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Abstract
Phytoremediation is considered an effective method for indoor air pollution control. The removal rate and mechanism of 
benzene in air by two plants, Tradescantia zebrina Bosse and Epipremnum aureum (Linden ex André) G. S. Bunting, were 
investigated through fumigation experiments under the condition of plant hydroponics culturing. Results showed that the 
plant removal rates increased with increase in benzene concentration in air. When the benzene concentration in air was set at 
432.25–1314.75 mg·m−3, the removal rates of T. zebrina and E. aureum ranged from 23.05 ± 3.07 to 57.42 ± 8.28 mg·kg–1·h–1 
FW and from 18.82 ± 3.73 to 101.58 ± 21.20 mg·kg–1·h–1 FW, respectively. The removal capacity was positively related to 
the transpiration rate of plants, indicating that gas exchange rate could be a key factor for the evaluation of removal capacity. 
There existed fast reversible transport of benzene on air-shoot interface and root-solution interface. After shoot exposure 
to benzene for 1 h, downward transport was the dominant mechanism in the removal of benzene in air by T. zebrina, while 
in vivo fixation was the dominant mechanism at exposure time of 3 and 8 h. Within 1–8 h of shoot exposure time, in vivo 
fixation capacity was always the key factor affecting the removal rate of benzene in the air by E. aureum. Contribution ratio 
of in vivo fixation in the total benzene removal rate increased from 6.29 to 92.29% for T. zebrina and from 73.22 to 98.42% 
for E. aureum in the experimental conditions. Reactive oxygen species (ROS) burst induced by benzene exposure was 
responsible for the contribution ratio change of different mechanisms in the total removal rate, which also was verified by 
the change of activities of antioxidant enzymes (CAT, POD, and SOD). Transpiration rate and antioxidant enzyme activity 
could be considered parameters to evaluate the plant removal ability to benzene and to screen plants for establishment of 
plant-microbe combination technology.
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Introduction

Indoor air pollution resulting from our daily life and work 
becomes a global environmental health problem (Baloch 
et al. 2020). It was reported that about 4% of global dis-
eases were related to indoor environmental pollution, and 
that nearly 3 million deaths in developing countries probably 
have been caused by indoor air pollution since the beginning 
of the new century (González-Martín et al. 2021). Building 

ventilation is significantly restricted by the building energy 
conservation and extreme outdoor temperature conditions 
and exacerbated indoor air problems. In an airtight indoor 
environment designed for energy-saving purposes, harm-
ful compounds emitted from decoration and refurbishing 
materials tend to accumulate owing to the low rate of air 
exchange. Benzene is also an indoor environmental toxi-
cant which comes from furniture painting, wall painting, and 
decoration materials (Isinkaralar 2022). The concentration 
of benzene in the indoor air in the kitchen or industrial site 
may exceed the national standard by tens or even hundreds 
of times (Natarajan et al. 2022). In recent years, people 
have spent much time indoors due to the wide spread of 
the COVID-19 virus, and the health risks caused by indoor 
air pollution are increasing (Ptbsb et al. 2020). More and 
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more investigations have been focused on the health risk and 
elimination of indoor air pollution.

Volatile organic compounds (VOCs) are common indoor 
air pollutants that can be effectively removed by physical, 
chemical, and biological methods (Lhab et al. 2021; Liu 
et al. 2021a; Yue et al. 2020). At present, indoor air is usu-
ally purified by commercial purifiers based on physical 
adsorption or catalytic oxidation mechanisms. These puri-
fiers may result in energy consumption, secondary pollution, 
or high investment problem. Biotechnology is also devel-
oping for the indoor air pollution control (Lu et al. 2010), 
including microbiological method, phytoremediation, and 
microbe and plant combined remediation. Phytoremediation 
technology is widely regarded as an important means to con-
trol indoor air pollution due to safety, economy, and beauty 
(Chen et al. 2020; Kurade et al. 2021).

Many ornamental plants can efficiently remove VOCs in 
the air (Brilli et al. 2018; Wei et al. 2020). The phytoreme-
diation process of indoor air pollutants can be divided into 
three steps. First, VOC molecules, which diffuse to plants, 
can be fixed on the leaves surface by crude wax and then 
enter the interior of shoot through passive diffusion or active 
absorption (Redondo-Bermúdez et al. 2021; Treesubsuntorn 
et al. 2013). Second, VOC molecules can be accumulated 
in plant tissues and degraded by plant metabolism as well 
as downward transported to the root through the phloem 
(Han et al. 2021). Physiological indexes such as chlorophyll 
content, relative permeability of plasma membrane, and per-
oxidase content will change when plants experience a stress 
condition (Teiri et al. 2018). Finally, VOCs are released into 
the rhizosphere environment by plant root and assimilated 
by soil microorganisms symbiotically living with the plant. 
The synergistic effect of plants and microorganisms could 
improve the removal capacity of plants for VOCs (Abhilash 
et al. 2011; Yang et al. 2020). Thus, there are three key 
aspects controlled by plants in implementation process of 
phytoremediation to airborne benzene, including diffusion 
and shoot uptake and in vivo fixation as well as downward 
transport and root release.

