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Abstract: The concentration of benzene in indoor air has received appreciable attention due to its
adverse health effects. Although phytoremediation has been considered as an eco-friendly method
to remove benzene, it is unclear how to select plants with a high removal rate. In this study, we
evaluated the benzene removal efficiency of four common ornamental plants, Epipremnum aureum,
Chlorophytum comosum, Hedera helix and Echinopsis tubiflora, and we also explored the factors impacting
benzene removal efficiency. The removal efficiency of all plants in this study averaged at 72 percent.
The benzene absorption rates of Epipremnum aureum, Hedera helix and Chlorophytum comosum were 1.10,
0.85 and 0.27 µg·m−3 ·cm−2 , respectively. This is due to the different transpiration rates and chlorophyll
concentrations in the plants. The benzene removal efficiency of crassulacean acid metabolism plant
(Echinopsis tubiflora) was 23% higher than C3 plant (Epipremnum aureum) under dark conditions.
This can be attributed to the fact that the characteristic of Echinopsis tubiflora stomata is different from
Epipremnum aureum stomata, which is still open under dark conditions. Therefore, Echinopsis tubiflora
can take up more benzene than Epipremnum aureum. For different initial benzene concentrations,
the benzene removal efficiency of Echinopsis tubiflora was always great (50–80%), owing to its high
rate of transpiration and concentration of chlorophyll. Our findings indicate that transpiration rate
and chlorophyll concentration can be used as reference parameters to facilitate ornamental plant
screening for indoor air quality improvement.
Keywords: Phytoremediation; benzene; ornamental plants; indoor air quality

1. Introduction
Benzene exposure has received appreciable attention due to its adverse health effects. Even a low
level of benzene exposure can lead to leukemia, aplastic anemia and some cancers [1,2]. Emissions from
painting or furniture are considered to be an important source of benzene in the indoor environment.
Given that people spend more than 80% of their time indoors [3], it is essential to study the effective
measures of removing benzene from the indoor air.
Indoor air quality can be improved by many air purification techniques, including adsorption,
photolysis and photocatalysis [4]. Each technique has its own disadvantages, such as high operating
costs or the production of secondary pollutants [4,5]. To avoid these disadvantages, phytoremediation
has been proposed as an eco-friendly alternative technique for the treatment of indoor air pollutants [6–9].
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Furthermore, in order to accurately assess the VOC removal efficiency of plants, the traditional method
of the test chamber has been improved [10], and a great deal of research has been conducted. Most of
these research has focused on treating benzene in indoor air by C3 plants and has found that they have
potential to improve indoor air quality [11–15]. However, few studies have focused on the benzene
removal efficiency of crassulacean acid metabolism (CAM) plants [16], which is a type of effective
phytoremediation plant and a common ornamental plant in indoor environments. Noticeably, the
concentrations used in these tests were several orders of magnitude greater that those in real-life
homes. We cannot simply extrapolate the results from chamber experiments to real-life homes due to
the great differences between them, such as in terms of their air temperature, humidity and ventilation.
In order to fill this knowledge gap, Wood et al. [17] conducted an experiment in real-life homes and
did not find the phenomenon of the removal of VOCs by plants due to low VOC concentrations.
This result indicates a threshold value for VOC removal by plants. However, the threshold value is
still unknown. Moreover, it is also unclear whether other factors affect the ability of plants to remove
VOCs in real-life homes.
Many factors impact the VOC removal efficiency of plants. Previous studies have indicated that
light condition is an important factor for phytoremediation [18,19]. Some studies have reported that
plant-associated microorganisms play an important role in removing indoor air pollutants [20,21].
Sriprapat and Thiravetyan [18] reported that water stress has a negative effect on phytoremediation.
Furthermore, chlorophyll concentration and enzyme systems are reported to be essential for plants
in detoxifying hazardous organic compounds [18,22]. However, systematical analysis of influencing
factors such as chlorophyll or peroxidase (POD) is scarce. More importantly, there is still no guidance
on how to screen plants to improve indoor air quality.
The objective of this study was to investigate the mechanism and capacity of CAM and C3 plants of
removing benzene in indoor air. The factors influencing the benzene removal efficiency of plants were
studied, including the plant species, light conditions, concentration of benzene, rate of transpiration,
concentration of chlorophyll and activity of POD. The result of the present study can be used as a
guidance for screening appropriate plants to improve the indoor air quality, particularly in terms of
removing benzene.
2. Materials and Methods
2.1. Plant Cultured Condition
Epipremnum aureum, Chlorophytum comosum, Hedera helix and Echinopsis tubiflora were purchased
from one ornamental plant shop in Shanghai, China. All plants were thoroughly cleaned with taps and
distilled water to disperse soil particles which adhered to plant leaves. The leaf area of experimental
plants was measured by a leaf area meter (YMJ-B, Top Instrument Inc., Hangzhou, China) and controlled
by judicious pruning. Those plants were maintained in plastic pots, which contained 300 g of soil as a
growth media. Furthermore, the lower part of the plant, including soil, was covered by four layers of
plastic film to avoid the effect of other factors, such as soil and pot absorption of benzene.
2.2. Fumigation Chamber
Glass desiccators with a volume of 0.216 m3 were built for plant fumigation. Three replicate
chambers (plant + benzene) and one controlled chamber (only plant) were used in each treatment.
There were two separate ports: an injection port and a sampling port. After plants were placed into
each chamber, the chamber was closed and water sealed. Then, 99.9% benzene (100 ppm, Weichuang
Inc., Shenzhen, China) was injected into the chamber at 200 mL·min−1 for 120 s, regulated by a separate
mass flow meter (MF4008, Siargo Inc., Santa Clara, CA, USA). The mass flow meter was calibrated
before use. Experiments were conducted in a controlled laboratory with a temperature of 22.3 ◦ C and
relative humidity of 60.5 %.
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A portable pump (TWA-300XB, XBXY Inc., Beijing, China) and stainless-steel tubes filled with
Tenax TA (N9307005, PerkinElmer Inc., American Fork, UT, USA) were used for sampling gas from
the chambers after 12, 24, 48, and 72 h of fumigation. Before sampling, all the Tenax TA tubes were
conditioned in helium for 2 h at 225 ◦ C. The flow rate of the pump was set at 0.2 L·min−1 , as calibrated
by a gas flow meter (Model 4050, TSI Inc., Minnesota, USA). The sampling volume was calculated
using the following equation:
Vs = Qa t ×

