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Dynamics of water evaporation and flammability
from the common “dogwood” (Cornus kousa) leaf

Abstract

The leaves of Cornus kousa (Dogwood) were specifically analyzed for their ability to resist
burning in three different conditions: fresh, oven dried, and naturally fallen leaves. Analyzing
the different surface properties of each of the leaves was of particular importance and the
special attributes of the epidermis layer were determined using Optical Water Contact Angle
Microscopy, Optical Microscopy and Confocal Microscopy. Water droplets were displaced
onto the surface of the leaves measuring each of the contact angles over a period of time until
evaporation occurred, which aided the understanding of the hydrophobic and hydrophilic
properties of the leaves in different settings. Optical and Confocal Microscopy were utilized
to examine the topology of the leaf epidermis, not only through a micro—analysis of the
epidermal layer structures, but also through a 3D model of the different course and smooth
surfaces, respectively. Flame tests were conducted to contrast the pyrolyzing rates of the
leaves under the three conditions. Understanding properties specific to the Cornus kousa
and more specifically the dynamics in water evaporation and flammability which is helpful
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Introduction

The characterization and investigation of different properties of
tree leaves are the important consideration in various scientific fields.
Knowing the mechanism by which leaves burn is also critical in
considering when working with leaves on varying types of shrubbery.
These properties are especially important when engineering new
methods to mitigate wildfires, as the physical and chemical properties
of the leaf are the main promoters of burning and wildfire spread.*

The general biological structures that compose the leaf itself
are important characterization that distinguishes different types
of foliage. A leaf contains three different main layers:>”’ the upper
epidermis, mesophyll, and lower epidermis. The upper epidermis
is the uppermost layer of the leaf and provides protection in the
form of a cuticle layer containing wax, which also assists in water
conservation. Another layer of epidermal cells underneath the waxy
cuticle channels the sunlight into the mesophyll layer where most of
the photosynthesis occurs. Similar to the upper epidermis, the lower
epidermis also contains a cuticle layer of wax and the lower epidermis
cells, promoting controlled gas exchange for the sustainability of
the leaf. Additionally, both the upper and lower epidermis contain
structures called trichomes, which are little hair-like structures with
smaller crystal formations attached.*® The mesophyll layer fits in the
middle of the upper and lower epidermis layers and serves as the main
locus for the production of nutrients for the leaf. Protected by the other
layers and with light channeled into it, the mesophyll layer not only
contains the most cells with chloroplasts, but it also contains the most
water. Below the upper epidermis cells are the palisade mesophyll
cells, as well as the spongy mesophyll cells and vascular cells. The
palisade mesophyll layer contains closely packed cells which absorb
the majority of light and produced the most energy via photosynthesis.
In addition, they are transparent and further channel the sunlight into
the spongy mesophyll layer. In between the spongy mesophyll cells
are small, humid air pockets which allow for the gas exchange during
the photosynthesis process. Additionally, long vascular cells ran along
the entire mesophyll layer which contains two main components, the

Xylem and Phloem. The Xylem, a straw—like structure made of dead
cells and pitted cell walls transports water and solutes from the roots
to the leaves and provides significant mechanical support for the leaf.
Unlike the Xylem, the Phloem is composed of living cells which
transport a sap substance rich in nutrients, promoting photosynthesis
and the further growth of a plant.!” Understanding how each leaf is
structured is beneficial for research in leaves of specific species.

Among the top three choices for America’s National Tree, according
to Arbor Day Foundation, the Dogwood species placed third. The
tree is native to the United States and is now considered as one of
the most beautiful, flowering trees amongst America’s shrubbery."
The Dogwood species, Cornus, is divided into eleven subspecies, of
which our experiment targeted the subspecies Cornus kousa.'>!3 This
species inhabits a vast geographical area and is commonly found in
the eastern, mid—western, and southern regions of America, as well as
China, Japan, and Korea. It grows well in both residential and urban
settings, as well as to rural and woodland areas, and hence comes in
contact with large urban and rural population groups, as well as fauna
in protected natural habitats.

