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Abstract
Air quality in homes, offices, and other indoor spaces has become a major health, economic, and social concern. A plant-
based removal system for volatile organic compounds (VOCs) appears to be a low-cost, environment-friendly solution for 
improving indoor air quality. This review presents and assesses VOC removal mechanisms that use plants and their associated 
microorganisms as well as the factors that influence the rate and efficiency of VOC removal. To increase removal efficiency, 
it is important to have a thorough understanding of the mechanisms of VOC degradation by plants and their associated 
microorganisms. The potential of plants and their associated microorganisms, whether present in pots or forced-air systems, 
to remove VOCs from indoor environments have been supported by a number of studies. Variations in removal efficiency 
depend on the plant species used, the chemical properties of the volatiles in question, and a cross-section of other internal 
and external factors. It is thus critical to select the right plants and use methods that reflect in vivo conditions. Indoor plants 
with superior air-purifying abilities have been extensively studied; however, the low rates of VOC removal efficiency in 
interior environments entail the need of more studies. For instance, factors that modulate VOC removal by plants, such as 
air circulation rate, light intensity, moisture status, and season need to be explored. Improving the efficiency of plants and 
their associated microorganisms for VOC remediation of indoor air is necessary to ensure sustainable and healthy indoor 
environments.
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1 Introduction

Indoor air quality is an important aspect of home, school, 
and office life. The content and nature of indoor air affect 
the well-being of people, most of whom spend > 85% of 

their time indoors (Kleipeis et al. 2001). It has been reported 
that many pollutants are 5–10 times higher in indoor spaces 
than in the outdoor air (U.S. EPA 2017). For this reason, 
indoor air quality in homes, schools, offices, and other inte-
rior spaces has become a major health concern. In fact, the 
World Health Organization has reported that indoor sources 
of air pollution are responsible for 4.3 million deaths world-
wide in 2012 (WHO 2014).

One major class of air pollutants in indoor environments 
are volatile organic compounds (VOCs). VOCs can cause 
irritation of the eyes, nose, and throat, headaches, nau-
sea, and loss of coordination. Serious injuries from VOC 
exposure include damage to the liver, kidneys, and central 
nervous system. VOCs have been found to cause cancer in 
animals and some types have been associated with human 
cancers (U.S. EPA 2017). The severe damage caused by 
these pollutants necessitates their removal from indoor air. 

http://crossmark.crossref.org/dialog/?doi=10.1007/s13580-018-0032-0&domain=pdf
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Several methods have been introduced and developed to 
improve indoor air quality (U.S. EPA 2017).

Phytoremediation, the use of plants with their associ-
ated microorganisms to remove pollutants from the soil, 
water, and air, is considered a “green,” cost-effective, and 
eco-friendly technology. The majority of phytoremediation 
research and associated technologies have focused on soil 
and water cleanup (reviewed by Lee 2013), while fewer stud-
ies have focused on air phytoremediation. The crucial role of 
plants in air purification has led to efforts to identify efficient 
indoor plant species suitable for phytoremediation. Although 
more than 100 species of indoor plants have been tested for 
their ability to purify indoor air, better understanding of the 
mechanisms and pathways of VOC removal is still needed 
to select for plants with enhanced VOC removal efficiency. 
The application of laboratory results to actual indoor envi-
ronments is still in its early stages. Plants also produce or 
emit volatile organic compounds, sometimes referred to as 
biogenic VOCs; however, this review focuses on the five 
most common anthropogenic VOCs such as formaldehyde, 
benzene, toluene, ethylbenzene, and xylene.

The aims of this review are to examine the potential use 
of plants and their associated microorganisms for air puri-
fication. The mechanisms and pathways of phytoremeda-
tion are revisited, and the biological and physical factors 
influencing VOC removal rates and efficiency are discussed. 
The review briefly presents the recent innovations in VOC 
removal using plant-based remediation, which paves the way 
for future research to improve phytoremedation and ensure 
sustainable indoor air quality.

2  Indoor air quality

The quality of air space inside and around buildings and 
other structures affects the well-being of inhabitants. Nowa-
days, poor indoor air quality is considered to be a major 
health, environmental, and economic problem. Weschler 
(2009) reviewed the changes in indoor air since the 1950s 
and documented that the content of consumer products, the 
materials used in construction, and the habitual lifestyle of 
people have contributed to changes in indoor air quality, 
including the presence of toxic volatiles. The air quality is 
ever-changing with many of the chemicals found in indoor 
environments to only appear in the last five decades. Accord-
ingly policies and standards of air quality and pollution have 
also been modified throughout the years (U.S. EPA 2017).

Indoor air pollution can be classified in four categories: 
pollution involving particulate matter; biological pollution 
(for example, dust mites); physical pollution caused by 
agents such as temperature and electromagnetic fields; and 
chemical pollution, including VOCs in addition to carbon 
monoxide, radon, and other nonorganic chemicals (Luengas 

et al. 2015). VOCs are the most hazardous pollutants in 
indoor air spaces (Koppmann 2007). The U.S. National Insti-
tute for Occupational Safety and Health (NIOSH) reported 
in 2007 that the average concentration of total VOCs in area 
air samples could reach 2.90 mg m−3. VOCs are compounds 
with a boiling point in the range of 50–60 °C at room tem-
perature and atmospheric pressure (U.S. EPA 2017) and 
include contaminants of low molecular weight such as aro-
matic-, fatty-, halogenated-, and oxygenated-hydrocarbons. 
VOCs can be generated indoors with the use of pesticides 
as well as from flooring, insulating and wood-based materi-
als, coatings, paints, combustion sources, solvents, adhesives 
and disinfectants (Huang et al. 2016). Additionally, VOCs 
can penetrate from outdoor sources via air exchange (Huang 
et al. 2016). This review will focus on five VOCs, namely 
formaldehyde, benzene, toluene, ethylbenzene, and xylene 
that form the BTEX group.

VOCs have been identified as the cause of health prob-
lems associated with indoor air quality and “sick-building 
syndrome” (Wieslander et al. 1997; Jones 1999; Yu and 
Crump 1998; Wallace 2001; Erdmann and Apte 2003; Tsai 
et al. 2012). Moreover, exposure to VOCs has been associ-
ated with respiratory ailments, including asthma, and some 
VOCs have been identified to have carcinogenic properties. 
People respond differently to VOC exposure; some people 
may not be affected, while others can be hypersensitive and 
experience serious symptoms or injuries (Kobayashi et al. 
2007). Of the BTEX hydrocarbons, benzene is the most 
toxic compound and according to the International Agency 
for Research on Cancer (IARC), has been classified to Group 
I and proven carcinogen. Benzene can cause hematological 
diseases, such as acute myeloid leukemia, acute and chronic 
lymphocytic leukemia, non-Hodgkin’s lymphoma, multiple 
myeloma, and aplastic anemia (Collins et al. 2003; Snyder 
2012) that further emphasize the importance of the removal 
of VOCs from indoor air.

Remediation treatments to improve indoor air quality 
include three basic strategies: (1) controlling the source 
of pollution; (2) improving room/building ventilation; and 
(3) purifying the air (U.S. EPA 2017). The latter strategy 
includes physical, chemical, mechanical, and biological 
technologies such as mechanical filtration, electronic filtra-
tion, adsorption, ozonation, UV photolysis, photocatalytic 
oxidation, cold plasma or non-thermal plasma, membrane 
separation, biofiltration, and botanical purification (Guieysse 
et al. 2008; Luengas et al. 2015). Phytoremediation, the use 
of plants and their associated microorganisms to reduce the 
level or toxicity of pollutants in the environment, is a cost-
effective environmental restoration technology (Greipsson 
2011). Phytoremediation provides an alternative to the more 
destructive and expensive technologies used for contaminant 
removal. Yet, many knowledge gaps have to be filled regard-
ing the potential of phytoremedation for air purification, as 
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most of the research has solely been focused on soil and 
water restoration.

3  Phytotoxicity of volatile organic 
compounds

Phytotoxic effects of VOCs have been observed and it is, 
therefore, important to identify plants that are particularly 
effective in overcoming the phytotoxicity of VOCs dur-
ing the uptake and degradation of these pollutants. Several 
papers have analyzed the phytotoxicity of a small group of 
VOCs at low or high concentrations as summarized by Cape 
(2003). van Haut and Prinz (1979) reported 20% reduction in 
the yield of several plant species when they were exposed to 
an annual mean concentration of 20 μg m−3 formaldehyde. 
Exposure to 100 ppm (μL L−1) formaldehyde for 5 h caused 
necrosis in the leaves and stems of three air-purifying plants, 
named Epipremnum aureum, Fatsia japonica, and Rhapis 
excelsa, in a decreasing order of severity. Moreover, struc-
tural changes at the cellular level were detected and included 
the destruction of the palisade and spongy parenchyma cells 
of these three plant species (Kim et al. 2013). Enzymatic 
activities are also altered with R. excelsa showing higher 
catalase and peroxidase activities at 100 ppm compared to E. 
aureum and F. japonica. It was notable that about 80% of the 
stomata of E. aureum were closed at 100 ppm formaldehyde, 
while only about 40% of the stomata of F. japonica and R. 
excelsa were closed. After exposure to benzene and toluene, 
the photosynthetic rate, stomatal conductance, and transpira-
tion rate of Hedera helix, Spathiphyllum wallisii, Syngonium 
podophyllum, and Cissus rhombifolia were substantially 
reduced (Yoo et al. 2006). However, the amount of intercel-
lular  CO2 and respiratory rates varied among the species 
tested. The plant characteristics that may be most sensitive 
to VOC exposure are growth habit as well as the timing and 
extent of flower and fruit production (Cape 2003). So far, 
studies with VOCs have indicated their degradation within 
plant tissues and not their accumulation. A Fourier transform 
infrared (FT-IR) analysis investigated the effect of indoor 
pollutants, including formaldehyde, BTEX and others on 
structural changes in three indoor ornamental plants, named 
Dracaena deremensis, Sansevieria trifasciata, and Ficus 
elastica (Husti et al. 2016). It was suggested that the plants 
maintained their structure by adjusting their metabolism 
resulting to a reduction in protein amount and an increase 
in polysaccharide content. The exposure of C. comosum to 
350–35,000 μg benzene for 7 days resulted in yellow leaf 
tips, necrosis, and hydrosis (Sriprapat and Thiravetyan 
2016). Another study showed that even low levels of for-
maldehyde can cause oxidative stress in petunia plants (Sun 
et al. 2015). Altogether these studies assessed the adverse 
effects of VOCs on plant health and suggested that the VOC 

phytotoxicity depends on the tolerance of each plant species, 
the level of VOC(s) present, and the length of exposure.

