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Abstract Zamioculcas zamiifolia has the potential to
reduce the concentration of benzene, toluene, ethyl-
benzene, and xylene (BTEX) from contaminated in-
door air. It can remove all four pollutant gases.
Benzene, toluene, ethylbenzene, and xylene uptake
per unit area of Z. zamiifolia leaf were about 0.96+
0.01, 0.93+0.02, 0.92+0.02, and 0.86+0.07 mmol
m 2 at 72 h of exposure, respectively. The physico-
chemical properties of each BTEX may affect its re-
moval. Benzene, a smaller molecule, is taken up by
plants faster than toluene, ethylbenzene, and xylene.
The toxicity of BTEX on plant leaves and roots was
not found. The chlorophyll fluorescence measurement
(F\/Fy,) showed no significantly difference between
controlled and treated plants, indicating that a concen-
tration of 20 ppm of each gas is not high enough to
affect the photosynthesis of the plants. The ratio of
stomata and cuticles showed that 80 % of benzene,
76 % of toluene, 75 % of ethylbenzene, and 73 % of
xylene were removed by stomata pathways, while 20,
23, 25, and 26 % of them were removed by cuticles.
The BTEX removal efficiency by well-watered Z.
zamiifolia was involved with day stomata opening
and night closing, while the BTEX removal efficiency
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by water-stressed Z. zamiifolia can occur both day and
night at a slightly lower rate than well-watered plants.
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1 Introduction

Benzene, toluene, ethylbenzene, and xylene (BTEX) are
monocyclic aromatic hydrocarbons that constitute an
important fraction of the volatile organic compounds
(VOCs) in ambient air. They are frequently emitted by
industrial processes and automobile exhausts. However,
many BTEX vapors can be found in buildings from
various sources, including building materials, consumer
products, and human activities (Esplugues et al. 2010).
Control of VOCs in the atmosphere is a major environ-
mental problem. Several conventional methods exist for
VOC removal, including adsorption, thermal or catalytic
combustion, photocatalytic methods, and biological
methods. Nowadays, available techniques prove to be
inefficient in treating polluted indoor air due to difficul-
ties linked to the very low concentrations (micrograms
per cubic meter range) (Guieysse et al. 2008). Therefore,
there is a need for research methods to clean and circulate
the air inside affected buildings. Among the technologies
potentially suitable for this purpose are biological sys-
tems relying upon the ability of plants to detoxify organic
compounds. Recently, phytoremediation, using plants to
remove toxins from air, has been proposed as an efficient
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and cost-effective way to improve indoor air quality. Air
pollutant amelioration by plants has been reported pre-
viously, and a variety of authors have reported that potted
ornamentals can remove VOCs from indoor air at differ-
ent rates (Wolverton 1996; Liu et al. 2007; Wood et al.
2001; Nelson and Wolverton 2011).

Our preliminary study was conducted to assess
the potential of nine ornamental plant species to
remove benzene. The different plant species
used were Zamioculcas zamiifolia, Chamaedorea
seifrizii, Scindapsus aureus, Sansevieria trifasciata,
Philodendron domesticum, Ixora ebarbata, Monster
acuminate, Epipremnum aureum, and Dracaena
sanderiana. Z. zamiifolia showed the highest potential
for benzene removal from benzene contaminated air.
Therefore, Z. zamiifolia is a suitable choice for indoor
air remediation. Z. zamiifolia Engl. is an ornamental
herbaceous plant that has glossy pinnate leaves and a
thick horizontal rhizome. It has the ability to grow under
low light conditions and lacks of disease problems
(Chen and Henny 2003). Furthermore, this plant has
weak crassulacean acid metabolism (CAM) that is
unregulated in response to water stress (Holtum et al.
2007). This characteristic might have an effect on VOCs
uptake through stomata pathway under various condi-
tions. Hence, the aims of this study were to assess and
quantify the ability of Z. zamiifolia to remove BTEX
from contaminated air. The factors that have an effect on
BTEX removal were also studied.

2 Materials and Methods
2.1 Plant Cultured Condition

Z. zamiifolia plants in similar size and growth stage
were purchased from ornamental plant shops in
Thailand. Before initiating experiments, plants
were thoroughly cleaned with tap and distilled
water to disperse soil particles that had adhered
to plant leaves. Leaf area of experimental plant
was measured by graph paper and controlled by
judicious pruning (0.013 m?). Cultures of Z.
zamiifolia were maintained in plastic pot (0.1x
0.1 m), which contains 200 g of soil and coco
coir (1:1) as a growth media. Furthermore, the pot
or the lower part of plant was covered by three
layers of aluminium foil to avoid other factors
such as soil and pot absorption.
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2.2 Fumigation Chamber

Glass desiccators with volumes of 15.6 L were built
for plant fumigation. Three replicate chambers were
used in each treatment. Chamber lids were modified
into two separate ports, an injection port and a
sampling port, with a rubber septum contained at
the tip of each port. After plants were placed into
each chamber, the system was closed and sealed
again by paraffin tape.