Numerous studies have been done on plants with leaf surfaces that
were super—hydrophobic or hydrophilic, such as lotus leaves,'* but
little has been done for common types of plant leaves, which have
greater impact on the general population. Weiss' has investigated the
contact angle of water droplets on leaves in relation to water potential.
However, wax less bean plant leaves such as Phaseolus vulgaris L.
and Glycine max L. Merrill were used, with alfalfa (Medicago sativa
L. ) being the only relatively waxy plant leaf used. Although the
author claimed that it was probably to assume that the waxy surface
of the alfalfa leaf exerted control on the water droplet at leaf surface,
it was left without further investigation.

Thus, our investigation focused on the properties of fresh leaves,
vacuum oven dried leaves, and dry leaves that had naturally abscised
from Cornus Kousa (Dogwood). Previous work was performed mostly
on leaf extractions, where results from the front and back surfaces
were averaged. Hence information critical to the development of
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Dynamics of water evaporation and flammability from the common “dogwood” (Cornus kousa) leaf

flame retardant spray was lost. Here we demonstrate the critical
differences between the front and back of the leaf in terms of water
retention and hydrophobicity, when the leaf is fresh, oven dried, of
naturally decayed. In order to assess the mechanism in which each
type of leaf burning, a flame test was performed on all three types of
leaves (this part of the investigation was especially applicable when
attempting to explore wildfire behavior). Measurement on the contact
angle of water droplets on the leaves over time was conducted in order
to analyze the absorption and evaporation of liquids by the leaf, as
well as the hydrophobic and hydrophilic surface properties of the
leaf. The mass of the leaf before and after drying in a vacuum oven
was collected to assess the quantity of water the leaf contained. An
analysis of the surface and physical composition of the leaf on the
micro—level was created in order to accurately draw conclusions from
our quantitative data.

Methods

Classification of leaves and selection

Three types of Natural Cornus kousa (Dogwood) leaves were used
for measurements and comparison: fresh leaves, oven dried leaves
and fallen leaves (naturally dried leaves). The fresh and fallen leaves
were randomly picked. Oven dried leaves were made by putting fresh
leaves in CIT Alcatel 2004A Vacuum Oven for 25 minutes at 90°C
and 400 mTorr.

Monitoring of evaporation in three groups

A droplet of deionized water was displaced onto the front and
back exteriors of each fresh, oven dried, and fallen leaves. The leaves
were then placed on a KSV Optical Contact Angle Meter and kept on
the goniometer until the droplet was completely evaporated. The left
and right angles of the droplet as it evaporated on the leaf’s surface
were monitored every 3 minutes. The measurement stopped when the
instrument could not continue to accurately perform measurements.
The process was repeated for the front and back sides of each leaf.

Micro-level examination of the surface of three groups

A VK-X250K Keyence 3D Laser Microscope was used to acquire
optical and 3D mapping images of leaf surfaces of fresh, oven dried,
and fallen leaves. Images were taken on both front and back side of
three types of leaves at 10 x and 20 x magnification.

Flame test

Three fresh, three oven dried, three fallen leaves were held under
flame torch with propane fuel using a 2-3 cm flame for 5 seconds.
Then, flame was removed and time needed for fire to extinguish was
recorded.

Fourier-transform infrared spectroscopy (FTIR)

FTIR images were taken on both front and back side of fresh,
oven dried and fallen leaves with a Perkin Elmer Frontier FT-IR
spectrometer. An attenuated total reflection accessory was also
utilized. Each spectra was averaged from 32 scans.

Statistical analysis

The results represent testing on at least 5 leaves in each category
from which the standard deviations were computed. The significance
levels, as denominated by the p values were computed using a two
tailed students t—test. Chi square analysis was used to fit the volumetric
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and contact angle changes of droplets to linear functional forms and
deduce the errors associated with the rate of change. .