4  Plant‑based removal of indoor VOCs

Exploration of the potential of plants to purify air from 
pollutants started in the early 1980s. The pioneer works of 
Wolverton and McDonald (1982), using Scindapus aureus, 
Syngonium podophyllum, and Ipomoea batatas to remove 
formaldehyde and Wolverton et al. 1984 using Chlorophy-
tum elatum (Ait.) (R.Br.) var. vittatum Hort., S. aureus, and 
S. podophyllum to remove other VOCs, highlighted the 
potential for utilizing plants for air purification in indoor 
environments. To date more than 60 plant species have been 
studied and identified for use in formaldehyde removal as 
well as 60 for benzene, 67 for toluene, and 15 for xylene. 
Table 1 lists indoor plants with superior air-purifying abil-
ity, based on screening or comparison studies carried out by 
various laboratories. The ability of plants to deeply degrade 
or oxidize organic pollutants makes them good candidates 
for environmental cleanup (Kvesitadze et al. 2006).

4.1  Pathways and mechanisms for VOC removal 
by plants

A plant’s ability to detoxify volatiles is determined by 
the uptake capacity of the plant cells and their ability to 
metabolize the pollutants while maintaining their nor-
mal metabolic processes. To determine the mechanisms 
of entry, transformation and localization of pollutants in 
plant cells, radiolabeling has been carried out using sev-
eral plant species (Giese et al. 1994; Ugrekhelidze et al. 
1997; Schmitz et al. 2000; Zhang et al. 2014). A number 
of plants have been reported to absorb and metabolize air-
borne VOCs, such as benzene and toluene (Cornejo et al. 
1999; Cape et al. 2000; Collins et al. 2000), toluene and 
xylene (Oyabu et al. 2005; Chun et al. 2010; Kim et al. 
2012, 2014), and formaldehyde (Wolverton and McDon-
ald 1982; Wolverton et al. 1989; Oyabu et al. 2003; Kim 
et al. 2008, 2009, 2010; Kim and Lee 2008; Xu et al. 2010, 
2011; Aydogan and Montoya 2011). The uptake of VOCs 
by plants is primarily through the leaves. The role of the 
roots and rhizosphere microbes will also be discussed 
later. The entry of the pollutants in the leaf tissue occurs 
either via the open stomata on the leaf epidermis or by 
diffusion through the epidermis that is covered by a waxy 
cuticle (Kvesitadze et al. 2006). Entry through stomata 
has been assessed by several studies addressing the impact 
of stomatal density on VOC removal efficiency of vari-
ous plant species (Treesubsuntorn and Thiravetyan 2012; 
Sriprapat and Thiravetyan 2013; Sriprapat et al. 2014b). 
The rates at which indoor plants, such as Chlorophytum 
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Table 1  Indoor plants with superior VOC purifying abilities; based on screening studies and other comparison studies conducted by various 
laboratories

Plant  speciesz Authors

Benzene
 Gerbera jamesonii 23.50 (μg cm−2 d−1); Chrysanthemum morifolium 18.20; Hedera helix 10.4; 

Spathiphyllum ‘Mauna Loa’ 5.2; Aglaonema modestum 4.7; Dracaena marginata 4.0
Wolverton et al. (1989)

 Pelargonium domesticum 8.5 μg g−1 d−1 Cornejo et al. (1999)
 Dracaena deremensis “Janet Craig” 194 (mg m−3 d−1 kg−1 potting mix); Spathiphyllum wallisii 

Schott ‘Petite’ 171
Wood et al. (2002)

 Dracaena deremensis “Janet Craig” 188 (ppm d−1 m−2 leaf area); Dracaena marginata 337; Spathip-
hyllum “Petite” 212; Howea forsteriana 167; Schefflera “Amate” 123; Epipremnum aureum 88.7; 
Spathiphyllum “Sensation” 59

Orwell et al. (2004)

 Spathiphyllum wallisii 174.5 (ng m−3 h−1 cm−2 leaf area); Syngonium podophyllum 103.4; Hedera 
helix 102.8

Yoo et al. (2006)

 Crassula portulacea 724.9 (μg m−2 d−1); Hydrangea macrophylla 293.7; Cymbidium “Golden Elf” 
267.4; Ficus microcarpa var. fuyuensis 255.2; Dendranthema morifolium 204.9; Citrus medica var. 
sarcodactylis 166.7; Dieffenbachia amoena “Tropic Snow” 115.2; Spathiphyllum “Supreme” 106.9; 
Nephrolepis exaltata cv. Bostoniensis 73.5; Dracaena deremensis cv. Variegata 59.0

Liu et al. (2007)

 Dracaena sanderiana 59.67 nmol cm−2 d−1 Treesubsuntorn and Thiravetyan (2012)
 Zamioculcas zamiifolia 0.32 mmol m−2 d−1 Sriprapat and Thiravetyan (2013)

Toluene
 Dieffenbachia amoena “Tropic Snow” 33 (% in 3 h with initial concentration of 8, 669 μg m−3 under 

light condition)
Porter (1994)

 Dracaena deremensis “Janet Craig” 549 (mg m−3 d−1); Spathiphyllum “Sweet Chico” 231 Orwell et al. (2006)
 Spathiphyllum wallisii 203.7 (ng m−3 h−1 cm−2 leaf area); Hedera helix 202.2; Syngonium podophyl-

lum 161.6
Yoo et al. (2006)

 Sansevieria trifasciata 3.39 μmol d−1; Kalanchoe blossfeldiana 3.37; Dracaena deremensis “Lemon 
Lime” 3.26

Sriprapat et al. (2014a, b)

 Zamioculcas zamiifolia 0.31 mmol m−2 d−1 Sriprapat and Thiravetyan (2013)
Ethylbenzene
 Chlorophytum comosum 3.70 (μmol d−1); Sansevieria ehrenbergii 3.67; Aglaonema commutatum 

3.60; Sansevieria hyancinthoides 3.57
Sriprapat et al. (2014a, b)

 Zamioculcas zamiifolia 0.31 mmol m−2 d−1 Sriprapat and Thiravetyan (2013)
 Zamioculcas zamiifolia 133.9 μmol m−2 d−1 Toabaita et al. (2016)

Xylene
 Zamioculcas zamiifolia 0.86 mmol m−2 d−1 Sriprapat and Thiravetyan (2013)
 Phoenix roebelenii 610 μg plant−1 h−1 Wolverton and Wolverton (1993)
 Dracaena deremensis “Janet Craig” 336 (mg m−3 d−1); Spathiphyllum “Sweet Chico” 105 Orwell et al. (2006)

Formaldehyde
 Syngonium podophyllum 1283 (μg d−1); Scindapsus aureus 1291.3 Wolverton and McDonald (1982)
 Nephrolepis exaltata 1863 (μg plant−1 h−1); Chrysanthemum morifolium 1450; Phoenix roebelenii 

1385
Wolverton and Wolverton (1993)

 Ficus benjamina 0.51 (mg m−3 cm−2); Fatsia japonica 0.51 Kim et al. (2008)
 Sedirea japonicum 1.36 μg m−3 ml−1 Kim and Lee (2008)
 Epipremnum aureum 5.7 (mg m−3 h−1 m−3 plant volume); Rosmarinus officinalis 6.6 Kim et al. (2009)
 Osmunda japonica 6.64 (mg m−3 cm−2 leaf area); Selaginella tamariscina 4.84; Davallia mariesii 

4.15; Polygonum senticosum var. formosanum 3.62; Pteris dispar 1.95; Pteris multifida 1.92; 
Microlepia strigosa 1.49; Botrychium ternatum 1.42; Psidium guajava 2.39; Rhapis excelsa 1.67; 
Zamia pumila 1.32; Chlorophytum bichetii 1.25; Dieffenbachia amoena “Marianne” 1.24; Tilland-
sia cyanea 1.23; Anthurium andraeanum 1.22; Nandina domestica 1.58; Dendropanax morbifera 
1.5; Ardisia crenata 1.46; Laurus nobilis 1.40; Lavandula spp. 2.12; Pelargonium spp. 1.87

Kim et al. (2010)

 Epipremnum aureum 94 (%  d−1 with initial concentration of ~ 1.63 ppm); Chrysanthemum morifo-
lium 84; Hedera helix 88; Dieffenbachia compacta 96

Aydogan and Montoya (2011)