293.15
P
×
273.15 + T 101.325

(1)

where Vs is the standard sampling volume (L); Qa is the actual flow rate (litres·min−1 ) measured
by the flow meter; t is the sampling time (min); and T and P are the ambient temperature (◦ C) and
the barometric pressure (kPa), respectively. After sample collection, chambers were evacuated and
prepared to test the next species. The same sampling procedure was applied for each species.
2.3. Removal of Benzene in House
In order to compare the benzene removal efficiency in chambers, Epipremnum aureum was placed
in a house which was painted in a week, and benzene was measured. Portable pump (TWA-300XB,
XBXY Inc., Beijing, China) and stainless-steel tubes filled with Tenax TA (N9307005, PerkinElmer Inc.,
American Fork, UT, USA) were used for gas sampling after 0, 2, 7, 14 and 35 days. The concentration
of benzene was measured by gas chromatography.
2.4. Transpiration Rate, POD and Chlorophyll Concentration Analysis
The rate of transpiration was measured by the weighing method [23]. Three leaves were cut off
the plant before and after fumigation. Then, each leaf was weighed by electronic analysis balance
(BSA224S, Sartorius Inc. Göttingen, Germany) before and after 10 min of air drying treatment at room
temperature. The weight difference of the leaf divided by the leaf area was used to represent the
transpiration rate.
The activity of POD in each plant was measured by a UV-visible spectrophotometer (UV-1700,
SHIMADZU Inc., Kyoto, Japan) at 470 nm. Ten minutes of dark adaptation was required. The leaves
were dissolved in 10 mL phosphoric acid buffer solution (20 mmol·L−1 ). Then, they were centrifuged
for 20 min with 5000 r·min−1 in a centrifuge machine (TDL-5-A, Anting Inc., Shanghai, China).
The supernatant fraction was prepared as extract enzyme solution. A cuvette with 3 mL reaction
mixed solution (50 mL phosphoric acid buffer solution, 28 µL guaiacol and 19 µL 30% H2 O2 ), 1 mL
phosphoric acid buffer solution (20 mmol·L−1 ) and 1 mL extract enzyme solution was used to measure
the absorbance. The data were recorded every 30 s, and the variation of absorbance in 1 min was used
to indicate the enzyme activity. POD was calculated by the following equation:
K=