Formaldehyde, VOCs, and particulate matter were the 
main indoor air pollutants. Among them, VOCs have been 
recognized as one of the principal trace constituents of 
indoor air pollutants (González-Martín et al. 2021). As a 
typical VOC, the benzene in indoor air should be control 
because of its high toxicity and high content. Indoor air 
quality depends on outdoor air quality and indoor pollut-
ant sources. For example, when the outdoor air pollution 
is serious, it will have a negative impact on the indoor air 
quality. Smoking, cooking, solvents, and coating mediums 
for furniture as well as room decorations are potential indoor 
emission sources of benzene (González-Martín et al. 2021). 
The released process of benzene may last for several years or 
decades (Li et al. 2014; Liu et al. 2020). Pollutants such as 

benzene still widely exist in indoor environment. Long-term 
exposure to airborne benzene may lead to serious health 
risks such as respiratory and nervous system diseases and 
even organ failure. Therefore, benzene is called as one of the 
“three invisible killers” (Dimitriou and Kassomenos 2020; 
Ir et al. 2021; Ren et al. 2020).

At present, most studies on the phytoremediation to air-
borne benzene are mainly focused on potted plants. With 
this culture pattern, the measured removal efficiency was a 
comprehensive index to evaluate the total purification abil-
ity of the plant-soil system. It cannot separately define the 
contribution of soil, plants, and microorganisms to the total 
removal efficiency. Thus, pot cultivation pattern was not con-
ducive to the quantitative exploration of plant purification 
mechanism. Hydroponic culture can simplify the experimen-
tal conditions and conductive to further explore the mecha-
nism of phytoremediation. Many plants have been proved to 
have strong ability to remove benzene (Parseh et al. 2018). 
However, it is still difficult to predict and ensure the phytore-
mediation efficiency under different environmental condi-
tions due to the lack of effective parameters. The lack of 
key evaluation factors on phytoremediation also limits the 
capture of efficient purification plants and the development 
of highly efficient combined bioremediation technology 
(Mosaddegh et al. 2014; Paull et al. 2019). These deficien-
cies limit the engineering application of phytoremediation 
technology in airborne benzene pollution. It is necessary to 
identify key parameters in the process of benzene removal 
by plants.

Thus, the aims of this study are to (i) investigate the 
reversible transport of benzene in air-plant-water system, (ii) 
find the key factors affecting plant purification capacities, 
and (iii) quantitatively divide the removal mechanisms of 
airborne benzene by plants and contribution ratio change of 
different mechanisms in the processes of benzene removal.

Materials and methods

Chemicals

Benzene and chemicals used for plant culturing were all of 
analytical grade.

Preparation of plant seedlings

Seedlings of uniform-sized T. zebrina and E. aureum were 
separated from their mother plant and rinsed with deion-
ized water. Then, the seedlings were transplanted into a 4-L 
container filled with a sterilized 1/5-strength Hoagland nutri-
ent. Seedlings were grown hydroponically for 4 weeks in a 
growth chamber before experimentation. The temperature 
of the control environment was 23–25 °C and the humidity 

58283Environmental Science and Pollution Research  (2023) 30:58282–58294

1 3



was 70%. The nutrient solution for seedlings was aerated 
continuously and refreshed every 2 days. The composition 
of the Hoagland nutrient solution was: 2.5 mM  KNO3, 2.5 
mM Ca(NO3)2, 0.5 mM  MgSO4, 0.1 mM  KH2PO4, 1.0 μM 
 MnCl2, 3 μM  H3BO3, 1 μM  (NH4)6Mo7O24, 1 μM  ZnSO4, 
0.2 μM  CuSO4, and 60 μM Fe(III)-ethylenediaminetetra-
acetic acid (EDTA). The pH of the nutrient solution was 
adjusted to 6.0 using 0.1 M KOH or HCl solution.