 Chlorophytum elatum var. vittatum 0.38 μg cm−2 h−1 Wolverton et al. (1984)
 Tillandsia velutina 50 ng m−3 cm−2 Li et al. (2015)



147Horticulture, Environment, and Biotechnology (2018) 59:143–157 

1 3

comosum and Sansevieria trifasciata, removed ethylben-
zene and toluene were not significantly correlated with 
the number of stomata per leaf (Sriprapat et al. 2014b). 
Benzene and toluene are taken up mainly through the sto-
mata (Ugrekhelidze et al. 1997; Sriprapat and Thiravetyan 
2013), however, few studies concluded that the role of the 
stomata in VOC removal was insignificant (Schmitz et al. 
2000). The alternative route of entry is through the cuti-
cle, which is permeable to both lipophilic and hydrophilic 
molecules. The pollutants become adsorbed onto the lipo-
philic surface of the leaves’ waxy layer resulting in their 
accumulation on the cuticle to a certain extent that in turn 
allows their gradual penetration into the leaves (Kvesita-
dze et al. 2006). Benzene removal through wax adsorption 
represented 46% of the total benzene uptake by Dracaena 
sanderiana (Treesubsuntorn and Thiravetyan 2012). Ben-
zene, toluene, ethylbenzene, and xylene removal by Zami-
oculcas zamiifolia through cuticular adsorption accounted 
for 20, 23, 25, and 26%, respectively (Sriprapat and Thi-
ravetyan 2013). Treesubsuntorn et al. 2013 investigated 
the amount and composition of wax materials of differ-
ent indoor plants and found that the ability of the plant 
to remove benzene was dependent on the composition of 
the wax but not on the amount of wax present on leaves. 
In contrast, both the quantity and composition of the wax 
affected the efficient removal of xylene from indoor air by 
plants (Sangthong et al. 2016). Other avenues by which 
pollutants may enter the leaves have also been recognized. 
Kvesitadze et al. (2006) found that trichomal cells, which 
greatly increase the surface area of the leaves, may have 
a role in the uptake of chemicals. In the epiphytic plant 
Tillandsia velutina, superior formaldehyde uptake was 
observed to be aided by the trichomes (Li et al. 2015). 
The ectodesmata have also been described as a route by 
which a toxic compound may enter the leaves (Kvesitadze 
et al. 2006). Mechanisms of cuticular wax adsorption and 
other leaf structures as well as the entry via stomata are 

interesting features that should be further explored in the 
hope of bettering the VOC removal efficiency of indoor 
plants.

When VOCs enter the leaves, they may be translocated to 
different parts of the plant. After the entry of the pollutants 
through the stomata or cuticle, they reach the sieve tubes of 
the phloem that allow their translocation, together with pho-
tosynthates, to roots or the rest of the shoot tissue (Kvesita-
dze et al. 2006). It has been reported that the translocation of 
VOCs via the stem to the root zone depends on the concen-
tration of VOCs in the indoor space or test chamber (Godish 
and Guindon 1989; Wolverton et al. 1989; Kim et al. 2008). 
Wolverton and Wolverton (1993) speculated that plant leaves 
can potentially absorb formaldehyde and xylene from the 
air and translocate them, via the phloem/xylem, to the plant 
roots where they are degraded by microorganisms. However, 
sterile plants were also found to metabolize VOCs arguing 
against the VOC degradation by microorganisms (Khaksar 
et al. 2016a; Ugrekhelidze et al. 1997). The role of microbes 
in the phytoremediation of VOCs is further discussed in the 
subsequent sections. Formaldehyde is absorbed by Chloro-
phytum comosum and then transported to the plant rhizos-
phere solution through downward transport. However, when 
the formaldehyde concentration in the air diminishes the 
absorbed formaldehyde is readily released back into the air 
(Su and Liang 2015).

After absorption, the VOCs may be sequestered, degraded 
in situ or transported to other locations in the plant to be 
degraded or metabolized (Giese et al. 1994; Schmitz et al. 
2000). Plants can resist toxic compounds through excretion, 
conjugation with molecules or degradation to cellular metab-
olites and, in some cases, to carbon dioxide (Kvesitadze 
et al. 2006). The latter mechanism is ideal for phytoremedia-
tion purposes. Figure 1 shows a simplified diagram depict-
ing the benzene, toluene, xylene (BTX), and formaldehyde 
metabolism by plants (Giese et al. 1994; Ugrekhelidze et al. 
1997; Hanson and Roje 2001; Kvesitadze et al. 2006, 2009; 

z Values following plant species names are VOC removal rates or percentages; units in parentheses

Table 1  (continued)

Plant  speciesz Authors

Benzene and toluene
 Tradescantia pallida 3.86, 9.10 (mg benzene, mg toluene  m−3 m−2 h−1); Hedera helix 3.63, 8.25; 

Hemigraphis alternate 5.54, 9.63; Hoya carnosa 2.21, 5.81; Asparagus densiflorus 2.65, 7.44; Fit-
tonia argyroneura 2.74, 5.09

Yang et al. (2009)

 Hedera helix 57.5 ng benzene, 112.2 ng toluene  m−3 h−1 cm−2 leaf area Yoo et al. (2006)
BTEX
 Opuntia microdasys 1.18 mg benzene; 0.54 mg toluene; 1.64 mg ethylbenzene; 1.35 mg xylene 

 m−2 d−1
Mosaddegh et al. (2014)

 Zamioculcas zamifolia 0.32 mmol benzene; 0.31 mmol toluene; 0.1 mmol ethylbenzene; 0.29 mmol 
xylene  m−2 d−1

Sriprapat and Thiravetyan (2013)



148 Horticulture, Environment, and Biotechnology (2018) 59:143–157

1 3

Zhang et al. 2014; Sangthong et al. 2016). The degradation 
of BTX starts with a ring cleavage, which forms intermedi-
ates that may undergo deep oxidation to form compounds 
that can enter the tricarboxylic acid cycle (TCA). In plants, 
therefore, degradation of organic compounds is facilitated 
by oxidative enzymes. For aromatic hydrocarbons, such 
as benzene and toluene, hydroxylation is the first conver-
sion step. After the ring cleavage, the oxidation of benzene 
forms muconic acid, which can be further oxidized to fuma-
ric acid, which in turn enters the TCA cycle (Ugrekhelidze 
et al. 1997; Korte et al. 2000; Kvesitadze et al. 2006). For 
toluene, oxidative cleavage may occur through either (a) 
oxidation of the methyl group to carboxyl group, followed 
by ring hydroxylation resulting to α-carboxymuconic acid 
or (b) ring hydroxylation without oxidation of the methyl 
group, where the cleavage product is α-methylmuconic acid 
(Ugrekhelidze et al. 1997). Xylene degradation in plants has 
been less studied. Sangthong et al. (2016) proposed that after 
ring cleavage of xylene, the product is 3-methyl-2-butenal, 
which can be further degraded into maleic acid and fumaric 
acid. Since fumaric acid is known to enter the TCA cycle, 
it is assumed that the product of xylene degradation ulti-
mately enters the TCA cycle. Formaldehyde metabolism in 
plants, on the other hand, has been proposed to occur either 

independently or simultaneously through the  C1 metabolism 
or the Calvin cycle (Giese et al. 1994; Hanson and Roje 
2001; Song et al. 2013; Zhang et al. 2014; Sun et al. 2015). 
Formic acid is one of the products of formaldehyde oxi-
dation. Further oxidation of formic acid generates carbon 
dioxide, which can enter the Calvin cycle. Several studies 
have suggested other pathways to be also involved in the 
degradation of formaldehyde (Zhang et al. 2014; Wang et al. 
2016). Monitoring the alteration of 14C labeled formalde-
hyde in Glycine max cells indicated that formaldehyde was 
first oxidized and then underwent  C1 metabolism (Giese 
et al. 1994). Different metabolic pathways for formaldehyde 
may be at work among various species, depending on the 
external conditions (Schmitz et al. 2000). For instance, at 
low levels, gaseous formaldehyde is metabolized by petunia 
plants producing glucose while formic acid is formed after 
10 min and reaches its maximum level at 4 h followed by a 
substantial increase in the glycine production. When plants 
were grown in the presence of light and as the concentration 
of formaldehyde increases so did the generation of formic 
acid, glutamine, glucose and fructose, whereas glycine pro-
duction was decreased (Sun et al. 2015). A different pattern 
has been observed for plants grown under dark conditions. 
Formaldehyde uptake was greatly reduced, followed by a 

Fig. 1  The metabolism of 
benzene, toluene, xylene (BTX) 
and formaldehyde in plants. 
The oxidative degradation of 
BTX starts with a ring cleav-
age, followed by the formation 
of muconic acid in benzene 
and toluene (Ugrekhelidze 
et al. 1997; Kvesitadze et al. 
2006, 2009) and of 3-methyl-
2-butenal in xylene (Sangthong 
et al. 2016). Further oxidation 
may lead to the formation of 
fumaric acid, which is a key 
intermediate in the tricarbox-
ylic acid cycle or Krebs cycle. 
The oxidation of  C1 units from 
formaldehyde produces formic 
acid, which is typically further 
oxidized into  CO2. Carbon diox-
ide may then enter the Calvin 
cycle (Giese et al. 1994; Hanson 
and Roje 2001; Zhang et al. 
2014; Sun et al. 2015)
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decrease in glucose synthesis. On the contrary, formic acid 
generation, in the dark, was not affected at low levels of 
formaldehyde. When formaldehyde levels were augmented 
the formation of formic acids was weaker in petunia plants 
in the dark than in those grown in light conditions. Zhang 
et al. (2014) showed that liquid formaldehyde metabolism 
in petunia plants under low formaldehyde levels generated 
methionine as the main metabolite. Under high levels of for-
maldehyde, petunia plants produced substantial amounts of 
formic acid and glycine via  C1 metabolism and less glucose 
entered the Calvin cycle. 