2.3 BTEX Removal Efficiency of Z. zamiifolia

In this study, Z. zamiifolia plants with the same average
leaf area were grown under a single gas system (plant+
20 ppm of one gas pollutant). The removal efficiency of
benzene, toluene, ethylbenzene, or xylene was evaluat-
ed using the initial and final gas concentrations within
the chamber. The experiment was done under a temper-
ature of 32+5 °C with 12 h of natural light—dark cycles.
In addition, three replicates of pot+soil, without plant
were constructed as a control chamber. To measure
BTEX concentrations in post treatment air, the gas
sample was taken from the fumigation chamber to ana-
lyze by gas chromatography. The amount of gas re-
moved per unit surface area of plant leaf and the
percentage of removal efficiency were calculated as:

(Ci = Cy)

BTEX removal per leaf area (mmol m2 ) = y

(1)

Ci-C
Xylene removal efficiency(%) = ('Cif) x 100
i

(2)

where C; is the initial concentration (mmol), Cyis the final
concentration (mmol), and A is the total leaf area (m?).

2.4 Plant Sample Analysis

Signs of stress such as leaf and root appearance were
analyzed. Photosynthesis of Z. zamiifolia in control
and treatment were determined by measuring chloro-
phyll fluorescence with an FMS-2 portable pulse-
modulated fluorometer (Hansatech Instruments Ltd,
King’s Lynn, UK) (Baker 1991). A sample of leaves
was clipped and allowed 5 min for darkness adaptation
before measurements were taken.
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2.5 Effect of Molecular Size of BTEX on Plant
Removal Efficiency

In order to compare the effects of molecular sizes of
BTEX on the removal efficiency of Z. zamiifolia,
additional experiments were conducted. Plants were
grown under a mixed gas system (plant+four gases
pollutant). Plants were placed into each chamber, and
then 20 ppm of each gas was introduced into the
chamber (the total VOCs of the system, ~80 ppm).
The removal efficiency of Z. zamiifolia was analyzed
and compared to better understand the BTEX uptake
mechanism of this plant. The BTEX removal effi-
ciency was evaluated using the initial and final gas
concentrations within the chamber. A gas sample
was taken from the fumigation chamber to analyze
by gas chromatography.

2.6 Effect of Stomata and Cuticle Wax on BTEX
Removal

Crude wax was extracted from a 0.013 m? leaf area of Z.
zamiifolia by hexane and transferred onto an aluminium
plate (0.013 m?) as described by Treesubsuntorn and
Thiravetyan (2012). Crude wax was then fumigated
with 20 ppm of each BTEX to study the effect of cuticle
wax on BTEX removal. The gas sample was taken from
fumigation chamber at 24, 48, 72, and 120 h to analyze
by gas chromatography.

2.7 Effect of Water Stress on BTEX Removal

In order to compare the rates of BTEX removal by
well-watered and water-stressed Z. zamiifolia under
light versus dark conditions, additional experiments
were conducted. For these experiments, done in trip-
licate, nonstressed plants were watered at no less than
3-day intervals to keep leaf water potentials high,
while water-stressed plants were induced by no
watering plants for 10 days before the experiment.
Then, well-watered and water-stressed of Z. zamiifolia
were subjected into fumigation chambers and retained
under light and dark conditions. In light conditions, Z.
zamiifolia was exposed to 24 h of lamplight, while in
the dark conditions, black paper and black plastic bags
were used to cover the chambers to create 24 h of
darkness. In this experiment, plants were held under a
single gas system (plant+20 ppm of one gas pollut-
ant). Benzene, toluene, ethylbenzene, or xylene was

introduced to generate an initial concentration of
20 ppm inside the chamber. The concentrations of
pollutant gases in the chamber were collected and then
measured by gas chromatography (GC). The experi-
ment was done under a temperature of 32+5°C for
24 h. Furthermore, the stomatal conditions were ana-
lyzed using a nail varnish to copy the pattern of
stomata on the leaves, and then the appearance of
stomata was analyzed by a light microscope.