Treatments with benzene

For a certain plant species, plants with the same number of 
leaves and similar fresh weight were selected. A total of 54 
plants were used in the experiments. The test plants from 
one set of experiments were not re-employed in the other 
experiments. The roots were rinsed with deionized water 
and wiped dry. The fresh weight of plant seedlings was 
measured. Subsequently, the seedlings were transplanted to 
glass bottles containing 10 mL of Hoagland nutrient solu-
tion before the benzene exposure experiment (one plant per 
bottle). The glass bottles were wrapped with aluminum foil 
paper, and the open area between the bottle and the stem of 
the plant was sealed with a sponge wrapped with aluminum 
foil paper. The nutrient solution was sterilized and continu-
ously aerated for 1 h before it was used in the experiment.

During the experiments, three glass bottles with plants 
and one glass bottle without plants (control A) were care-
fully placed into a transparent glass container; at the same 
time, avoid plants and carefully put the perforated ampoule 
bottle containing benzene liquid into the container. Sub-
sequently, the container was immediately sealed. Details 
of the experimental setup are shown in Fig. 1. A control 
without plants in the glass container with four glass bottles 

(control B) was used to test the loss of benzene caused by 
photochemical reaction, gas leakage, and other processes. 
The initial benzene contents in air were set at three levels 
(C1: 432.25 mg·m−3, C2: 876.50 mg·m−3, and C3: 1314.75 
mg·m−3) with triplicate samples for each level. The shoot 
exposure time was set at 1, 3, and 8 h (Table 1).

At each set time, the benzene contents in the container 
were measured. Immediately, the plants were taken out from 
the container, and the glass bottle with plant seedlings was 
quickly weighed. Rhizosphere solution in bottles with or 
without plants from three replicated was collected for deter-
mination of the benzene concentration.

After shoot exposure to benzene, the seedling roots were 
washed with deionized water and then transferred to glass 
bottles containing fresh Hoagland nutrient solution. Subse-
quently, the seedlings were quickly put into a new transpar-
ent glass pot without benzene. The benzene concentration in 
the air of the pot was measured every 30 min.

Analysis of benzene concentrations

Before and after shoot exposure, the level of benzene in the 
air of glass container and rhizosphere solutions was meas-
ured by headspace gas chromatography. Benzene level in the 
air of the container was sampled and analyzed by a device 
with a glass syringe, a three-way valve, and gas chromato-
graph (as shown in Fig. 1).

Measurement of plant transpiration rate

Plants seedlings with similar biomass and the same leave 
numbers were selected. The roots were rinsed with deion-
ized water and quickly wiped dry. The fresh weight of plant 

Fig. 1  Schematic diagram of 
experimental device. 1, glass 
container; 2, air inlet valve; 3, 
air outlet valve; 4, rubber pipe; 
5, glass syringe; 6, three-way 
valve; 7, rubber pipe; and 8, gas 
chromatograph
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seedlings was measured. Subsequently, the seedlings were 
transplanted to glass bottles containing 10 mL of Hoagland 
nutrient solution before the benzene exposure experiment 
(one plant per bottle). The glass bottles were wrapped with 
aluminum foil paper, and the open area between the bottle 
and the stem of the plant was sealed with a sponge wrapped 
with aluminum foil paper. We reduce the open space to pre-
vent water from evaporating directly from the nutrient solu-
tion to the outside air. Seedlings, aluminum foil, sponges, 
nutrient solution, and glass bottle are weighed together. 
Then, we put the glass bottles with plants into containers 
with or without benzene for fumigation treatment. At the 
set times (1, 3, and 8 h), the glass bottle containing plants 
was removed, and the total weight of the glass bottle with 
seedlings was measured. The weight of water lost by tran-
spiration can be accurately determined by comparing the 
weight changes before and after exposure.

Analysis of CAT, POD, and SOD activities

The determination methods for catalase (CAT), peroxidase 
(POD), and superoxide dismutase (SOD) activities were 
according to the previous report (Su and Liang 2015).

Analysis of ROS level in plant leaves

Samples of plant leaves were extracted with 2 mL of phos-
phate buffer (pH = 7.8) for three times. The extracted solu-
tions were combined and centrifuged, and 0.5 mL clear liq-
uids were separated from extracts, 0.5 mL phenanthroline 
solution was added, and then 0 or 0.5 mL  FeSO4 solution 
(1.865 mmol·L−1) was added. After dilution (and mix-
ing) with distilled water to 10 mL, the mixtures were put 
into a thermostated water bath fixed at 37 ± 2 °C for 1 h, 
cooled with cold water, and then filtered. The liquid phase 
was collected and diluted, and then the absorbance at 536 
nm was measured using a UV-Vis spectrophotometer. Two 
controls were set, one with no leaf extract added and the 

other without  FeSO4 added. The differences in absorbance 
between mixture solution and two controls were used to 
express the oxidizing capability of the plant leaf extract. 
For quantitatively calculating the oxidizing capability, var-
ied volumes of 0.01% (v/v)  H2O2 solution and 0.5 mL of 
phenanthroline solution were added into a series of 0.5 mL 
 FeSO4 solution. The curve for the absorbance change with 
the amount of  H2O2 was drawn to estimate the oxidizing 
capability of plant leaves (or the ROS level in plant tissues).