4.2  Factors affecting the efficiency of plant‑based 
VOC removal

The efficiency of plants in removing VOCs from indoor 
air spaces is related to or affected by several factors. These 
factors can be biological, physical, or even mechanical in 
nature; most of which have been reviewed by Dela Cruz 
et al. (2014a). Here we explore several of these factors and 
briefly describe their impact on VOC removal.

As mentioned above, the uptake and metabolism of VOCs 
depends on the plant species. A diversity of indoor plants 
from of varying growth types exhibited differential capaci-
ties for air purification. As shown in Table 1, a wide range 
of indoor plant species can effectively remove indoor pol-
lutants. Yang et al. (2009) have screened 28 indoor orna-
mental plants and found variation in their removal efficiency 
of five VOCs (benzene, toluene, octane, trichloroethylene, 
and terpene). Some species demonstrated a superior ability 
to remove all five VOCs, including Hemigraphis alternata, 
Hedera helix, Hoya carnosa, and Asparagus densiflorus. 
Other species, such as Ficus benjamina, effectively removed 
octane and terpene. Kim and Lee (2008) evaluated six spe-
cies of orchids and found Sedirea japonicum, Dendrobium 
phalaeonopsis, and Phalaeonopsis sp. being the most effec-
tive in removing formaldehyde. Of the 73 ornamental plant 
species studied by Liu et al. (2007), only 10 were found 
to be effective in removing benzene. Moreover, Kim et al. 
(2010) assessed 86 plant species, including herbs, ferns, 
woody foliage plants, herbaceous foliage plants, and Korean 
native plants, and found that only 9 showed extremely high 
(> 1.2 mg m−3) formaldehyde removal efficiency per  cm−2 
of leaf area. Among the different plant types studied, ferns 
displayed two- to three-fold greater removal efficiency on a 
leaf-area basis. Additionally, some fern species were shown 
to excel in the remediation of several metals and organic 
compounds, which can be found in contaminated soil and 
water, a property that designated them as hyperaccumulators 
(e.g. Pteris vittata for arsenic, Niazi et al. 2016). The differ-
ent VOC removal capacities among plant species has been 
associated with differences in their water status, stomatal 
conductance (Liu et al. 2007) and selectivity for specific air 

pollutants. For example, Kalanchoe blossfeldiana removed 
benzene preferentially over toluene (Cornejo et al. 1999). 
Collins et al. (2000) demonstrated that the uptake of benzene 
was higher in blackberry and apple leaves than in cucumber 
leaves. Comparative studies using the indoor plant (spider 
plant- Chlorophytum comosum) and tobacco plant indi-
cated elevated levels of formaldehyde uptake (10 μL L−1) 
in the indoor species. Schmitz et al. (2000) have concluded 
that indoor plants do not actually contribute significantly 
to indoor air purification. This finding was based on their 
assessment of the capacity of plants to metabolize for-
maldehyde, which decreased stomatal conductance. How-
ever, other authors have argued in favor of several indoor 
plants to reducing volatile formaldehyde levels in the air. 
The controversy of these studies emphasizes on the impor-
tance of the conditions used to carry out the assessment the 
VOC removal efficiency of various plant species. Several 
researchers have proposed using a mixture of plant species 
to increase the removal of VOCs from indoor air (Yang et al. 
2009; Sriprapat et al. 2014a).

The uptake and removal of VOCs also varies within the 
plant, where the different plant tissues displaying differential 
VOC removal efficiencies. Apple and cucumber fruits found 
to have significantly higher benzene concentrations than 
their leaves, while blackberries showed higher benzene lev-
els in the leaves (Collins et al. 2000). Similarly, the above- 
and below-ground tissues showed different rates of VOC 
removal suggesting that both tissues contribute significantly 
to phytoremedation (Kim et al. 2008, 2014, 2016; Wolverton 
and McDonald 1982). Figure 2 shows the contribution of 
aerial plant parts versus the rhizosphere to VOC removal. 
Plant shoots (the aerial parts), roots, soil/media, and micro-
organisms are all involved in VOC removal. Formaldehyde 
removal by aerial plant parts versus the root zone is 1:1 by 
day and 1:11 by night (Kim et al. 2008). Wolverton and Wol-
verton (1993) reported that xylene removal during the day 
is 1:1 for aerial plant parts and root zone, whereas the ratio 
for formaldehyde removal was 37:63 and 40:60 during the 
day and night, respectively. The ratio between aerial parts 
and the root zone also affected the removal efficiency of 
toluene and xylene in different plant species. Ratios of 21:2 
in Dracaena fragans and 21:3 in Fatsia japonica represented 
the highest removal levels for toluene and xylene (Kim et al. 
2014). However, many of these studies did not distinguish 
the VOC removal efficiency between the belowground parts 
and their associated microorganisms.

It is clear that the number or volume of plants occupy-
ing a room is crucial to the effective VOC removal (Fig. 2). 
However, these parameters are highly variable and depend 
on the VOC composition and emanation rate, air exchange 
rate and many other factors associated with each room/
house/building assessed pointing to the need of careful 
assessment of the in situ application of phytoremediation.



150 Horticulture, Environment, and Biotechnology (2018) 59:143–157

1 3

Plant and leaf age also influence the efficiency of uptake 
and the removal of pollutants. For many species, the accu-
mulation of epicuticular wax increases as the leaf age does. 
Ugrekhelidze et al. (1997) demonstrated that younger spin-
ach, apple, and grape leaves had higher uptake of benzene 
and toluene than older leaves. Additionally, the capacity of 
C. comosum to remove formaldehyde was also shown to 
be dependent on the leaf age (Su and Liang 2015). Leaf 
extracts from fully developed leaves were 25 times more 
effective in removing formaldehyde than leaf extracts from 
mature leaves.

Since the uptake of VOCs is thought to be influenced 
by stomatal conductance, the type of photosynthetic sys-
tem of each plant may also play an important role in VOC 
uptake and removal. Kalanchoe blossfeldiana, which has a 
facultative crassulacean acid metabolism (CAM), displays 
selectivity in benzene uptake over toluene (Cornejo et al. 
1999). CAM plants are known to have temporal separation 
of  C3 and  C4 pathways during photosynthesis—i.e.  CO2 is 
fixed during the night while the 4-carbon intermediate from 
the  C4 is stored during the day, when the stomata are closed 
to reduce transpiration (Yamori et al. 2014). This partition-
ing mechanism allows the fixed carbon to be released and 
re-fixed within the plant via the  C3 pathway during the day. 
Sriprapat et al. (2014a) studied different combinations of 
 C3,  C4, CAM plants to identify the most effective combina-
tion of plants for xylene removal. For indoor conditions, a 

facultative CAM, constitutive CAM and  C3 plant combi-
nation was the most efficient system for xylene removal. 
Kim and Lee (2008) also compared different species of 
orchids with  C3 or CAM photosynthetic systems, with the 
C3 orchids exhibiting higher formaldehyde removal than the 
CAM orchids. However, this result was thought to reflect 
the high removal capacity of the root zone rather than the 
foliage. Interestingly, CAM orchids removed more formal-
dehyde during the day than they did at night, even though 
they were expected to have a higher efficiency at night when 
their stomata were open. The amount of time the stomata are 
open versus closed is a further factor to be considered when 
analyzing variations in VOC removal efficiency. In contrast, 
stomatal conductance did not limit the removal efficiency of 
benzene and toluene (Yoo et al. 2006).

Volatile organic compounds are usually found as a mix-
ture in indoor air. Studies with single, binary, and mixed 
VOCs suggested that exposing plants to a mixture of ben-
zene and toluene had a synergistic and deleterious effect in 
comparison with exposing plants to each pollutant separately 
(Yoo et al. 2006). However, the experiment used different 
concentrations for single and binary treatments (1 μL L−1 
each of benzene or toluene in comparison in comparison 
with 5 μL L−1 benzene + 5 μL L−1 toluene). Furthermore, 
some plant species may display selectivity for VOC removal, 
when the VOCs are present in mixtures (Cornejo et  al. 
1999).

Fig. 2  The contribution made by different plant parts in VOC 
removal. Volatile organic compounds can be readily taken up by plant 
leaves, where they can be metabolized or translocated via the stem 

to other parts of the plant or to the rhizosphere, where they will be 
degraded by the plant or microorganisms (Kim et  al. 2008, 2014, 
2016)
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Pre-exposure to VOCs as well as the frequency of expo-
sure also stimulates subsequent VOC removal rates. Leaf 
extracts of C. comosum plants that were pre-exposed to for-
maldehyde were tested for their removal capacity of formal-
dehyde upon recurrent exposure to this VOC. Leaf extracts 
of the control plants were unable to remove formaldehyde, 
while those previously exposed to the formaldehyde treat-
ment displayed a variable ability to dissipate the added for-
maldehyde (Su and Liang 2015). Kim et al. (2011) evaluated 
changes in toluene removal among 28 species/cultivars after 
exposed to the VOC once, twice, or three times. Most of the 
species displayed increasing removal efficiency as the expo-
sure frequency increased up to three times, however, subse-
quent exposures did not further increase the rate of removal. 
The mechanism for this increased removal efficiency was not 
identified though the role of microorganisms was implied.