∆A470 × Vt
W × Vs × 0.01 × t

(2)

where K is the activity of POD (U·(g·min)−1 ); ∆A470: absorbance difference during reacting time (t);
W is the fresh weight of plants (g); Vt is the total volume of extract enzyme solution (mL); Vs is the
volume of extract enzyme solution for measurement (mL); and t is the reaction time (min).
Chlorophyll in each plant was measured by a UV-visible spectrophotometer (UV-1700, SHIMADZU
Inc., Kyoto, Japan) at 663.6 nm and 646.6 nm. Five leaves of each species and 10 min dark adaptation
were required. The leaves were cut into pieces and solved in tubes with 80% acetone and 95% ethanol
(2:1). The tube was then put in thermostatic water bath pot (HH-4, Guohua Instrument Inc., Changzhou,
China) at 60 ◦ C for 10 min. Then, the supernatant fraction was used to measure chlorophyll in the
plant leaf.
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2.5. Benzene Removal Efficiency
In order to compare the benzene removal efficiency of plants in the chamber and real environment,
we chose a renovated house to test for one month. Given the volume of the house, 16 potted Epipremnum
aureum plants were selected for the real environment test. The removal efficiency of benzene was
evaluated using the initial and final benzene concentrations in the chamber and renovated house,
respectively. The amount of gas removed per unit surface area of plant leaf and the percentage of
removal efficiency were calculated as
M=

Ci − C f

N=

Ci

× 100

Ci − C f
A

(3)

(4)

where M is the removal efficiency (%); N is the benzene removal rate (mg·m−3 ·cm−2 ); Ci is the initial
concentration (mg·m−3 ); Cf is the final concentration of benzene (mg·m−3 ); and A is the total leaf area
(cm2 ).
2.6. Effect of Light Conditions
The C3 plant (Epipremnum aureum) and the crassulacean acid metabolism (CAM) plant (Echinopsis
tubiflora) were selected in this measurement. In the light condition, plants were exposed to 24 h of
lamplight, while in the dark condition, black plastic bags were used to cover the chambers to create
24 h of darkness. In normal conditions, plants were exposed to 12 h of the light condition and 12 h of
the dark condition. Benzene in the chambers was collected, and then the concentration was measured
by gas chromatography. Rate of transpiration, activity of POD and concentration of chlorophyll were
also measured before and after the experiment.
2.7. Effect of Different Benzene Concentrations
With the purpose of detecting the benzene removal efficiency of plants at low and high
concentrations, respectively, we conducted the experiment at two different initial benzene concentrations
of 0.2 and 50 ppm. Plant preparation, fumigation, and experimental conditions were performed as
mentioned above.
2.8. Gas Analysis
Analysis of benzene samples from adsorbent tubes was performed by thermal desorption
(TurboMatrix 350 ATD, Perkin-Elmer Inc., American Fork, UT, US) and gas chromatography/mass
spectrometry (GC/MS) (GC/MS, DSQ-II, Thermo Fisher, Waltham, MA, USA). A DB-5MS capillary
column (30 m × 0.25 mm × 0.25 µm, Agilent Inc., Santa Clara, CA, USA) was used on the GC and
helium was used as the carrier gas. The oven temperature of the GC was initially held at 40 ◦ C for 3
min and then raised to 60 ◦ C at 2 ◦ C·min−1 and to 250 ◦ C at 20 ◦ C·min−1 , and finally kept at 250 ◦ C for
3 min. The mass spectrometer was operated in the electron impact mode (70 eV) by a full scanning
between 35 and 350 mass units. The method detection limit (MDL) of benzene was 0.5 µg·m−3 .
2.9. Statistical Analysis
The one-way analysis of variance and Duncan’s multiple range tests were used (1) to measure
the difference of benzene removal efficiency, chlorophyll concentration, POD and transpiration rate
of different plants at different times; (2) to measure the difference of the benzene removal efficiency
of Echinopsis tubiflora, and Epipremnum aureum under different light conditions; and (3) to measure
the difference of the benzene removal efficiency of the four plants after being exposed to different
benzene concentrations. A Pearson correlation analysis was conducted to investigate the relationship
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between the chlorophyll concentration, transpiration rate and POD activity, and benzene removal rate
in different plants. The data were statistically analyzed using SPSS version 20.
3. Results and Discussions
3.1. Benzene Removal Efficiency of Experimental Plants
Ornamental potted plants (Epipremnum aureum) were placed in the renovated house and chamber
to remove benzene. As shown in Figure 1a, the decreasing trend of benzene concentration in the
test house was more pronounced than that in the control house. The result is in agreement with the
previous finding, where VOCs in a real-life house may be absorbed by plants [24]. This was further
verified in Figure 1b. After 72 h of fumigation, the plant could take up a total of 84.1% benzene.
The different benzene removal efficiencies of Epipremnum aureum between the chamber and house can
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3.2. Regulating Factors of Benzene Removal Efficiency
As shown in Figure 3, the benzene absorption rate varied among the three plants (Epipremnum
aureum,
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comosum and
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benzene removal efficiency of Echinopsis tubiflora and exposure time. This can be attributed to the fact
that Echinopsis tubiflora is a CAM plant, which can take up benzene by stomata under both light and
dark conditions [26].