Chemical analyses

The concentration of benzene was measured by a gas chro-
matograph (GC7980; Techcomp, China) equipped with 
hydrogen flame ionization detector (FID) using a TM-5 
capillary column (0.53 mm × 30 m × 1 μm).  N2 was gen-
erated with a nitrogen generator (Beijing Purkinje General 
Instrument, Beijing, China) as the carrier gas at a flow rate 
of 15 mL/min. The injector port was maintained at 160 °C, 
and a 1.0 mL volume of gas was injected in split mode (split 
ratio 18:1). The column temperature was set at 50 °C. The 
detector temperature was maintained at 180 °C.

Data analysis

SPSS 21.0 was used for one-way analysis of variance.

Results and discussion

Biomass

The fresh weight of T. zebrina and E. aureum ranged from 
3.45 to 4.31 g and from 4.14 to 5.92 g, respectively. The leaf 
areas of each plant of T. zebrina and E. aureum were 120.75 
to170.80  cm2 and 29.00 to 39.85  cm2.

Table 1  Detailed experimental 
layout

Experiment Number of plants in 
containers

Treatment time (h) Initial conc. in 
air (calculated, 
mg·m−3)

Tradescantia zebrina Bosse 3 1 432.25
3 3 876.50
3 8 1314.75

Epipremnum aureum (Linden ex 
André) G. S. Bunting

3 1 432.25
3 3 876.50
3 8 1314.75

Control-B 0 1 432.25
0 3 876.50
0 8 1314.75
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Benzene removal rate of plants

There was no visible change in the leaf color, area, and shape 
of T. zebrina and E. aureum after shoot exposure to benzene. 
That indicated the strong tolerance of the two plants to ben-
zene during the experimental period (Fig. 2).

The loss range of benzene in the container of control B 
was 1.21–3.22%. The benzene in the container containing T. 
zebrina and E. aureum was reduced by 40.58 and 55.88%, 
respectively (the loss in control B was deducted). Results 
showed that two species of plants could effectively remove 
benzene from the air. There was a chemical potential differ-
ence of benzene between the plant tissues and air, which ena-
bled the benzene to be absorbed by the plants by diffusion 
(Liu et al. 2021b). The removal rate of benzene by plants 
was expressed based on the difference in benzene content of 

containers before and after plant exposure treatment, plant 
fresh weight, and exposure time. Under initial benzene con-
centration of 432.25–1314.75 mg·m−3, the removal rate of 
T. zebrina and E. aureum ranged from 23.05 ± 3.07 to 91.84 
± 7.97 mg·kg−1·h−1 FW and 18.82 ± 3.73 to 159.03 ± 9.07 
mg·kg−1·h−1FW, respectively (Table 2). In previous studies, 
common indoor ornamental plants such as Chlorophytum 
comosum Baker, Syngonium podophyllum Schott, and E. 
aureum could remove about1.97–2.65 mg·m−2·h−1 of ben-
zene (Sriprapat et al. 2016).

The concentration of benzene in the air was one of the 
important factors affecting the removal rate. For T. zebrina, 
the removal rate was not related to the concentration of 
benzene in the air at exposure time of 1 h, while the posi-
tive relationship of plant removal rate and initial benzene 
concentration in air was found at the shoot exposure time 

Fig. 2  Plant appearance with 
and without benzene exposure 
for 8 h (a Tradescantia zebrina 
Bosse and b Epipremnum 
aureum (Linden ex André) G. S. 
Bunting)

WithoutWith

a b

With without

Table 2  Removal rate of plants 
to benzene in air, mg·kg−1·h−1 
FW (mean ±S E, n = 3). The 
benzene concentration was 
432.25 mg·m−3 (C1), 876.50 
mg·m−3 (C2), and 1314.75 
mg·m−3 (C3)

***P ≤ 0.001,**P < 0.01, and *P < 0.05. NS, not significant

Plant species Initial ben-
zene conc. 
in air

Removal rate (mg·kg−1·h−1 FW)

1 h 3 h 8 h ANOVA

Tradescantia zebrina Bosse C1 91.84 ± 7.97 28.1 ± 9.02 23.05 ± 3.07 ***
C2 78.91 ± 13.33 72.61 ± 4.62 33.19 ± 5.79 *
C3 84.82 ± 12.63 58.66 ± 5.54 57.42 ± 8.28 **
ANOVA NS ** NS