The efficiency of plants to removing a particular VOC 
is influenced by the molecular weight (Oyabu et al. 2001; 
Sawada and Oyabu 2008) and other physicochemical prop-
erties of the molecule. The difference in logarithm of the 
octanol–water partitioning coefficient (log  Kow) of ethylb-
enzene and toluene contributed to ethylbenzene being more 
readily adsorbed than toluene by cuticular wax (Sriprapat 
et al. 2014b).

Potting soils and media have the capacity to absorb VOC. 
Wolverton et al. (1984) observed that pots filled with com-
mercial potting mixture were able to reduce formaldehyde in 
the air of a closed chamber. This finding suggested that the 
soil or potting media can act as a sink for volatile chemicals 
(Insam and Seewald 2010). Indeed, the type and volume 
of soil or media also influenced VOC removal efficiency. 
Epipremnum aureum planted in vermiculite removed more 
formaldehyde than plants planted in perlite or peat moss. 
The influence of root volume on removal efficiency was 
also assessed, and a positive correlation between the VOC 
removal rate and root volume was identified (Kim et al. 
2014). The increment of removal, however, differed among 
the plant species studied, and this may be due to differences 
in root system structure.

Potting media and soil are known to contain microorgan-
isms some of which can metabolize volatile organic com-
pounds. Figure 3 illustrates the state of VOCs in the soil or 
growth medium of indoor plants. Some of the volatiles may 
adhere to solid particles and/or exist dissolved in a liquid 
film that in turn facilitates microbial degradation. Volatile 
organic compounds that remain in air pores within the soil or 
media may be degraded by microbes or dispersed via diffu-
sion, conductivity and moisture movement within the media. 
Pollutant removal may be enhanced in several ways, for 
example through air circulation or ground covers as shown 
in Fig. 3. Increasing the air circulation (1–2 L min−1 L−1) 
in the root zone increased VOC removal as much as 2–4 
times (Kim 2016). Forcing polluted air from inside the house 

into the media, by pumping the air into the media or pull-
ing the air through the container using a vacuum, allowed 
greater access of microorganisms to the VOCs enhancing 
their degradation.

The material covering or growing on the surface of the 
media can affect the movement of volatiles into the media. 
For example, planting Selaginella tamariscina as a ground 
cover increased formaldehyde removal by Dieffenbachia 
amoena by 50% compared to other materials (gravel, sand, 
and sphagnum peat moss) (Kim et al. 2011). However, the 
effect of the different ground covering materials was less 
evident in the case of Chrysalidocarpus lutescens, while 
a fine gravel cover on Ficus benjamina had a similar effect 
with that of S. tamariscina. Collectively, the VOC removal 
rate for all three plants species increased by 25% using S. 
tamariscina (Fig. 3).

5  Microbial‑mediated phytoremediation 
of VOCs

The role of microorganisms, especially those associated 
with the root system, has been well established in pollution 
remediation due to their ability to metabolize a wide range 
of organic compounds (Weyens et al. 2015). Soil microor-
ganisms have also been implicated in the removal of VOCs 
by indoor plants (Wolverton and McDonald 1982, Wolver-
ton et al. 1984; Wolverton and Wolverton 1993) as they 
are able to effectively metabolize a wide number of indoor 
volatile contaminants. Little is known about the involve-
ment of microbial communities, population dynamics or 
gene expression in enhancing VOC removal from indoor air. 
However, a number of studies have focused on mechanisms 
for degrading soil or water pollutants using bacteria. Sev-
eral bacteria were isolated from the rhizosphere of Epiprem-
num aureum and identified as Arthrobacter aurescens TC1, 
Arthrobacter oxydans, Leisfonia xyli subsp. xyli str. CTB07, 
Bacillus cereus, Pseudomonas putida, and Bacillus spp. 
Among the isolates, A. aurescens TC1 displayed superior 
formaldehyde removal eliminating 86% of this pollutant 
from the test chamber within 24 h (Huang et al. 2012). The 
ability of A. aurescens TC1 to remove formaldehyde was 
associated with its enhanced enzymatic metabolism rather 
than due to the physical absorption of the compound. How-
ever, the specific enzyme(s) and mechanism of alteration 
have yet to be identified. The inoculation of A. aurescens 
TC1 in a biofilter bed with E. aureum demonstrated that 
the formaldehyde was degraded by the bacteria (Wang et al. 
2014), albeit it was not clear whether the microbial com-
munity was the dominant contributor in the biofilter system 
responsible for formaldehyde removal. Zhang et al. (2013) 
isolated and identified several toluene-metabolizing bac-
teria from the rhizospheres of Fittonia verschaffeltii var. 
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argyroneura and Hoya carnosa, with F. verschaffeltii rhizo-
sphere harboring more diverse bacterial community than H. 
carnosa. However, the presence of diverse toluene-metab-
olizing bacteria in the root zone of F. verschaffeltii did not 
increase its efficiency for toluene removal when compared 
to H. carnosa. Moreover, comparing different bacterial iso-
lates from different plant parts indicated that root endophytes 
had higher formaldehyde removal efficiency (Khaksar et al. 
2016a). Inoculation of endophytic bacteria into a non-host 
indoor plant resulted to an enhancement of its efficiency 
of formaldehyde removal. For example, inoculation of B. 
cereus ERBP, isolated from Clitoria ternatea, enhanced the 
removal of formaldehyde by Z. zamiifolia, however, E. milii, 
inoculation appeared to hinder the removal of the same pol-
lutant (Khaksar et al. 2016b).

Bacterial inoculation also affected the stomata opening 
process, where stomata of endophyte-inoculated plants were 

open during the night and therefore further influencing for-
maldehyde uptake (Khaksar et al. 2016b). Inoculation of the 
media with bacteria also had an ameliorating effect on the 
phytotoxicity of formaldehyde on indoor plants (Khaksar 
et al. 2016a). During the biodegradation process, the con-
centration of VOCs in the micro-environment of the micro-
organisms had a profound impact on microbial activity and 
the pollutant removal rate. Daisey et al. (1994) reported that 
gaseous toluene must move into an aqueous phase before 
being biodegraded.

Microbes are known to have the ability to detoxify and 
degrade a range of toxic substances, and the mechanisms 
underlying these processes have been investigated at the 
molecular level. Within the BTEX group, toluene is the most 
widely studied compound for the mechanisms governing its 
degradation by microorganisms. The aerobic degradation of 
BTEX molecules usually starts with oxidation of the methyl 

Fig. 3  The state of VOCs in the soil or growth media; microbial deg-
radation of VOCs; and enhancing VOC removal in the rhizosphere. 
The soil or growth media serves as a sink for VOCs in indoor air. 
The VOCs can adhere to soil/media particles be in an aqueous phase 
that microorganisms may easily degrade. VOCs may exist in the pore 
spaces as free VOCs (Wang et al. 2012). Plant root exudates serve as 

a carbon source for many of the rhizosphere microorganisms, which 
can degrade the VOCs into products that enter the TCA cycle. The 
efficiency of VOC removal by the soil may be increased by circu-
lating air through the soil/media using an air ball at the appropriate 
speed (Kim 2016) or by using the appropriate ground cover (Kim and 
Yoo 2011)
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group, ring monooxidation, and/or ring dioxidation, depend-
ing on the bacterial species involved (Jindrova et al. 2002). 
The bacterial species most studied for their BTEX degradation 
capacity were Pseudomonas putida and Pseudomonas spp. 
(Jindrova et al. 2002). Cleavage of the aromatic ring of BTEX 
molecules ultimately leads to the production of acetaldehyde 
and pyruvate, which enter the TCA Cycle. Some fungal spe-
cies are also able to transform and utilize aromatic hydrocar-
bons (Parales et al. 2008). For instance, Aspergillus sp. HUA, 
isolated from the sewage of a furniture factory, showed high 
efficiency for formaldehyde degradation (Yu et al. 2015). Thus, 
enhancing plant–microbe interactions in indoor air-purification 
systems can be a good strategy for improving phytoremedia-
tion efficiency of indoor plants (Xu et al. 2010). In fact, several 
studies have addressed the role of phyllosphere and endophyte 
bacteria on VOC removal as well as the mechanisms of plant-
bacteria interactions (Weyens et al. 2015; Khaksar et al. 2016b; 
Ijaz et al. 2016; Wei et al. 2017).

6  Transgenic plants for enhanced indoor air 
purification

The use of transgenic plants to enhance the removal of VOC 
from indoor air space has been explored in several laborato-
ries with the focus predominately being on formaldehyde. 
Genes and enzymes in plants, bacteria, and yeast facilitating 
the metabolism of different pollutants have been isolated 
and identified. Some of these genes have been incorporated 
into plants to increase their rate of formaldehyde metabolism 
(Achkor et al. 2003; Chen et al. 2010; Tada and Kidu 2011; 
Xiao et al. 2012; Nian et al. 2013; Zhou et al. 2015). Over-
expression of dihydroxyacetone synthase and dihydroxy-
acetone kinase from methylotrophic yeasts increased their 
presence in the tobacco host plant’s chloroplasts enhanc-
ing its photosynthetic formaldehyde-assimilation pathway 
(Zhou et al. 2015). Similarly, overexpression of glutathione 
dependent formaldehyde dehydrogenase (FALDH) from 
Arabidopsis, rice and C. comosum (golden pothos) increased 
the uptake of formaldehyde by about 25–40% in Arabidop-
sis compared to wild-type plants (Achkor et al. 2003; Tada 
and Kidu 2011). Moreover, expression of CYP2E1, a mam-
malian Cytochrome 450 in transgenic tobacco (Nicotiana 
tabacum cv. Xanthii) resulted to increased removal rates of 
VOCs, including benzene and toluene (Andrew James et al. 
2008).