3.2. Regulating Factors of Benzene Removal Efficiency
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chlorophyll concentrations of Epipremnum aureum, Chlorophytum comosum and Hedera helix decreased
by 46.4%, 61.4% and 49.7%, respectively. The results also showed significant differences in chlorophyll
concentrations between the controlled plants and the treated plants (Epipremnum aureum, Chlorophytum
comosum and Hedera helix) after being exposed to benzene for 72 h. This is because VOCs cause
chloroplasts to swell and damage them [26]. The result is consistent with previous studies which
reported the negative effects of VOCs on the cell ultrastructure of plants [28].
Table 1. Chlorophyll concentration of the three plants under different exposure times.
Mean Concentration ± S.D. (mg·L−1 )

Plant Species
Epipremnum Aureum
Chlorophytum Comosum
Hedera Helix

0h

12 h

24 h

48 h

72 h

38.63 ± 0.05b
28.06 ± 0.07c
44.84 ± 0.08a

37.79 ± 0.06b
25.91 ± 0.06c
38.16 ± 0.05a

32.93 ± 0.05a
20.32 ± 0.04c
27.96 ± 0.03b

22.14 ± 0.05b
14.82 ± 0.04c
24.37 ± 0.07a

20.71 ± 0.07b
10.82 ± 0.05c
22.57 ± 0.05a

Note: the different letters in the same column indicate the significant difference among different plants at (Duncan
test, p < 0.05).

Table 2. Peroxidase (POD) activity of the three plants under different exposure times.
Mean Concentration ± S.D.(U·(g·min)−1 )

Plant Species
Epipremnum Aureum
Chlorophytum Comosum
Hedera Helix

0h

12 h

24 h

48 h

72 h

20.06 ± 0.16a
16.39 ± 0.23c
18.44 ± 0.14b

23.04 ± 0.21a
17.90 ± 0.20c
22.47 ± 0.15a

27.80 ± 0.30a
19.75 ± 0.20b
27.37 ± 0.21a

29.82 ± 0.04b
20.31 ± 0.10c
30.55 ± 0.20a

36.44 ± 0.06a
21.20 ± 0.07b
32.50 ± 0.06a

Note: the different letters in the same column indicate the significant difference among different plants (Duncan test,
p < 0.05).

Table 3. Transpiration rate of the three plants under different exposure times.
Mean Concentration ± S.D. (10-6 g·m−2 )

Plant Species
Epipremnum Aureum
Chlorophytum Comosum
Hedera Helix

0h

12 h

24 h

48 h

72 h

12.61 ± 0.21a
0.39 ± 0.12b
0.24 ± 0.13b

10.14 ± 0.21a
0.38 ± 0.11b
0.22 ± 0.09b

3.65 ± 0.11a
0.26 ± 0.12b
0.18 ± 0.11b

3.26 ± 0.07a
0.25 ± 0.14b
0.04 ± 0.02c

2.26 ± 0.06a
0.18 ± 0.09b
0.03 ± 0.02c

Note: the different letters in the same column indicate the significant difference among different plants (Duncan test,
p < 0.05).

After 72 h of fumigation, the POD activity of Epipremnum aureum, Chlorophytum comosum and
Hedera helix increased by 81.6%, 29.3% and 76.2%, respectively. The production and elimination of
reactive oxygen types in plants were in dynamic balance under normal growth conditions. As exposure
time increased in the experiment, the reactive oxygen types were over-accumulated. Therefore, the
activity of POD was increased to eliminate reactive oxygen types [29].
After 72 h of fumigation, the transpiration rate of Epipremnum aureum, Chlorophytum comosum
and Hedera helix decreased by 82.1%, 54.7% and 87.5%, respectively. A higher rate of transpiration
means higher stomatal conductivity. Jin et al. [30] reported that higher stomatal conductivity was the
essential reason for the higher removal efficiency of volatile organic compounds. Our results show
that Epipremnum aureum had a higher stomatal conductivity and benzene absorption rate than that of
Chlorophytum comosum and Hedera helix, as shown in Figure 3.
As shown in Table 4, the concentration of chlorophyll and transpiration rate were significantly
correlated with the benzene removal rate in Epipremnum aureum, Chlorophytum comosum and Hedera helix.
Our results indicate that plants with a higher rate of transpiration and concentration of chlorophyll
were more effective at removing benzene from indoor air. Although no significant correlation between
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POD activity and benzene removal rate was observed, there was a tendency for plants with lower
POD activity to have a relatively high removal rate of benzene.
Table 4. Correlation coefficients between chlorophyll concentration, transpiration rate and POD activity,
and benzene removal rate in different plants.
Plant Species