Epipremnum aureum 
(Linden ex André) G. S. 
Bunting

C1 64.75 ± 6.89 31.03 ± 6.38 18.82 ± 3.73 **
C2 145.82 ± 28.65 116.13 ± 22.38 58.22 ± 7.01 NS
C3 159.03 ± 9.07 143.97 ± 13.67 101.58 ± 21.20 NS
ANOVA * ** **

58286 Environmental Science and Pollution Research  (2023) 30:58282–58294

1 3



of 3 or 8 h. For E. aureum, the removal rate was always 
positively related to the initial benzene concentration in 
air at setting exposure time. The shoot exposure time was 
another important influence factor on benzene removal by 
plants. The removal rate decreased gradually with increase 
in exposure time due to the decrease in benzene level in air 
during experiment period (Table 2).

Plant transpirations

The stomata on the surface of leaves provide the primary 
channels for gas exchange and transpiration in the process 
of photosynthesis; stomatal oscillation will have an immedi-
ate impact on the capacity of gas exchange and the rate of 
transpiration for plants (Pérez et al. 2021, Treesubsuntorn 
et al. 2013). In this research, transpiration rate was used to 
evaluate the active absorption of benzene by plants from air.

Results showed that the plant transpiration rates decreased 
with the increase in benzene concentration and exposure 
time (Fig. 3). After shoot exposure to benzene for 1 h, the 
transpiration rates of T. zebrina and E. aureum dropped rap-
idly from 50.51 ± 3.57 to 26.80 ± 2.01 g·kg−1·h−1 FW and 
from 17.43 ± 3.49 to 9.56 ± 0.91 g·kg−1·h−1 FW, respec-
tively, with the shoot exposure concentration changing from 
432.25 to 1314.75 mg·m−3. Transpiration rate of plants 
sharply decreased with the increase in exposure time. After 
shoot exposure to the air with 432.25 mg·m−3 benzene for 
8 h, about 37 and 89% reduction in the transpiration rates 
was found in T. zebrina and E. aureum, respectively (Fig. 3). 
Results showed that transpiration rate was positively related 
to removal capacity of plants (Fig. 3). The gas exchange was 
a key factor in airborne benzene removal; the transpiration 
rate could be considered one of parameters to evaluate the 
plant ability to remove benzene.

Reversible transport of benzene by plants

Reversible transfer of benzene in the air‑plant interface

After shoot exposure to 432.25 mg·m−3 benzene in air for 
setting times (1, 3, and 8 h), plant was taken out; we washed 
the root with deionized water, wrapped it dry and then put 
it into a new bottle with fresh nutrient solution. Bottles with 
plants were quickly transferred into a benzene-free container 
to investigate the benzene release process in the plant-air 
system. Results proved that there existed a rapidly revers-
ible interfacial transfer of benzene between plant leaves and 
air. The concentration of benzene in the air of the container 
increased rapidly during the first 0.5–2 h and then gradually 
stabilized (Fig. 4). When the contaminated plant shoots were 
exposed to a clean air, benzene that accumulated in plant tis-
sues was released into the air. This result was consistent with 
the previous report on the shoot release of formaldehyde 

by Chlorophytum comosum seedlings (Su and Liang 2015). 
There are great differences in benzene concentration on air-
plant interface in the initial stage, which lead to fast diffu-
sion of benzene from shoot to air. Limited accumulation of 
benzene in shoot restricted the release capacity and rate of 
shoot release, which led to the decline in the release rate 
with increase in release time.

Environmental factors and the plant characteristics may 
influence the shoot uptake and release of benzene. After 
shoot exposure to 432.25 mg·m−3 benzene in air for 1 h, the 
shoot release capacity of T. zebrina was obviously higher 
than that of E. aureum. Nevertheless, the shoot release 
capacity of E. aureum was higher than that of T. zebrina 
after shoot exposure to the air with 432.25 mg·m−3 ben-
zene for 3 or 8 h. Related bodies of literature illustrate that 
the characteristics of villi and rough leaf surface in plant 
make it easy for contaminants to adhere (Lee et al. 2020). 
The leaf surface of T. zebrina was villi and rough, while 
the leaf surface of E. aureum was smooth. Therefore, the 
adsorption capacity of T. zebrina to benzene was greater 
than that of E. aureum, which leads to the release capacity 
of T. zebrina to benzene being greater than that of E. aureum 
after 1-h benzene exposure. The similar phenomenon was 
found in the previous investigation on Pinus tabuliformis 
(Lu et al. 2018). The shoot release capacity and rate of T. 
zebrina to benzene increased gradually with the increase in 
shoot uptake time in the range of 0–3 h (Fig. 4a). To the E. 
aureum, an inverse relationship between shoot exposure time 
and shoot release capacity was found (Fig. 4b). The release 
capacity of benzene from T. zebrina increased with increase 
in exposure time, while the release capacity of benzene by 
E. aureum decreased with the increase in shoot exposure 
time. There were interspecific differences in the ability and 
principle of uptake and release of benzene between T. zeb-
rina and E. aureum. The downward transport capacity of 
benzene by T. zebrina and E. aureum was approximated, 
while the in vivo fixation capacity of E. aureum was signifi-
cantly stronger than that of T. zebrina. Benzene stress for a 
long time led to the gradual enhancement of stress response 
of E. aureum, thus enhancing the in vivo fixation ability. 
Therefore, the release capacity decreased with the increase 
in exposure time.