7  Application of botanical‑based indoor air 
purification

While the knowledge on plant-microorganism interactions 
and their potential to remove pollutants from indoor air has 
been widely studied, its application to real-life settings is 

slowly emerging due to the limitations in translating the 
findings from sealed chamber experiments to strategies 
improving the air space of homes and offices. Llewellyn 
and Dixon (2011) argued that extrapolating static cham-
ber phytoremediation results does not actually reflect the 
requirements for plants in specific indoor environments. 
The authors concluded that an active botanical biofiltration 
system, where air is pumped through the system, was more 
effective than solitary potted plants. Dela Cruz et al. (2014a) 
pointed out factors that are not taken into consideration in 
sealed chamber experiments such as the discontinuous VOC 
emission, VOC concentration, light intensity and lack of air 
exchange. Dela Cruz et al. (2014b) proposed a new semi-
dynamic and dynamic experimental set up that can simu-
late a more realistic indoor environment, where the relative 
humidity, air exchange rate and VOC concentration were 
controlled to mimic the highly variable in situ conditions.

Biofilters and biotrickling filters are widely used as large 
scale air purification systems of waste gases and as odor 
treatment. In biofilters and biotrickling filters, gas flows 
through a fixed bed that is irrigated with a nutrient solution 
in an occasional or continuous manner, respectively. Degra-
dation of the pollutants such as VOCs takes place in biofilms, 
which are synthesized by the microflora (Delhoménie and 
Heitz 2005). In order to enhance the performance of plants 
for indoor air purification, a hybrid of biofiltration and phy-
toremediation, called botanical biofiltration, was introduced 
(Soreanu et al. 2013). Such plant-based systems are available 
from commercial companies in the United States, Canada, 
the United Kingdom, India, and South Korea. Botanical bio-
filtration is an environment-friendly technology in which 
green plants are integrated into the biofilter structure. The 
plants and their root-associated microorganisms remove the 
pollutants from a moving contaminant stream (Soreanu et al. 
2013). The term “Biowall” has recently emerged referring to 
a vertical garden that acts as a natural air filtration system, 
where the air is cleaned as it moves through the wall and is 
then distributed throughout the building using a traditional 
HVAC system (Butkovich et al. 2008).

Botanical biofiltration systems with the appropriately 
selected plants are suitable for the removal of BTEX and for-
maldehyde (Soreanu et al. 2013). The plants and their root-
associated microorganisms convert harmful VOCs into carbon 
dioxide, water, and biomass. The production of carbon dioxide 
during the metabolism of some VOCs (e.g. formaldehyde) by 
plants should not be a concern, since the amount is generally 
relatively low and part of it is taken up by the plants to be 
used for photosynthesis. The energy consumption of botanical 
biofilters is also lower than that of other technologies used for 
indoor air purification (Luengas et al. 2015). Although some 
botanical biofilters are marketed, this technology still strives 
for acceptance. Table 2 presents a comparison of passive and 
active biofiltration techniques used for air purification. Many 
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aspects, including increased relative humidity, possible patho-
genic spore contamination, potential bacterial proliferation, 
the fertigation flow rate, nutrient concentration, water sources, 
air flow flux, plant species and light requirements, need to 
be addressed and balanced against the VOC present and its 
concentration. Potted plants generally act as passive biofilters, 
while botanical filters, such as the biotrickling filters used in 
biowalls, are active biofiltration systems. However, there are 
patents for individual pot systems, where a partial vacuum 
is created at the base of the pot forcing the air into the plant 
and down through the media containing microorganisms. The 
choice between a passive potted plant and a botanical bio-
filter depends on several factors including the availability of 
funds, the building location and the infrastructure limitations. 
Potted plants are the simplest and most economical choice 
for indoor air purification, although they remove pollutants 
at a slower rate. If passive potted plant systems are designed 
to exhibit greater VOC removal rates, then their benefits will 
be experienced from people inhabiting locations with poor 
electricity access. In contrast, botanical biofiltration offers bet-
ter performance when high air-flow rates need to be purified, 
though these systems (e.g. biowalls) are more complex and 
often require professional establishment and maintenance.

8  Conclusion

Phytoremediation is the ability of plants and their associated 
microorganisms to remove pollutants from the environment. 
It is a cost-effective and environment-friendly technique for 

environmental cleanup. This review has discussed the mech-
anisms and factors that influence VOC removal efficiency. 
The current limitations of the technologies used for VOC 
removal have been highlighted. The removal of VOCs from 
indoor air by plants has evolved from passive filtration using 
potted plants to active filtration using botanical biofilters. 
Studies with potted plants in closed chambers continue to 
be useful for isolating factors that may enhance removal effi-
ciency and therefore contribute towards the improvement of 
plant-based systems. Plants and their associated microorgan-
isms have been proved to highly important for the bettering 
of indoor air quality and therefore further research on such 
strategies becomes a necessity.

Acknowledgements This work has been carried out with the support of 
the Cooperative Research Program for Agriculture Science and Tech-
nology Development (Project No. PJ01221501), Rural Development 
Administration, Republic of Korea.

References

Achkor H, Díaz M, Fernández MR, Biosca JA, Parés X, Martínez MC 
(2003) Enhanced formaldehyde detoxification by overexpression 
of glutathione-dependent formaldehyde dehydrogenase from 
Arabidopsis. Plant Physiol 132:2248–2255

Andrew James C, Gang XIN, Doty SL, Strand SE (2008) Degradation 
of low molecular weight volatile organic compounds by plants 
genetically modified with mammalian cytochrome P450 2E1. 
Environ Sci Technol 42:289–293

Aydogan A, Montoya LD (2011) Formaldehyde removal by common 
indoor plant species and various growing media. Atmos Environ 
45:2675–2682

Table 2  Comparison of passive and active techniques for phytoremediation of VOC from indoor air. Sources: Wolverton (1996), Kim et  al. 
(2009), Soreanu et al. (2013), Thomas et al. (2015), Kim (2016), Liu et al. (2017)

Parameter Techniques for phytoremediation

Passive biofiltration Active biofiltration

Application Potted plants, living walls/vertical gardens/green walls/
vegetated façade (system where plants are grown on a 
vertical surface)

Biowalls, botanical biotrickling filters, vacuum pots, potted 
plants with air ball

Air circulation No forced air, however, convection currents created 
through transpiration may cause air flow

Air is diffused through the plant shoots or through the 
media

Air flow direction and rate may be modulated
Energy requirement None Required
Removal efficiency Efficient in sealed chamber studies and some field studies 2–4 × more efficient than passive systems
Removal coverage More plants needed to cover wide areas (e.g. 360 or 750 

Gardenia jasminoide or Rosmarinus officinalis to reduce 
VOC by 67% in a 300 m3 house; plants must occupy 1% 
of the room to result in 7% formaldehyde reduction)

Wider area covered

Rhizosphere micro-
organism action on 
VOC

VOC transported from the shoots to the roots VOC transported from the shoots to the roots
VOC dissolved from evapotranspiration droplets VOC dissolved from evapotranspiration droplets

VOC in gas phase in media
Cost Affordable Cheaper than other air filtration techniques
Other advantages Eco-friendly Eco-friendly; no production of ozone or nitrogen oxides



155Horticulture, Environment, and Biotechnology (2018) 59:143–157 

1 3

Butkovich K, Graves J, Mckay J, Slopack M (2008) An investiga-
tion into the feasibility of biowall technology. George Brown 
College Applied Research and Innovation, Toronto, Canada

Cape JN (2003) Effects of airborne volatile organic compounds on 
plants. Environ Pollut 122:145–157

Cape JN, Binnie J, Mackie N, Skiba UM (2000) Uptake of volatile 
compounds by grass. In: Proceedings of the 3rd SETAC World 
Congress, Brighton, U.K.

Chen L, Yurimoto H, Li K, Orita I, Akita M, Kato N, Sakai Y, Izui K 
(2010) Assimilation of formaldehyde in transgenic plants due 
to the introduction of the bacterial ribulose monophosphate 
pathway genes. Biosci Biotechnol Biochem 74:627–635

Chun S-C, Yoo MH, Moon YS, Shin MH, Son K-C, Chung I-M, Kays 
SJ (2010) Effect of bacterial population from rhizosphere of 
various foliage plants on removal of indoor volatile organic 
compounds. Korean J Hortic Sci Technol 28:476–483

Collins CD, Bell JNB, Crews C (2000) Benzene accumulation in 
horticultural crops. Chemosphere 40:109–114

Collins JJ, Ireland B, Buckley CF, Shepperly D (2003) Lympho-
haematopoeitic cancer mortality among workers with benzene 
exposure. Occup Environ Med 60:676–679

Cornejo JJ, Muñoz FG, Ma CY, Stewart AJ (1999) Studies on the 
decontamination of air by plants. Ecotoxicology 8:311–320

Daisey JM, Hodgon AT, Fisk WJ, Mendell MJ, Ten BJ (1994) Vol-
atile organic compounds in twelve Californian office build-
ings: classes, concentrations and sources. Atmos Environ 
28:3557–3562

Dela Cruz M, Christensen JH, Thomsen JD, Müller R (2014a) 
Can ornamental potted plants remove volatile organic com-
pounds from indoor air?—a review. Environ Sci Pollut Res 
21:13909–13928