Chlorophyll Concentration

Transpiration Rate

POD Activity

Epipremnum Aureum
Chlorophytum Comosum
Hedera Helix

0.901 *
0.751 *
0.875 *

0.711 *
0.871 *
0.710 *

0.469
0.420
0.481

Note: “*”: p < 0.05.

3.2.2. Effect of Light Conditions
Epipremnum aureum and Echinopsis tubiflora, the two plants with the greatest benzene removal
efficiency in this study, were chosen to represent C3 and CAM plants in this study. The plants were
held in a fumigation chamber containing 0.2 ppm of benzene for 24 h under light, dark, and normal
conditions, respectively. The results show that the benzene removal efficiency of Epipremnum aureum
under light conditions (68%) was higher, compared with that under normal (55%) or dark conditions
(35%) (Figure 4b). However, no significant difference in the benzene removal efficiency of Echinopsis
tubiflora was observed under different light conditions (Figure 4a). It has been reported that the stomata
are an important pathway for the uptake of VOCs [31]. Stomata are usually closed when leaves are
transferred from light to darkness. However, stomatal openness in succulent plants or CAM plants
under dark conditions has been observed [32]. Therefore, light or dark conditions had little effect on
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As shown in Figure 5, the benzene removal efficiency of the four plants varied between different
efficiency in this study, were chosen to represent C3 and CAM plants in this study. The plants were
benzene concentrations. When the initial concentration of benzene increased from 0.2 ppm to 50 ppm,
held in a fumigation chamber containing 0.2 ppm of benzene for 24 h under light, dark, and normal
the benzene removal efficiency of Epipremnum aureum, Chlorophytum comosum, Hedera helix and Echinopsis
conditions, respectively. The results show that the benzene removal efficiency of Epipremnum aureum
tubiflora decreased by 31.3%, 42.4%, 28.4% and 46.9%, respectively. This can be attributed to the fact
under light conditions (68%) was higher, compared with that under normal (55%) or dark conditions
that high concentrations of VOC vapors cause chloroplasts to swell and damage them [26]. The high
(35%) (Figure 4b). However, no significant difference in the benzene removal efficiency of Echinopsis
tubiflora was observed under different light conditions (Figure 4a). It has been reported that the
stomata are an important pathway for the uptake of VOCs [31]. Stomata are usually closed when
leaves are transferred from light to darkness. However, stomatal openness in succulent plants or
CAM plants under dark conditions has been observed [32]. Therefore, light or dark conditions had
little effect on the benzene removal efficiency of Echinopsis tubiflora, the CAM plant in this study.
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4. Conclusion
Epipremnum aureum, Chlorophytum comosum, Hedera helix and Echinopsis tubiflora could all be chosen
to reduce the concentration of benzene in indoor air. They could remove about 72% of benzene over
72 h. The properties of each plant, light conditions and different concentrations of benzene affected
the benzene removal efficiency. The higher the rate of transpiration and chlorophyll concentration
of the plant, the greater the efficiency of the plant to remove benzene from indoor air. There was no
significant removal efficiency difference of Echinopsis tubiflora under different light conditions. This is
due to the fact that its stomata remain open regardless of light conditions. In this study, the relatively
high benzene removal efficiency under high benzene concentration is attributed to the high rate of
transpiration and concentration of chlorophyll. Our findings indicate that transpiration rate and
chlorophyll concentration can be used as reference parameters to facilitate the screening of ornamental
plants for indoor air quality improvement. In addition, compared with C3 plants (Epipremnum aureum,
Chlorophytum comosum, Hedera helix), CAM plants (Echinopsis tubiflora) are more effective at removing
benzene from indoor air. Given that benzene is not the only pollutant in indoor air, further research
should focus on the fundamentals of ornamental plants in removing other indoor air pollutants.
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