica), and the leaves of Japanese
beech (Fagus crenata) and Japanese chinquapin (Castanopsis sieboldii), using EDX. The particles were
deposited on either the adaxial or abaxial side of the leaves and needles. The AS particles deposited
on the surfaces of the leaves and needles did not aggregate, and they were deposited on the surfaces
of the leaves and needles in the same manner, regardless of leaf structure. These results, using a new
method, highlight the early stages of the deposition and localization of submicron-sized AS particles
on the surfaces of the leaves and needles of forest trees.

Keywords: ammonium sulfate particles; submicron-sized particles; field-emission scanning electron
microscopy (FE-SEM); energy dispersive X-ray spectrometry (EDX)

1. Introduction

Recent increases in energy consumption in Asia have led to a rapid escalation in the anthropogenic
emissions of air pollutants and their precursors [1,2]. As the increase in anthropogenic emissions
in Asia is expected to continue into the future [2—4], the effects of air pollutants on Asian forest
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ecosystems are of great concern. Forests have important functions, such as protecting biodiversity,
producing biomass, fixing carbon dioxide, conserving soil, and protecting watersheds. Aerosol
particles deposited on plant leaf surfaces may affect the growth, physiology, and surface conditions of
leaves [5]. Anthropogenic emissions mainly consist of submicron-sized particles [6]. In addition to the
1-5 um diameter-sized particles that are present on the surfaces of leaves under natural conditions,
submicron-sized particles are mainly detected on the leaf surface [7]. These particles consist of
multiple elements under natural atmospheric conditions [8,9]. For understanding the deposition
mechanism of these particles, it is important to clarify the mechanism of deposition and the uptake
of submicron-sized particles containing one element from the leaf surface. However, only a few
observations of these specialized submicron-sized particles on the surface of leaves and needles are
available. Burkhardt et al. [10] reported the deposition of submicron-sized di-2-ethylhexyl-sebacate
(DES) particles in the stomatal regions of conifer needles. Submicron-sized lead particles have been
observed inside the stomatal openings of lettuce after exposure to atmospheric metal contamination [11].
Grantz et al. [12] reported the deposition of submicron-sized sodium fluorescein aerosol on the surface
of a leaf of broad bean. Thus, it is important to analyze the deposition and localization of general
anthropogenic submicron-sized particles on leaves to assess the effects of these particles on trees.

We previously conducted an exposure experiment on leaf and needle surfaces to submicron-sized
black carbon (BC) particles to clarify the effects of BC particles on forest trees species [13-15]. We also
developed a visualization method to determine the deposition and localization of submicron-sized BC
particles on tree leaves and needles using field-emission scanning electron microscopy (FE-SEM) [13].
Our findings revealed that (1) carbon-based particles were aggregated on leaves, and (2) carbon-based
particles were deposited on the sparse waxy structural area in Cryptomeria japonica [14]. The amount of
accumulated BC on the surfaces of leaves and needles of evergreen tree species Japanese chinquapin
(Castanopsis sieboldii) and Japanese cedar (Cryptomeria japonica) was higher than those on deciduous tree
species Japanese beech (Fagus crenata) and Japanese larch (Larix kaempferi) [16]. However, no significant
changes in physiological data, such as net the photosynthetic rates, growth, leaf temperature, or plugging
of stomata, were observed after the trees had been exposed to BC particles [16]. On the other hand,
Cocozza et al. [17] indicated that the foliar application of Ag-nanoparticles decreased the growth,
aboveground biomass, and stem length in poplar, but not in oak and pine. These differences of results
among tree species may be caused by the variation of the surface structures of leaves and needles.