Dela Cruz M, Müller R, Svensmark B, Pedersen JS, Christensen JH 
(2014b) Assessment of volatile organic compound removal by 
indoor plants—a novel experimental setup. Environ Sci Pollut 
Res 21:7838–7846

Delhoménie M-C, Heitz M (2005) Biofiltration of air: a review. Crit 
Rev Biotechnol 25:53–72

Erdmann C, Apte MG (2003) Association of carbon dioxide concen-
trations and environmental susceptibilities with mucus mem-
brane and lower respiratory building-related symptoms in the 
BASE study: analyses of the 100 building dataset. Indoor Air. 
Special Edition, September

Giese M, Bauer-Doranth U, Langebartels C, Sandermann H (1994) 
Detoxification of formaldehyde by the spider plant (Chloro-
phytum comosum L.) and by soybean (Glycine max L.) cell-
suspension cultures. Plant Physiol 104:1301–1309

Godish T, Guindon C (1989) An assessment of botanical air purifi-
cation as a formaldehyde mitigation measure under dynamic 
laboratory chamber conditions. Environ Pollut 62:13–20

Greipsson S (2011) Phytoremediation. Nat Educ Knowl 3(10):7
Guieysse B, Hort C, Platel V, Munoz R, Ondarts M, Revah S (2008) 

Biological treatment of indoor air for VOC removal: potential 
and challenges. Biotechnol Adv 26:398–410

Hanson AD, Roje S (2001) One-carbon metabolism in higher plants. 
Annu Rev Plant Biol 52:119–137

Huang W-H, Wang Z, Choudhary G, Guo B, Zhang J, Ren D (2012) 
Characterization of microbial species in a regenerative bio-
filter system for volatile organic compound removal. HVAC&R 
Res 18:169–178

Huang Y, Ho SSH, Niu R, Xu L, Lu Y, Cao J, Lee S (2016) Removal 
of indoor volatile organic compounds via photocatalytic oxida-
tion: a short review and prospect. Molecules 21:56. https ://doi.
org/10.3390/molec ules2 10100 56

Husti A, Cantor M, Stefan R, Miclean M, Roman M, Neacsu I, 
Contiu I, Magyari K, Baia M (2016) Assessing the indoor 

pollutants effect on ornamental plants leaves by FT-IR spec-
troscopy. Acta Phys Pol A 129:142–149

Ijaz A, Imran A, ul Haq MA, Khan QM, Afzal M (2016) Phytoreme-
diation: recent advances in plant-endophytic synergistic inter-
actions. Plant Soil 405:179–195. https ://doi.org/10.1007/s1110 
4-015-2606-2

Insam H, Seewald MS (2010) Volatile organic compounds (VOCs) in 
soils. Biol Fertil Soils 46:199–213

Jindrova E, Chocova M, Demnerova K, Brenner V (2002) Bacterial 
aerobic degradation of benzene, toluene, ethylbenzene, and 
xylene. Folia Microbiol 47:83–93

Jones AP (1999) Indoor air quality and health. Atmos Environ 
33:4535–4564

Khaksar G, Treesubsuntorn C, Thiravetyan P (2016a) Effect of endo-
phytic Bacillus cereus ERBP inoculation into non-native host: 
potentials and challenges for airborne formaldehyde removal. 
Plant Physiol Biochem 107:326–336

Khaksar G, Treesubsuntorn C, Thiravetyan P (2016b) Endophytic 
Bacillus cereus ERBP—Clitoria ternatea interactions: potentials 
for the enhancement of gaseous formaldehyde removal. Environ 
Exp Bot 126:10–20

Kim HJ (2016) Effects of airflow and microorganisms in rootzone 
on phytoremediation of volatile organic compounds by indoor 
plants. Master’s Thesis, Chonbuk National University, Jeongju, 
57 pp (in Korean)

Kim KJ, Lee DW (2008) Efficiency of volatile formaldehyde removal 
of orchids as affected by species and crassulacean acid metabo-
lism (CAM) nature. Hortic Environ Biotechnol 49:132–137

Kim KJ, Yoo EH (2011) Efficiency of formaldehyde removal according 
to the ground cover plants and materials of indoor potted plants. 
J Korean Soc People Plants Environ 14:279–283

Kim KJ, Kil MJ, Song JS, Yoo EH, Son K-C, Kays SJ (2008) Efficiency 
of volatile formaldehyde removal by indoor plants: contribution 
of aerial plant parts versus the root zone. J Am Soc Hortic Sci 
133:521–526

Kim KJ, Kil MJ, Jeong MI, Kim HD, Yoo EH, Jeong SJ, Pak CH, 
Son K (2009) Determination of the efficiency of formaldehyde 
removal according to the percentage volume of pot plants occu-
pying a room. Korean J Hortic Sci Technol 27:305–311

Kim KJ, Jeong MI, Lee DW, Song JS, Kim HD, Yoo EH, Jeong SJ, Han 
SW, Kays SJ et al (2010) Variation in formaldehyde removal effi-
ciency among indoor plant species. HortScience 45:1489–1495

Kim KJ, Yoo EH, Il Jeong M, Song JS, Lee SY, Kays SJ (2011) 
Changes in the phytoremediation potential of indoor plants with 
exposure to toluene. HortScience 46:1646–1649

Kim KJ, Yoo EH, Kays SJ (2012) Decay kinetics of toluene phytore-
mediation stimulation. HortScience 47:1195–1198

Kim KJ, Jung HH, Lee JA (2013) Physiological response of indoor 
plants according to formaldehyde concentrations. J Korean Soc 
People Plants Environ 16:421–425

Kim KJ, Jung HH, Seo HW, Lee JA, Kays SJ (2014) Volatile toluene 
and xylene removal efficiency of foliage plants as affected by top 
to root zone size. HortScience 49:230–234

Kim KJ, Kim HJ, Khalekuzzaman M, Yoo EH, Jung HH, Jang HS 
(2016) Removal ratio of gaseous toluene and xylene transported 
from air to root zone via the stem by indoor plants. Environ Sci 
Pollut Res 23:6149–6158

Kleipeis NE, Nelson WC, Ott WR, Robinson JP, Tsang AM, Swit-
zer P, Behar JV, Hern SC, Engelmann WH (2001) The National 
Human Activity Pattern Survey (NHAPS): a resource for assess-
ing exposure to environmental pollutants. J Expo Anal Environ 
Epidemiol 11:231–252

Kobayashi KD, Kaufman AJ, Griffis J, McConnell J (2007) Using 
houseplants to clean indoor air. Cooperative Extension Service, 
College of Tropical Agriculture and Human Resources. Univer-
sity of Hawai’i at Manoa, Ornamentals and Flowers, OF-39

https://doi.org/10.3390/molecules21010056
https://doi.org/10.3390/molecules21010056
https://doi.org/10.1007/s11104-015-2606-2
https://doi.org/10.1007/s11104-015-2606-2


156 Horticulture, Environment, and Biotechnology (2018) 59:143–157

1 3

Koppmann R (2007) Volatile organic compounds in the atmos-
phere. Blackwell Publishing Ltd., Hoboken. https ://doi.
org/10.1002/97804 70988 657

Korte F, Kvesitadze G, Ugrekhelidze D, Gordeziani M, Khatisashvili 
G, Buadze O, Zaalishvili G, Coulston F (2000) Organic toxi-
cants and plants. Ecotoxicol Environ Saf 47:1–26

Kvesitadze G, Khatisashvili G, Sadunishvili T, Ramsden JJ (2006) 
Biochemical mechanisms of detoxification in higher plants. 
Springer, Berlin, pp 103–132

Kvesitadze E, Sadunishvili T, Kvesitadze G (2009) Mechanisms of 
organic contaminants uptake and degradation in plants. World 
Acad Sci Eng Technol 3:417–427

Lee JH (2013) An overview of phytoremediation as a potentially 
promising technology for environmental pollution control. Bio-
technol Bioprocess Eng 18:431–439. https ://doi.org/10.1007/
s1225 7-013-0193-8

Li P, Pemberton R, Zheng G (2015) Foliar trichome-aided for-
maldehyde uptake in the epiphytic Tillandsia velutina 
and its response to formaldehyde pollution. Chemosphere 
119:662–667

Liu YJ, Mu YJ, Zhu YG, Ding H, Crystal Arens N (2007) Which 
ornamental plant species effectively remove benzene from 
indoor air? Atmos Environ 41:650–654

Liu G, Xiao M, Zhang X, Gal C, Chen X, Liu L (2017) A review of 
air filtration technologies for sustainable and healthy building 
ventilation. Sustain Cities Soc 32:375–396

Llewellyn D, Dixon M (2011) Can plants really improve indoor air 
quality? Compr Biotechnol Second Ed. https ://doi.org/10.1016/
B978-0-08-08850 4-9.00325 -1

Luengas A, Barona A, Hort C, Gallastegui G, Platel V, Elias A 
(2015) A review of indoor air treatment technologies. Rev 
Environ Sci Biotechnol 14:499–522

Mosaddegh MH, Jafarian A, Ghasemi A, Mosaddegh A (2014) 
Phytoremediation of benzene, toluene, ethylbenzene and 
xylene contaminated air by D. deremensis and O. micro-
dasys plants. J Environ Health Sci 12:39. https ://doi.
org/10.1186/2052-336x-12-39

Nian HJ, Meng QC, Cheng Q, Zhang W, Chen LM (2013) The effects 
of overexpression of formaldehyde dehydrogenase gene from 
Brevibacillus brevis on the physiological characteristics of 
tobacco under formaldehyde stress. Russ J Plant Physiol 60:764–
769. https ://doi.org/10.1134/S1021 44371 30600 83