Results and discussion

Evaporation of water droplet on the front and back
surfaces of leaves

To investigate the surface property of the leaf surface, the contact
angle between the water droplet and leaf surface were taken with
three minute intervals until the water droplet evaporated. Figure 1
showed the contact angle measurements of this drying process. Each
of the images was produced by overlapping the image taken at the
beginning, middle and end of the tests, in which the most transparent
circle corresponded to the beginning, and the darkest small circle
corresponded to the end. The yellow lines indicated that the height
and radius of the DI water droplet through the drying process. Figure
2 represents a graphical analysis of the drying processes shown in
Figure 1. The line of best fit was found for each of the data series, but
the line of best fit had to be split in two for the Oven—Dried data series
as it was an exponential function, not linear. Additional equations and
information pertaining to the data can be found in the legend, as well.
It was evident, after analyzing Figure 1, that on the fresh leaf and fallen
leaf, the radius of the water droplet was unchanged on both the front
and back side of the leaf. However, it was evident that on the fresh
leaf and fallen leaf, the radius of the water droplet was unchanged on
both the front and back side of the leaf. However, it was the height
that decreased with the water evaporation. While on the oven dried
leaf, both radius and height were decreasing with water evaporation.
This “pinned” effect of the water regulates the water intake more
effectively than the front of the fresh leaf indicated that this was a
facet of the nature of the Cornus kousa. Thus, when analyzing the
contact angle results of the oven dried leaves, it was important to
identify the process through which it went through. Before going
into the vacuum oven, it too was a fresh leaf and likely shared the
same properties as described earlier of the fresh leaf. However, being
exposed to the vacuum and extreme heat environment, the leaf was
likely to be damaged in the waxy cuticle layer. As seen in Table 1,
the decreasing rate of water droplet volume was the same for both
the front and back leaves of the oven dried leaf, indicating that when
the drying process took place in a controlled environment, the waxy
cuticle layer decayed evenly across both surfaces. Contrasting this to
the random environmental nature of the decaying leaves that were
naturally dried, it was evident why the front and back sides had such
significant disparities.

From the contact angle measurements, it was notable that the
front side of the fresh leaf is hydrophilic while the back side was
more hydrophobic. Both the front and back side of the fallen leaf
were hydrophilic. Given that these two types of leaves were the
two naturally occurring types, this discovery of surface energy
performance proved that the development of a water based flame
retardant spray for preventing wildfire spread was very promising.
Based on the results, the solution could easily wet and be absorbed by
the front side of fresh leaves, as well as both sides of the fallen leaves.
Droplet on a fresh leaf was due to the waxy coating on the upper
and lower epidermis of the leaf. Since the fallen leaf had a similar
“pinned” effect, it was likely that the waxy layer was also present on
a leaf undergoing decomposition.

It was important to note observations comparing the results as a
group. Though the water droplet on the oven dried leaf presented a
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hydrophobic property of the surface, it differed from the “pinned”
effect of the water droplets on the fresh and fallen leaves.'® This likely
meant that there were different thicknesses of the waxy cuticle layer
present on each of the leaves. This theory was a possible explanation
for why the fallen leaf had a hydrophilic water contact angle as well
as an increasingly larger average rate of water droplet evaporation.
In other words, as the fallen leaf was decomposing, it was no longer
replenishing its waxy cuticle layer and was therefore not able to
control the amount of water intake as do the fresh and oven dried
leaves. On the other hand, the fresh leaf had just been picked from
the tree less than 24 hours prior and simulated a highly accurate
representation of a water contact angle of a leaf still attached to its
tree. Therefore, the fact that the back side of the fresh leaf was more
hydrophobic and able to

®B)

A)

(©) (D)

Figure | Contact angle measurements of DI water drying process on the
leaf surfaces: (A) and (B) were the front and back sides of fresh leaf; (C) and
(D) were front and back sides of oven dried leaf; (E) and (F) were front and
back side of fallen leaf. Yellow lines indicated the height and radius of the DI
water droplet.

Mass of water loss of oven—drying

Five leaf samples with a variety of leaf sizes were used to assess the
amount of water in a standard leaf, the average weight of leaf before
and after drying were shown in Table 3, and the standard deviations
were calculated and shown in Figure 3A. However, it was found that,
on average, the leaves were composed of 68.28 % water. The water
content changing could also be seen from the FTIR spectrum. The
peak at around 3400 cm™', which corresponds to water,!” was found
for all three types of leaves. The intensity of this peak was found
highest on both front and back side of fresh leaf, which suggest the
highest water content in fresh leaves. The oven dried leaves has
similar water content on both side of leaf because it was dried in a
controlled and extreme environment. As for the fallen leaf, although
the front side has slightly higher water content than the back side,
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they were both significantly less comparing to the fresh leaf. Table 3
played a significant role in the results of 5.1 by helping to understand
the surface properties of the oven dried leaf. Additionally, the amount
of water loss would assist in recognizing the structures in 5.3.
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Figure 2 Change of droplet volume and contact angle over time on different
leaf surfaces: (A) and (C) were the front side of leaves; (B) and (D) were the
back side of leaves; (E) bar graph of the decreasing rate of droplet volume; (F)
bar graph of decreasing rate of water contact angle.
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Figure 3 (A) Bar graph for weight of leaves before and after drying; (B) FTIR
spectrum taken on the front and back side of fresh, oven dried and fallen
leaves.