To investigate the effects of particles, including the chemical composition on forest trees,
Yamaguchi et al. [15,18] clarified the effects of submicron-sized ammonium sulfate (AS) particles
on the physiology of four Japanese forest tree species, such as Larix kaempferi, Cryptomeria japonica,
Fagus crenata, and Castanopsis sieboldii. ASis the dominant fine particle chemical species in Japan [19] and
China [9]. Thus, understanding the effect of submicron-sized AS particles on forest trees is important.
However, Yamaguchi et al. [15,18] reported no significant changes in the growth or net photosynthetic
rates of Larix kaempferi, Fagus crenata, or Castanopsis sieboldii, but the net photosynthetic rate of the
current-year needles increased, and that of previous-year needles decreased in Cryptomeria japonica
after long-term exposure to AS particles. The relationship between the physiological changes and
the presence of AS particles on the surfaces of the leaves and needles remains unknown. Therefore,
clarifying where AS particles are deposited on the surfaces of leaves and needles is necessary in order
to understand the effect of submicron-sized AS particles on forest trees in greater detail.

In this study, we applied a method to visualize the deposition of submicron-sized AS particles on
the surfaces of leaves and needles, and analyzed the localization of these particles, after experimental
exposure, onto four general habit forest tree species in Japan.
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2. Materials and Methods

2.1. Plant Materials

We used leaves from two-year-old Fagus crenata, Castanopsis sieboldii, and Cryptomeria japonica
seedlings, as well as one-year-old Larix kaempferi seedlings growing in a chamber at the Tokyo
University of Agriculture and Technology in Fuchu, Tokyo, Japan [18]. There were 60 seedlings per
tree species in the chamber [18]. We collected three current leaves of Fagus crenata, Castanopsis sieboldii,
Cryptomeria japonica, and Larix kaempferi, and three previous-year leaves of Cryptomeria japonica in 2012
and 2013.

2.2. Exposure to Ammonium Sulfate Particles

The AS solution (0.1% w/v) was prepared as described by Yamaguchi et al. [18]. Fresh leaves and
silicon substrates (controls) were artificially exposed to dried AS particles generated by an aerosol
generator, specifically, an ultrasonic nebulizer (NE-U17; Omron Healthcare Co. Ltd., Kyoto, Japan),
using ultrasonic force. The starting solution and the sprayed droplets included a solute, which was
then dried to submicron-sized solid particles. The mean particle diameter was about 300 nm [18].
The particles were dried in a tube filled with silica gel before exposure [20]. Either the adaxial or abaxial
side of the leaves was exposed to the AS particles for 3-30 min so as to observe the submicron-sized
particles. As the deliquescence relative humidity of AS is about 80% at room temperature [21],
the relative humidity in the exposure chamber was maintained at <70% to avoid the deliquescence of
the dried AS particles.

2.3. FE-SEM and Energy Dispersive X-ray Spectrometry (EDX) Analysis

After exposure to AS, the leaves and silicon substrates were collected, cut into 5 X 5 mm squares
with arazor blade, and air-dried for three days in a desiccator under 50% relative humidity. The air-dried
samples were coated with carbon using a vacuum evaporator (TB500; Quorum Technologies, Guelph,
ON, Canada). The particles deposited on the leaves and silicon substrates were observed by FE-SEM
(S-4800; Hitachi, Tokyo, Japan) at accelerating voltages of 3, 5 (for observation of surface of leaves and
silicon substrates), or 10 kV for the distinction between the particles and waxy structures on the leaves
and needles [14]. Then, the particles and leaves were analyzed using EDX (Genesis-XM2, EDAX Inc.,
Mahwah, NJ, USA) at an accelerating voltage of 10 kV [22], and a current emission of 20-30 pA and a
spot size of 1.

3. Results and Discussion

3.1. Visualization of Deposited Ammonium Sulfate Particles on the Surfaces of Needles and Leaves
after Exposure

Numerous spherical particles were deposited individually on the silicon substrate without
aggregation after exposure to the AS particles at a 70% relative humidity (Figure 1a). The diameters
of the individual particles measured from the FE-SEM images were 300-600 nm (Figure 1a). A point
analysis of Spot 1 by EDX revealed clear peaks corresponding to silicon (Si) and S (Figure 1c). In contrast,
the EDX spectrum of Spot 2 only showed a peak corresponding to Si (Figure 1d). Thus, we concluded
that the 300-600 nm diameter spherically-shaped particles and the sulfur (S) were derived from the
AS solution.
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Figure 1. Secondary electron images captured by field-emission scanning electron microscope (FE-SEM)
and energy dispersive X-ray spectrometry (EDX) spectra of the silicon substrates. (a) Ammonium
sulfate (AS) particles (diameter 300-600 nm) were distributed on the silicon substrates and were not
aggregated. (b) Higher magnification image of an AS particle. (c) EDX spectrum of Spot 1 in (b) showing
a clear peak corresponding to sulfur. (d) EDX spectrum of Spot 2 in (b). No peaks corresponding to
sulfur were obtained from the silicon substrate. Black arrows indicate focal points for the EDX analysis.
White arrows indicate sulfur peaks.