2.8 Gas Analysis

The BTEX concentrations were analyzed by a gas chro-
matography flame ionization detector (GC-FID) model
GC-430 from Bruker column: VF-1ms, 15 mx0.25 mm,
0.25 pm i.d. The experimental conditions for GC-FID
were a 100 °C injection temperature, a 130 °C column
temperature, and a 150 °C detector temperature. For
analysis, the external standard technique was used.
BTEX concentrations in the standard gas for the calibra-
tion curve were 0, 5, 10, 15, 20, and 25 ppm.

2.9 Statistical Analysis

A completely randomized design was used for the
experiments. The data were statistically analyzed
using SPSS version 20 to perform a one-way analysis
of variance, and significantly different means were
assessed by Duncan's multiple range tests at a 95 %
confidence level.

3 Results and Discussion
3.1 BTEX Removal Efficiency of Z. zamiifolia

The remediation of benzene, toluene, ethylbenzene,
and xylene by Z. zamiifolia was studied. The experi-
ment found that Z. zamiifolia was effective in decreas-
ing these compounds in the contaminated air within
120 h. These results also indicated that benzene was
taken up at a slightly faster rate than other compounds.
Benzene uptake per unit area of Z. zamiifolia leaf was
about 0.96:+0.01 mmolm ~ at 72 h of exposure, while
toluene and ethylbenzene uptake per unit area of Z.
zamiifolia leaf were around 0.93+0.02 mmolm 2,
0.92+0.02 mmolm 2 at 72 h of exposure, respectively.
In contrast, Z. zamiifolia showed xylene removal at a
slower rate and with lower efficiency than other
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compounds. Xylene uptake per unit area of Z.
zamiifolia leaf was about 0.86+0.07 mmolm ? at
72 h of fumigation. Figure 1 shows the benzene,
toluene, ethylbenzene, and xylene reduction achieved
by Z. zamiifolia in 120-h period.

Symptoms of BTEX toxicity to Z. zamiifolia were
analyzed. The toxicity of BTEX on plant leaves and roots
was not found. Z. zamiifolia plants looked healthy, and
some of them produced new roots (Fig. 2). In this study,
the chlorophyll fluorescence measurement (F,/F,,) was
analyzed. These parameters reflect the absorption, trans-
mission, distribution, and dissipation of light energy by
the plant leaf (Lin et al. 1992). Thus, they are used to
determine the photosynthetic performance. The results
showed no significantly difference (p<0.05) of
F,/F,, ratio between the controlled and treated
plant after exposure to the pollutants. This may
indicate that a benzene, toluene, ethylbenzene, or
xylene concentration of 20 ppm is not high
enough to affect the photosynthesis of the plants.
Figure 3 shows photosynthesis of Z. zamiifolia
after it was grown in contaminated air.
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3.2 Effect of Molecular Size of BTEX on Plant
Removal Efficiency

In order to compare the effects of molecular sizes of
BTEX on the removal efficiency of Z. zamiifolia, addi-
tional experiments were conducted by growth the plant
under a mixed of four gases pollutant. In the mixture of
the four gas system, Z. zamiifolia was exposed to a gas
mixture of BTEX with an initial concentration of
20 ppm of each gas (TVOCs, ~80 ppm). The remaining
BTEX concentrations in the air were studied using GC
techniques. The result showed that Z. zamiifolia has a
potential to remove all four air pollutants. Benzene was
taken up by the plant more easily than the other com-
pounds. Z. zamiifolia lowered the concentration of
BTEX in contaminated air from about 20 to 0 ppm
within 12 days for benzene, 13 days for toluene, and
14 days for ethylbenzene and xylene, respectively.
Figure 4 shows the mixture of BTEX gases uptake by
Z. zamiifolia within a period of 14 days.

Z. zamiifolia has the potential to reduce the con-
centration of all four gases from contaminated indoor
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Fig. 1 Remaining benzene (a), toluene (b), ethylbenzene (c), and xylene (d) concentrations in the system after treatment with Z.

zamiifolia for a 120-h period. Values are means+standard deviations

@ Springer



Water Air Soil Pollut (2013) 224:1482

Page 5 of 9, 1482

Fig. 2 Leaves and roots of Z. zamiifolia after exposure to benzene (b, g), toluene (¢, h), ethylbenzene (d, i), and xylene (e, j) at 20 ppm
and untreated control plant (a, f) for 120 h

air. Pollutant gases are taken up by this plant at differ-
ent rates. Some researchers proposed that diffusion is a
rate-limiting process in phytoremediation (Baduru et
al. 2008). From Fick’s first law of diffusion (Eq. 3),
gas passes into a leaf by diffusing down concentration
gradient from a region of high concentration to a
region of lower concentration.
9