Transfer of benzene in root‑solution interface

Benzene in leaves could be downward transported par-
tially from shoots to roots via phloem and then released 
into the rhizosphere solution (Fig. 5). The concentration 
of benzene in the rhizosphere solution was related to the 
shoot exposure concentration and exposure time, which 
was consistent with the previous report on formaldehyde 
(Liang et al. 2019). The benzene concentration in bottle 
solutions collected from control A was below the detection 
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limit when the content of benzene in the air was set to 
432.25–1314.75 mg·m−3. Nevertheless, benzene in two 
plant rhizosphere solutions could be detected after shoot 
exposure for the setting times. Downward transport rate 
of benzene from air to rhizosphere was calculated by the 
concentration of benzene in rhizosphere solution and the 
fresh weight of plants. The calculation results are shown 
in Fig. 5. According to the literature reports, benzene in 
rhizosphere solution could be quickly taken up, upward 
transported via xylem to shoot, and then volatilized into 
the air (Su and Liang 2015). Therefore, there existed a 

rapidly reversible interfacial transfer of benzene between 
plant roots and rhizosphere solution.

In the time-dependent experiments, the detected down-
ward transport rate could reach up to 38.82 ± 12.17 
mg·kg−1·h−1 FW and 37.23 ± 8.74 mg·kg−1·h−1 FW for 
the T. zebrina and E. aureum, respectively. Results indi-
cated the shoot uptake and downward transport of benzene 
were a rapid process. The transmission between different 
interfaces in air-plant-solution systems was the key influ-
ence factor in plant removal rate of benzene in air within 
1 h exposure time. The plant downward transport rate of 

Fig. 3  Time-dependent curves 
of benzene transpiration rates by 
Tradescantia zebrina Bosse (a) 
and Epipremnum aureum (Lin-
den ex André) G. S. Bunting 
(b) under the condition of shoot 
exposure to benzene at 432.25 
mg·m−3 (C1), 876.50 mg·m−3 
(C2), and 1314.75 mg·m−3 
(C3). Each point was the mean 
of three replicates. Error bars 
represented SE
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benzene by plants declined with increase in shoot exposure 
time (Fig. 5). As shoot exposure time was set at 3 and 8 
h, the downward transport rate of T. zebrina was 13.85 ± 
2.94 and 2.67 ± 0.19 mg·kg−1·h−1 FW, while that of E. 
aureum was 4.21 ± 0.47 and 3.89 ± 1.34 mg·kg−1·h−1 FW. 
Two aspect factors are responsible for the above results, 
the continuous decrease of benzene in container air due 
to the phytoremediation and the constant increase in the 
in vivo purification capability induced by rising reactive 
oxygen species (ROS) level.

In the concentration-dependent experiment, the down-
ward transport rate of two plants increased with increase in 
benzene concentration in air (Fig. 5). These results were in 
line with previous reports on the shoot uptake and transport 

of trichloroethylene and 1,2,3-trichlorobenzene by wheat, 
corn, and tomatoes (Su and Liang 2013).