Several types of waxy structures, such as threads, tubules, clusters of tubules, and plates,
were observed on the surfaces of the leaves and needles [23]. Although the secondary electron
images revealed a clear distinction between the waxy structures and particles on the smooth leaf
surfaces at a high magnification, the secondary low magnification electron images failed to distinguish
between the waxy structures and particles on the leaf surfaces covered with tubules (Figure 2a).
Therefore, in addition to the secondary electron images, we obtained backscattered electron images at
an accelerating voltage of 10 kV, so as to reflect the composition of the particles (Figure 2b). As the
particles consisted of heavier elements, such as sulfur (S), than the wax composed of carbon (C),
we could distinguish the AS particles from the waxy structures as white specks (Figure 2b).

We observed various sizes of particles on the leaves and needles after exposure to AS under 70%
relative humidity (Figure 2a,b). The EDX spectrum revealed small peaks from the surfaces of the leaves
and needles corresponding to S (Figure 2f). In contrast, clear S peaks were detected in other particles
(Figure 2c—e).
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Figure 2. Secondary electron images captured by field-emission scanning electron microscope
(FE-SEM) and energy dispersive X-ray spectrometry (EDX) spectra of leaves from Japanese cedar
(Cryptomeria japonica) seedlings. (a) Secondary electron image of leaves from seedlings after exposure to
ammonium sulfate (AS) particles. The leaf surface was covered with waxy structures. (b) Backscattered
electron image of the leaves corresponding to (a). AS particles (white specks) contrasted with the waxy
structures. (c—f). EDX spectra of spots 1 (c), 2 (d), 3 (e), and 4 (f) in (b). Clear peaks corresponding
to sulfur were observed in particles (c—e), but no peak was observed in areas without such particles
(f). Black arrows indicate focal points for the EDX analysis. Arrowheads indicate indistinguishable
particles from the waxy structures shown in (a). White arrows indicate sulfur peaks.

EDX is an analytical method to identify elements according to the characteristic the X-rays
generated when an object is irradiated with an electron beam. The X-rays are generated from the
surface to several micrometers deep of the irradiated objects. Thus, these characteristic X-rays were
generated from submicron-sized particles on the leaves and needles, and they deposited particles at
a submicron scale. The leaves and needles of the woody plants generally include S under natural
conditions [24,25]. Therefore, the characteristic X-rays from S derived from the leaves and needles
must be distinguished from those derived from the deposited particles. The peak corresponding to S
derived from the AS particles was sharp, whereas the signal intensity corresponding to S was negligible
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on the leaf and needle surfaces with no particles (Figure 2f). Therefore, we concluded that the sharp S
peak was derived from the AS particles.

We conducted spot and area analyses (elemental mapping) using EDX to determine the deposition
of particles on the leaves and needles (Figure 3b). After obtaining a secondary electron image of the
leaf surface (Figure 3a), we scanned the same area of the leaf surface for 60 min. The sharp peak
corresponding to S derived from the area was detected in red (Figure 3b). The particles on the elemental
mapping images were displayed in red (Figure 3b, arrowhead) or white (Figure 3b, white star), among
similar shapes and sizes of particles. As the leaf was damaged due to the strong beam being applied
for a long time, the shapes of the particles were different between Figure 3a and 3b. Although the
EDX area analysis was useful for identifying whole particles on the leaves and needles, at least 60 min
was required to scan a single area at 10,000 counts/s, and this analysis may have damaged the sample.
These values depended on the sample condition, such as the surface microstructure and the charge of
the sample. Thus, an area analysis was not suitable for determining whether particles including S were
deposited on the surfaces of the leaves and needles. Therefore, we conducted a point analysis using
EDX to confirm the localization of the AS particles in the subsequent experiments.