Micro-level examination of the surface of three groups

The 3D imaging of the topography of the surface of the leaves
proved that there were varying levels of waxy cuticles on the
epidermis of different leaves. As shown in Figure 4, the shape and
surface structure of trichrome remained the same on all three types of
leaves. Thus, the trichrome structure on the leaves were not affected
by neither the oven drying process, nor the natural decay process. In
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both Figure 5A & Figures 6A, structures that resembled bumps and
spikes were waxy cuticles.'®!° Moreover, it was proved that Figure 6A
resembled more active structures, which correlated to the statement in
5.1 that it was in the nature for the backside of a Cornus kousa leaf
to have waxier cuticles present than on its front. Additionally, it was
evident that the oven drying process caused water to evaporate from
the mesophyll layer, forcing the leaf to compress and form the craters
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seen in Figure 5C, which resembled the remaining vein structure of
the xylems and the uniform coating of the remaining waxy cuticle
layer.”® Furthermore, it was within line of this theory that the waxy
cuticle layer of the fallen leaf was partially decomposed, and it was
therefore also a viable analysis because of the partially seen textures,
which resembled the waxy cuticles and the xylem crater structures in
Figure SE.

Figure 5 Optical microscope images and 3D mappings of Front side of leaf surfaces: (A) and (B) were for fresh leaf; (C) and (D) were for oven dried leaf; (E)

and (F) were for fallen leaf.

Table | Decreasing rate of the droplet volume and contact angle of front and back side of leaves.

Decreasing Rate of Droplet

volume(uL/min)

Decreasing Rate of Contact angle
(degree/min)

Front side Back side Front side Back side
Fresh leaf 0.05+0.0034 0.02+0.0006 2.08+0.19 4.71£0.76
1.18+0.09

Oven dried leaf 0.03+0.0014 0.03+0.0009 1.92+0.11
5.52+0.28
Naturally dried leaf 0.04+0.0010 0.07+0.0029 2.27+0.11 1.49+0.04

A strong indication that the leaf in Figure 6B was fresh was its
present green hue. It is important to note that even though a leaf might
be cut from the plant, it still underwent photosynthesis within 24
hours of being cut from its source until it started decaying.® Therefore,
a fresh leaf indicated that it had been cut and used in experiments

all within 24 hours. And, since the image showed a leaf that was
purely green, it proved that the leaf was fresh. Because the leaf was
fresh means there was also water still presented in the air pockets
between the spongy mesophyll layers of the leaf, so the structures
that were resembled were the spongy mesophyll cells as the laser
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light transverse did past the transparent upper epidermis and palisade
mesophyll cells. The stark contrast between the fresh and oven dried
leaf images could be explained first through the understanding of
Table 3. Because over two thirds of the water had been lost through
the process and the leaf had been in vacuum-like conditions, the
oven dried leaves were compressed as the mesophyll layer had no
air pockets. What could be seen left in Figure 5D was the xylem
structures and the epidermis layer that had been wrapped in the outer
layer. Interestingly, the heterogeneous color pattern seen in Figure 4F
indicated that the leaf had undergone an enzymatic change and had
already started to decompose.?! The fallen leaf image shared similar
qualities to the oven dried leaf in that the xylem structures could be
seen, which demonstrated that there had already been a loss of water,
however, they were not as prominent. Additionally, because the oven
dried leaf had a homogenous color pattern, the leaf itself did not
undergo an enzymatic change and was dried uniformly because of the
oven vacuum process.
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Table 2 Contact angle between DI water and leaf surface.
Contact angle between DI water
and leaf surface(degree)
Front side Back side
Fresh leaf 45.90 103.88
Oven dried leaf 85.96 117.92
Fallen leaf 48.78 34.48
Table 3 Masses of leaves before and after drying in vacuum oven.
Mass of leaves (mg) Water loss
Before drying  After drying (wt.%)
Averaged value 359.59 114.35 68.28