Fick's first law of diffusion : J = —D Bx (3)

where J (molm s ') is the diffusion flux, D (m?s ")
is the diffusion coefficient, ¢ (molm>) is the

concentration in dimensions, and x (m) is the position.
Our experiment was done at the same initial concen-
tration of each gas, temperature, and pressure, show-
ing that the difference in the flux of each BTEX gas is
closely related with a diffusion coefficient. Many re-
ports also indicated that the diffusion coefficient is
directly related with physical and chemical properties
of the compound, like molecular weight or molecular
volume (Little et al. 1994; Bodalal et al. 2000). Our
experimental results corresponded to these studies, in
which benzene, a smaller molecule, is taken up by
plants faster than toluene, ethylbenzene, and xylene,
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Fig. 4 Efficiency of BTEX 120
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respectively. Benzene uptake per unit area of Z.
zamiifolia leaf was about 0.68+0.02 mmolm * at
7 days of exposure, while toluene, ethylbenzene, and
xylene uptake per unit area of Z. zamiifolia leaf were
around 0.55+0.04, 0.46+0.01, and 0.28+0.01 mmol
m 2 at 7 days of exposure, respectively. Therefore, Z.
zamiifolia has a potential to remove all BTEX com-
pounds, and the physicochemical properties of each
BTEX may affect its removal. However, the uptake of
VOCs into plants might depend on many factors. For
example, previous reports about the removal efficien-
cy of a mixture of benzene and toluene by Kalanchoe
blossfeldiana showed that benzene was taken up but
toluene was not, indicating apparent selectivity of this
plant over toluene (Cornejo et al. 1999). Therefore,
effecting factors and mechanisms of the VOCs uptake
by plants, specifically the plant properties, are of great
interest and need to be studied future.

3.3 Effect of Stomata and Cuticle Wax on BTEX
Removal

From microscopic analysis of Z. zamiifolia leaf, we
found that the stomata are located on the lower
(abaxial) side of a leaf, and the cuticle wax is thicker
on the upper (adaxial) side (data not shown). The effect
of cuticles and stomata on BTEX removal by Z.
zamiifolia was studied and found that the cuticle from
the 0.013 m? leaf area of Z zamiifolia could decrease
benzene, toluene, ethylbenzene, and xylene approxi-
mately 0.19+0.05, 0.25+0.04, 0.27+0.03, and 0.27+
0.04 mmolm 2 within 120 h, respectively. Figure 5
shows the influence of cuticle on the BTEX removal.
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Therefore, we can conclude that 80 % benzene, 76 %
toluene, 75 % ethylbenzene, and 73 % xylene were
removed by stomata pathways, while 20, 23, 25, and
26 % of them were removed by nonstomata pathways or
cuticles, respectively. Figure 6 shows the ratio of BTEX
removal between stomata and cuticles of Z. zamiifolia.
Stomata and cuticles of plants are important pathways
for VOCs uptake (Keymeulen et al. 1993; Kvesitadze et
al. 2009; Treesubsuntorn and Thiravetyan 2012).
Although the BTEX can directly penetrate on the
plant's waxy cuticles, our results showed that they
were taken up by stomata pathways higher than
nonstomata pathways.

3.4 Effect of Water Stress on BTEX Removal

In order to compare the rate of BTEX removal by
well-watered and water-stressed Z. zamiifolia under
light versus dark conditions, BTEX removal capacities
of these plants were evaluated, in triplicate, in 24 h of
light and dark conditions. Table 1 summarizes the
results of these experiments. The well-watered plants
under the 24 h of light conditions clearly showed
BTEX uptake at a significantly higher rates than the
under 24 h of dark conditions (p<0.05). Under light
conditions, BTEX uptake per leaf area of plant were
0.53+0.03, 0.44+0.03, 0.42+0.01, and 0.40+
0.05 mmolm 2, respectively, while the BTEX uptake
per leaf area of plants in dark conditions were around
0.33+£0.03, 0.32+0.04, 0.33+£0.03, and 0.24+
0.05 mmolm 2, respectively, at 24 h of exposure.
These data corresponded with that of a previous study
(Jen et al. 1995), which shows that soybean uptake of
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Fig. 5 Remaining benzene (a), toluene (b), ethylbenzene (¢), and xylene (d) concentrations in the system after being treated with crude
wax of Z. zamiifolia for a 120-h period. Values are means=+standard deviations

toluene was greatest in light phases and decreased
during dark phases. Furthermore, the microscopic
analysis of well-watered Z. zamiifolia leaf under 24 h
of light and dark conditions showed that, under light
conditions, stomata were opened, and under dark con-
ditions, stomata were closed (Fig. 7a, b). Therefore,

120

B Cuticle wax
D Stomata
100 4

80 4

60

404

204

Removal efficiency (% of 20 ppm)

0 T T T
Benzene Toluene  Ethylbenzene

xylene

Fig. 6 The ratios of BTEX removal by the stomata and cuticle
of Z. zamiifolia at 120 h

the BTEX removal efficiency by well-watered Z.
zamiifolia was involved with day stomata opening
and night closing.