Antioxidant enzyme activity in plant extracts

Previous studies have shown that abiotic stresses usually 
destroy cell structure by the production of high levels of reac-
tive oxygen species (ROS), affecting plant growth and even 
causing plant death (Liang et al. 2019; Gong et al. 2019). 
Plants have developed a variety of defense strategies such 
as expression of antioxidase to adapt to detrimental condi-
tions. Catalases (CAT), peroxidase (POD), and superoxide 
dismutase (SOD) are important antioxidant enzymes in plant 
tissue and constitute a primary source of cellular defenses 

Fig. 4  The benzene release 
ability of Tradescantia zebrina 
Bosse (a) and Epipremnum 
aureum (Linden ex André) G. 
S. Bunting (b) after shoot expo-
sure to benzene for 1 h (T1), 3 h 
(T2), and 8 h (T3)
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against cell damages by ROS and can catalyze  H2O2 to pro-
duce  H2O and  O2 (Hippeli and Elstner 1996). The activities 
of three antioxidant enzymes in T. zebrina and E. aureum 
have been tested before and after shoot exposure to benzene. 
The activities of the three antioxidant enzymes (CAT, POD, 
and SOD) are listed in Table 3. The activity of CAT and 
POD increased with the increase in benzene concentration 
in air and exposure time, and that CAT and POD were more 
sensitive than SOD to benzene stress. The process of “redox 
regulation” protects living organisms from various oxidative 
stresses and maintains “redox homeostasis” by controlling 
the redox status in vivo (Linghu et al. 2011). It corresponded 
to the enhancement of active oxygen scavenging ability of 

CAT and POD. High antioxidant enzyme activities usually 
reflect high ROS levels in plants or high resistance ability 
of plants under adversity stress (Khaksar et al. 2017). The 
rapid increase in CAT and POD activities corresponds to a 
large number of outbreaks of ROS and high in vivo degra-
dation ability of plants. It can be inferred that the change 
in antioxidant enzyme activity corresponded to the change 
in contribution rate of in vivo degradation mechanism. At 
the same time, the increase in antioxidant enzyme activity 
indicates that plants have stronger stress resistance after ben-
zene stress. The plant ROS level in benzene treatment was 
obviously higher than that in the control, which was also the 
evidence of above conclusion.

Fig. 5  Downward transport 
rates of benzene from air to 
rhizosphere solution by Trad-
escantia zebrina Bosse (a) and 
Epipremnum aureum (Linden 
ex André) G. S. Bunting (b) at 
the benzene concentration in air 
of 432.25 mg·m−3 (C1), 876.50 
mg·m−3 (C2), and 1314.75 
mg·m−3 (C3). Each point was 
the mean of three replicates. 
Error bars represented SE
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Contribution ratio of downward transport 
and in vivo fixation mechanisms

The plant removal of benzene in air could be roughly divided 
into downward transport and in vivo fixation. The contribu-
tion ratio of in vivo fixation mechanism is calculated by 
mass balance shown in Fig. 6. As exposure time was set at 
1 h, the downward transport via phloem was the dominant 
mechanism with a contribution ratio of 93.71% on the ben-
zene removal by T. zebrina from air. The contribution ratio 
of downward transport mechanism decreased with increase 
in shoot exposure time. The contrary regulation was found 
in the relationship of the contribution ratio of in vivo fixa-
tion mechanism and shoot exposure time. The in vivo fixa-
tion mechanism has absolutely dominated the plant removal 
of benzene in air when shoot exposure time was set at 3 
and 8 h. The highest contribution ratio of fixation mecha-
nism reached up to 92.29 and 98.42% for T. zebrina and 
E. aureum, respectively (Fig. 6). The contribution ratio of 
in vivo fixation mechanism increased from 6.29 to 92.29% 
for T. zebrina and from 73.22 to 98.42% for E. aureum under 

the experimental conditions. At the beginning of the shoot 
uptake, the high chemical potential difference in different 
interfaces of air-plant-solution caused the high transport 
rate of benzene from air to rhizosphere solution. As shoot 
exposure time increased, ROS burst caused the sharp rise 
in the dissipation ability to accumulate benzene in plant 
tissue (Oksanen and Kontunen-Soppela 2021), resulting in 
the fast increase in contribution ratio of the in vivo fixation 
mechanism.

Oxidation potential of leaf extracts

In order to further discuss the phytoremediation mecha-
nism of plants with benzene in air, the oxidation potentials 
of leaf extracts derived from T. zebrina and E. aureum 
were investigated. The oxidation potential of a leaf extract 
was expressed as the equivalent  H2O2 content in sam-
ples needed to oxidize the added  Fe2+ in this experiment 
(Fig. 7). The observed equivalent  H2O2 content in two 
plant control samples (the leaf extract of untreated plants) 
was 318.32 ± 3.35 and 225.51 ± 11.60 μmol  H2O2·g−1 

Table 3  Activity of antioxidation enzymes (CAT, POD, and SOD) in plants (mean ± SE, n = 3). The benzene concentration was 432.25 mg·m−3 
(C1), 876.50 mg·m−3 (C2), and 1314.75 mg·m−3 (C3)