Figure 3. Field-emission electron scanning microscopy (FE-SEM) and energy dispersive X-ray

spectrometry (EDX) images of ammonium sulfate (AS) particles on leaves from Japanese beech
(Fagus crenata) seedlings. (a) Secondary electron image of leaves from Fagus crenata seedlings after
exposure to AS particles. Non-aggregated AS particles were distributed on the leaves. (b) Elemental
mapping image of the area marked by the rectangle in (a). Particles containing sulfur are shown in red.
Arrowheads indicate particles containing sulfur. Small arrowhead indicates a particle without sulfur.

3.2. Localization of Ammonium Sulfate Particles on the Surface of Leaves and Needles

The AS particles were distributed individually and did not aggregate on the surfaces of the leaves
or needles (Figure 4a—f), which was similar to the result for the silicon substrate (Figure 1). On FE-SEM,
the relationship between vacuum-driven evaporation and the corresponding shrinkage (or movement)
of AS particles on the leaf surface was difficult to determine. We observed no differences in the
localization of the particles as a function of the exposure duration. When the relative humidity in
the vicinity of the leaves and needles was high, changes in the shape and size of the AS particles
deposited may have been attributed to deliquescence. In our experiments, we did not observe an
effect of deliquescence during the 3-30 min exposure. A relatively large number of particles was
deposited on the leaf surface facing the exposure, regardless of the side exposed (i.e., adaxial or
abaxial side of leaves). Waxy structures were distributed irregularly on the surfaces of the conifer
needles [26]. Although the needle surface was covered thickly with tube-like waxy structures at the
periphery of the stomata, the needle surface was covered thinly with waxy structures distant from the
stomata [23]. AS particles were deposited on both dense (Figure 4a,c) and sparse (Figure 4b,d) areas
with waxy structures. The distribution of waxy structures was generally not uniform in the coniferous
species [27,28]. The AS particles were also evenly deposited from the center to the edges of the leaves
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and needles. Although the waxy structures on the current Cryptomeria japonica needles were more
conspicuous than those on the previous-year needles, the AS particles were deposited in the same
manner on both the current and previous-year needles. Although the leaf and needle microstructure of
the four trees species used in this study were different, the AS particles were deposited in the same
manner on the leaf and needle surfaces. In contrast, the BC particles were deposited as aggregates only
on the sparse area of the waxy structures of the needles of Cryptomeria japonica [14]. An EDX analysis
cannot detect individual BC particles on the leaf surface, because both consist of carbon. Therefore,
the black carbon particles were identified by their shape and aggregation [14]. In contrast, in the
present study, the AS particles were identified by FE-SEM/EDX analysis. These results indicate that
the pattern of the deposition and aggregation of the AS particles clearly differed from those of the
BC particles. The differences between the deposition patterns of the AS and BC particles might be
attributed to the unique properties of each of substance, such as wettability and ionization capability.

Figure 4. The secondary electron images of the leaves and needles after exposure to ammonium
sulfate (AS) particles: Cryptomeria japonica (a,b), Japanese larch (Larix kaempferi) (c,d), Fagus crenata
(e), and Japanese chinquapin (Castanopsis sieboldii) (f). The surfaces of the leaves were either covered
with tubules (a,c), smooth layers (e), and plates (f) of waxy structures, or rarely covered with these
structures (b,d). AS particles were deposited on both dense (a,c) and sparse (b,d) areas of the waxy
tubule structures. Black arrows indicate AS particles.
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4. Conclusions

We applied a method to visualize the deposition of individual submicron-sized AS particles on
leaf and needle surfaces by FE-SEM and EDX. This method provides us a detailed localization of the
submicron-sized AS particles immediately after deposition. Our current and previous studies [14]
revealed that the deposition patterns of AS particles on the surfaces of leaves and needles differed from
those of the BC particles. The proposed method will be useful to determine the localization pattern of
other submicron-sized particles, including elements that can be detected by EDX.
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