However, 24 h under light conditions, the results
showed no significant difference between well-watered
plants and water-stressed plants on the BTEX uptake
(p<0.05). Thus, water-stressed plants continually uptake
BTEX by stomata pathways the same as well-watered
plants. However, a small respiration rate was found in
water-stressed conditions (Ribas-Carbo et al. 2005);
thus, it can cause the BTEX uptake in water-stressed
plants to be lower than well-watered plants by stomata
pathways. The microscopic analysis of well-watered and
water-stressed plants under 24 h of light conditions is
shown in Fig. 7a and c. The figure shows that, in water-
stressed plants, the stomata still opens in decreasing
degree aperture. Thus, water-stressed plants continually
uptake BTEX by stomata pathways the same as well-
watered plants.

Conversely, under 24 h of dark conditions, water-
stressed plants uptake BTEX at a slightly faster rate
than well-watered plants. The results showed a signif-
icant difference between well-watered plants and
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Table 1 BTEX uptake per unit area of Z. zamiifolia leaf of well-watered and drought-treated plants at 24 h under light and dark conditions

Pollutant uptake per unit area of plant leaf (mmolm 2)

Treatments Benzene Toluene Ethylbenzene Xylene

24 h of light

Well-watered plant 0.53+0.03* 0.44£0.03* 0.42+0.01° 0.40£0.05
Water-stressed plant 0.53+0.03" 0.48+0.03" 0.40+0.02* 0.37+0.04"
24 h of dark

Well-watered plant 0.33+0.03° 0.32+0.04° 0.33+0.03° 0.24+0.05°
Water-stressed plant 0.47+0.05* 0.43+0.02% 0.36+0.00" 0.30+0.01°

The data are presented as the means+standard deviations of three individual experiments. Values in the same column with the same

letter are not significantly different(p<0.05)

water-stressed plants of Z. zamiifolia on the benzene
and toluene (p<0.05) and showed no significant dif-
ference on the ethylbenzene and xylene uptake (p<
0.05) under dark conditions. Water-stressed plants up-
take BTEX at a slightly higher rate than well-watered
plants. The increase in dark CO, uptake in response to
drought of this plant (Holtum et al. 2007) might cause
an increase in dark VOCs uptake. This result indicates
that the weak CAM character that is unregulated in
response to water stress of Z. zamiifolia has an effect
on BTEX uptake. Our microscopic analysis, which

Fig. 7 Stomata of
well-watered Z. zamiifolia
under 24 h of light condi-
tions (a) and 24 h of dark
conditions (b), and stomata
of water-stressed Z.
zamiifolia under 24 h of
light conditions (¢) and 24 h
of dark conditions (d)
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shows that the stomata in water-stressed plants still
open, also corresponds with this hypothesis. The sto-
mata in well-watered plants were closed and that in
water-stressed plants were opened (Fig. 7b, d). Thus,
the BTEX removal efficiency by water-stressed Z.
zamiifolia was involved with night stomata opening.
The weak CAM that is unregulated in response to
water-stressed Z. zamiifolia could be advantageous to
VOCs uptake. It could be an idea to choose a kind of
plant and then design and maintain the system to
remove indoor air pollutants at a real site.
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4 Conclusions

Z. zamiifolia has the potential to reduce the concentra-
tion of BTEX from contaminated indoor air. It can
remove all benzene, toluene, ethyl benzene, and xylene.
The physicochemical properties of each BTEX may
affect its removal. Benzene, a smaller molecule, is taken
up by the plant faster than toluene, ethylbenzene, and
xylene. The toxicity of BTEX on plant leaves and roots
was not found. Plants could grow, and some of them
produced new roots. The ratio of stomata and cuticles
showed that 80 % of benzene, 76 % of toluene, 75 % of
ethylbenzene, and 73 % of xylene were removed by
stomata pathways, while 20, 23, 25, and 26 % of them
were removed by nonstomata pathways or cuticles,
respectively. The BTEX removal efficiency by well-
watered Z. zamiifolia was involved with day stomata
opening and night closing, while the BTEX removal
efficiency by water-stressed Z. zamiifolia can occur
in both day and night at a slightly lower rate than
well-watered plants.
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