*** P ≤ 0.001,** P < 0.01, and * P < 0.05. NS, not significant

Plant species Initial benzene 
conc. in air

Activity of antioxidation enzymes (U·g−1 FW·min−1)

0 h 1 h 3 h 8 h ANOVA

Tradescantia zebrina Bosse CAT C1 93 ± 14 296 ± 25 355 ± 68 458 ± 14 NS
C2 93 ± 14 324 ± 17 364 ± 0 541 ± 95 NS
C3 93 ± 14 362 ± 6 362 ± 5 510 ± 11 ***
ANOVA NS NS NS NS

POD C1 172 ± 1 675 ± 27 816 ± 5 1470 ± 8 ***
C2 172 ± 1 986 ± 18 1182 ± 34 2468 ± 43 **
C3 172 ± 1 1587 ± 45 3773 ± 32 3786 ± 45 ***
ANOVA NS *** *** NS

SOD C1 7 ± 1 793 ± 37 0 2348 ± 45 ***
C2 7 ± 1 1694 ± 5 483 ± 68 0 ***
C3 7 ± 1 105 ± 20 2436 ± 52 0 ***
ANOVA NS *** *** ***

Epipremnum aureum (Linden 
ex André) G. S. Bunting

CAT C1 763 ± 42 398 ± 3 808 ± 34 968 ± 17 ***
C2 763 ± 42 550 ± 42 882 ± 25 1040 ± 57 **
C3 763 ± 42 620 ± 17 1062 ± 31 1572 ± 11 ***
ANOVA NS ** ** ***

POD C1 720 ± 7 4424 ± 11 5626 ± 20 7536 ± 85 ***
C2 720 ± 7 4950 ± 105 6640 ± 74 9642 ± 31 ***
C3 720 ± 7 8610 ± 122 7784 ± 226 12,030 ± 48 ***
ANOVA NS *** *** ***

SOD C1 77 ± 4 0 76 ± 4 199 ± 0 ***
C2 77 ± 4 39 212 ± 19 20 ± 4 **
C3 77 ± 4 0 81 ± 4 146 ± 9 ***
ANOVA NS ** ** ***
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Fig. 6  Contribution ratios of 
two mechanisms in the benzene 
removal rate by Tradescantia 
zebrina Bosse (a) and Epiprem-
num aureum (Linden ex André) 
G. S. Bunting (b). The benzene 
concentration in air were 432.25 
mg·m−3 (C1), 876.50 mg·m−3 
(C2), and 1314.75 mg·m−3 (C3)
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Fig. 7  Oxidation potential of 
leaf extracts with or without 
benzene exposure for 3 h. The 
benzene concentration was set 
at 432.25 mg·m−3. Each point 
was the mean of three repli-
cates. Error bars represented SE
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FW, corresponding to T. zebrina and E. aureum. After 
shoot exposure to 432.25 mg·m−3 benzene in air for 3 h, 
the observed equivalent  H2O2 content in T. zebrina and 
E. aureum was 345.35 ± 25.27 and 292.76 ± 2.19 μmol 
 H2O2·g−1 FW, respectively. Compared with the plants 
without benzene exposure, the plants with benzene expo-
sure had higher oxidation potential, which corresponded 
to the in vivo fixation ability of plants to benzene and the 
activity of antioxidant enzymes. It can support the view 
that ROS regulate the contribution rate of plant purifica-
tion mechanism.

Conclusion

Benzene in the air was effectively removed by T. zebrina and 
E. aureum. The removal rate of T. zebrina and E. aureum 
ranged from 23.05 ± 3.07 to 57.42 ± 8.28 mg·h−1·kg−1 FW 
and from 18.82 ± 3.73 to 101.58 ± 21.20 mg·h−1·kg−1 FW, 
respectively. Benzene could be reversibly transported rapidly 
at the air-plant and root-rhizosphere solution interfaces in 
the air-plant-solution system. Removal and transport rates 
were negatively correlated with exposure time but posi-
tively correlated with benzene concentration in air. ROS 
burst induced by benzene and adjusted by the antioxidant 
enzyme activities in plant caused the change in dominant 
removal mechanism of plants. Many factors including ben-
zene concentration, exposure time, transpiration rate, and 
antioxidant enzyme activity could affect the ability of plants 
to remove airborne benzene, among which transpiration rate 
and antioxidant enzyme activity were the most important 
influence factors. Transpiration rate and antioxidant enzyme 
activity could be considered the key parameters to evaluate 
the benzene removal ability of plants. The research could be 
used to roughly predict the purification ability of plants to 
VOCs and provide a methodological basis for the screening 
and culture technology of plants with high VOC removal 
ability. It could be also used to develop plant-microbial com-
bined technology.
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