Figure 6 Optical microscope images and 3D mappings of back side of leaf surfaces: (A) and (B) were for fresh leaf; (C) and (D) were for oven dried leaf; (E)

and (F) were for fallen leaf.
Flame test

The burning tests showed that the oven dried leaves and fallen
leaves burned at the same rate, as seen in Table 4. The fresh leaves
were much more resistant to the flame than the previous two. In the
case of the oven dried leaf and the naturally dried leaf, 5.2 and 5.3
demonstrated that both had a loss of water. Hence, in both cases,
the remaining water was shown to be lost completely in the seconds
starting the burning. From the flame test results, it could be seen that
water was significant in the fire resistance mechanism of the leaf. Water
accounted for over 68.28 % of the mass of the leaf and consequently
correlated to the leaf’s flame retardant properties (Figure 7).

Table 4 Time for leaves to burn out.

Fresh leaf Oven dried Fallen
leaf leaf
Time before leaf burnt out 4517 7.08 6.47

(sec)
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* no significant difference
** p-value < 0.001

Figure 7 Bar graph showing the time before burn out for fresh, oven dried
and fallen leaves.
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Conclusion

The evaporation process of water on the surface of a leaf could be
labeled as “pinned”, meaning as the water evaporates, and the height
changed but the diameter of the droplet remained the same. From the
contact angle measurements, it could be accurately concluded that
the front side of the leaf was more hydrophilic, whereas the back
side of the leaf was more hydrophobic due to a waxy coating. This
feature was especially prominent in fresh leaves, as they were picked
less than 24 hours before being examined and were still regulating
water intake such as an intact leaf would on a tree. Conversely, the
hot environment of a vacuum oven partially, but evenly stripped both
sides of the oven—dried leaves’ waxy cuticle layer. This caused the
decreasing rate of droplet volume to be equivalent on both sides of
the leaf. However, on the set of fallen dry leaves, the decreasing rate
of droplet volume had a great disparity between the front and back
sides due to environmental, random decay processes, indicating that
equivalent volumetric evaporation rates on the front and back sides
were not standard for all natural dried leaves. In the micro—level
examination, it was found that topology models and microscopic
imaging gave evidence of physical and chemical changes occurring
within the leaves. In fresh leaves, water was present in the spongy
mesophyll air pockets as seen in the raised bumps of its topology.
These textures also indicated that it was within the nature for the
Cornus kousa leaves to have different thicknesses for the waxy cuticle
layers on each of its sides. Additionally, the fresh leaf had a bright
green hue as it was still undergoing photosynthesis in the chloroplasts.
In oven dried leaves, there was again a relatively homogenous green
color, albeit less bright, and it was clearly shown in the topology
imaging that there were no air pockets in the mesophyll layer, resulting
in a compressed structure and the prominent presence of xylem. There
was a stark contrast in the fallen leaves, as it was heterogeneously
colored. The mesophyll layer was again compressed and xylem was
present, but the different colors present in the images indicated that an
actual enzymatic change occurred. From the flame test, we were able
to conclude that dried leaves burned much faster than fresh leaves,
regardless of being dried in an oven or from natural seasonal changes.
The presence of the waxy cuticle layer, to which we attributed the
large contact angles with water on the fresh and oven dried leaves,
did not seem to affect burning the rate. Rather, the oven dried and
the fallen leaves burnt at the same rapid rate, regardless of the large
difference in contact angles between them. The fresh leaves, where
the leaf underside contact angle was large and similar to the oven
dried leaf, burned at the slowest rate. Since the major morphological
difference between the three types of leaves were the swollen water
laden layers in the fresh leaves vs the collapsed or absent structures
in the oven dried and fallen leaves, we concluded that the presence of
internal water, rather than the waxy cuticle layer, was the major factor
which affected spread of fire in the leaves.
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