Niazi NK, Bashir S, Bibi I, Murtaza B, Shahid Md, Javed MdT, Sha-
koor MdB, Saqib ZA, Nawaz MdF, Aslam Z, Wang H, Murtaza 
H (2016) Phytoremediation of arsenic-contaminated soils using 
arsenic hyperaccumulating ferns. In: Ansari A, Gill S, Gill R, 
Lanza G, Newman L (eds) Phytoremediation management of 
environmental contaminants, vol 3. Springer International Pub-
lishing, Basel, pp 521–545

Orwell RL, Wood RA, Tarran J, Torpy F, Burchett MD (2004) Removal 
of benzene by the indoor plant/substrate microcosm and implica-
tions for air quality. Water Air Soil Pollut 157:193–207. https ://
doi.org/10.1023/B:WATE.00000 38896 .55713 .5b

Orwell RL, Wood RA, Burchett MD, Tarran J, Torpy F (2006) The 
potted-plant microcosm substantially reduces indoor air VOC 
pollution: II. Laboratory study. Water Air Soil Pollut 177:59–80. 
https ://doi.org/10.1007/s1127 0-006-9092-3

Oyabu T, Onodera T, Kimura H, Sadaoka Y (2001) Purification 
ability of interior plant for removing of indoor—air polluting 
chemicals using a tin oxide gas sensor. J Jpn Soc Atmos Environ 
36a:319–325

Oyabu T, Sawada A, Onodera T, Takenada K, Wolverton B (2003) 
Characteristics of potted plants for removing offensive odors. 
Sens Actuators B 89:131–136

Oyabu T, Sawada A, Kuroda H, Hashimoto T, Yoshioka T (2005) Puri-
fication capabilities of golden pothos and peace lily for indoor 

air pollutants and its application to a relaxation space. J Agric 
Meterol 60:1145–1148

Parales RE, Parales JV, Pelletier DA, Ditty JL (2008) Diversity of 
microbial toluene degradation pathways. Adv Appl Microbiol 
64:1–73

Porter JR (1994) Toluene removal from air by Dieffenbachia in a 
closed environment. Adv Space Res 14:99–103. https ://doi.
org/10.1016/0273-1177(94)90285 -2

Sangthong S, Suksabye P, Thiravetyan P (2016) Airborne xylene deg-
radation by Bougainvillea buttiana and the role of epiphytic bac-
teria in the degradation. Ecotoxicol Environ Saf 126:273–280

Sawada A, Oyabu T (2008) Purification characteristics of pothos for 
airborne chemicals in growing conditions and its evaluation. 
Atmos Environ 42:594–602

Schmitz H, Hilgers U, Weidner M (2000) Assimilation and metabolism 
of formaldehyde by leaves appear unlikely to be of value for 
indoor air purification. New Phytol 147:307–315

Snyder R (2012) Leukemia and benzene. Int J Environ Res Public 
Health 9:2875–2893

Song ZB, Xiao SQ, You L, Wang SS, Tan H, Li KZ, Chen LM (2013) 
C1 metabolism and the Calvin cycle function simultaneously and 
independently during HCHO metabolism and detoxification in 
Arabidopsis thaliana treated with HCHO solutions. Plant Cell 
Environ 36:1490–1506

Soreanu G, Dixon M, Darlington A (2013) Botanical biofiltration 
of indoor gaseous pollutants—a mini-review. Chem Eng J 
229:585–594

Sriprapat W, Thiravetyan P (2013) Phytoremediation of BTEX from 
indoor air by Zamioculcas zamiifolia. Water Air Soil Pollut. https 
://doi.org/10.1007/s1127 0-013-1482-8

Sriprapat W, Thiravetyan P (2016) Efficacy of ornamental plants for 
benzene removal from contaminated air and water: effect of 
plant-associated bacteria. Int Biodeterior Biodegrad 113:262–268

Sriprapat W, Boraphech P, Thiravetyan P (2014a) Factors affecting 
xylene-contaminated air removal by the ornamental plant Zamio-
culcas zamiifolia. Environ Sci Pollut Res 21:2603–2610

Sriprapat W, Suksabye P, Areephak S, Klantup P, Waraha A, Sawattan 
A, Thiravetyan P (2014b) Uptake of toluene and ethylbenzene by 
plants: removal of volatile indoor air contaminants. Ecotoxicol 
Environ Saf 102:147–151

Su Y, Liang Y (2015) Foliar uptake and translocation of formaldehyde 
with Bracket plants (Chlorophytum comosum). J Hazard Mater 
291:120–128

Sun H, Zhang W, Tang L, Han S, Wang X, Zhou S, Li K, Chen L 
(2015) Investigation of the role of the Calvin cycle and C1 
metabolism during HCHO metabolism in gaseous HCHO-treated 
petunia under light and dark conditions using 13C-NMR. Phyto-
chem Anal 26:226–235

Tada Y, Kidu Y (2011) Glutathione-dependent formaldehyde dehy-
drogenase from golden pothos (Epipremnum aureum) and the 
production of formaldehyde detoxifying plants. Plant Biotechnol 
28:373–378

Thomas CK, Kim KJ, Kays SJ (2015) Phytoremediation of indoor air. 
HortScience 50:765–768

Toabaita M, Vangnai AS, Thiravetyan P (2016) Removal of ethylb-
enzene from contaminated air by Zamioculcas zamiifolia and 
microorganisms associated on Z. zamiifolia leaves. Water Air 
Soil Pollut 227:115. https ://doi.org/10.1007/s1127 0-016-2817-z

Treesubsuntorn C, Thiravetyan P (2012) Removal of benzene from 
indoor air by Dracaena sanderiana: effect of wax and stomata. 
Atmos Environ 57:317–321

Treesubsuntorn C, Suksabye P, Weangjun S, Pawana F, Thiravetyan 
P (2013) Benzene adsorption by plant leaf materials: effect 
of quantity and composition of wax. Water Air Soil Pollut 
224:1736. https ://doi.org/10.1007/s1127 0-013-1736-5

https://doi.org/10.1002/9780470988657
https://doi.org/10.1002/9780470988657
https://doi.org/10.1007/s12257-013-0193-8
https://doi.org/10.1007/s12257-013-0193-8
https://doi.org/10.1016/B978-0-08-088504-9.00325-1
https://doi.org/10.1016/B978-0-08-088504-9.00325-1
https://doi.org/10.1186/2052-336x-12-39
https://doi.org/10.1186/2052-336x-12-39
https://doi.org/10.1134/S1021443713060083
https://doi.org/10.1023/B:WATE.0000038896.55713.5b
https://doi.org/10.1023/B:WATE.0000038896.55713.5b
https://doi.org/10.1007/s11270-006-9092-3
https://doi.org/10.1016/0273-1177(94)90285-2
https://doi.org/10.1016/0273-1177(94)90285-2
https://doi.org/10.1007/s11270-013-1482-8
https://doi.org/10.1007/s11270-013-1482-8
https://doi.org/10.1007/s11270-016-2817-z
https://doi.org/10.1007/s11270-013-1736-5


157Horticulture, Environment, and Biotechnology (2018) 59:143–157 

1 3

Tsai DH, Lin JS, Chan CC (2012) Office workers sick building syn-
drome and indoor carbon dioxide concentrations. J Occup Envi-
ron Hyg 9:345–351

Ugrekhelidze D, Korte F, Kvesitadze G (1997) Uptake and transforma-
tion of benzene and toluene by plant leaves. Ecotoxicol Environ 
Saf 37:24–29

U.S. EPA (2017) Volatile organic compounds—impact on indoor 
air quality. https ://www.epa.gov/indoo r-air-quali ty-iaq/volat 
ile-organ ic-compo unds-impac t-indoo r-air-quali ty. Accessed 21 
June 2017

van Haut H, Prinz B (1979) Beurteilung der relativen Pflanzenscha¨—
dlichkeit organischer Luftverunreinigungen im LIS-Kurzzeittest. 
Staub-Reinhaltung der Luft 39:408–414

Wallace LA (2001) Human exposure to volatile organic pollutant: 
implications for indoor air studies. Annu Rev Energy Environ 
26:269–301

Wang Z, Pei J, Zhang JS (2012) Modeling and simulation of an acti-
vated carbon-based botanical air filtration system for improving 
indoor air quality. Build Environ 54:109–115

Wang Z, Pei J, Zhang JS (2014) Experimental investigation of the for-
maldehyde removal mechanisms in a dynamic botanical filtration 
system for indoor air purification. J Hazard Mater 280:235–243

Wang R, Zeng Z, Liu T, Liu A, Zhao Y, Li K, Chen L (2016) A novel 
formaldehyde metabolic pathway plays an important role dur-
ing formaldehyde metabolism and detoxification in tobacco 
leaves under liquid formaldehyde stress. Plant Physiol Biochem 
105:233–241

Wei X, Lyu S, Yu Y, Wang Z, Liu H, Pan D, Chen J (2017) Phylloreme-
diation of air pollutants: exploiting the potential of plant leaves 
and leaf-associated microbes. Front Plant Sci 8:1–23

Weschler CJ (2009) Changes in indoor pollutants since the 1950s. 
Atmos Environ 43:153–169

Weyens N, Thijs S, Popek R, Witters N, Przybysz A, Espenshade J, 
Gawronska H, Vangronsveld J, Gawronski SW (2015) The role 
of plant-microbe interactions and their exploitation for phytore-
mediation of air pollutants. Int J Mol Sci 16:25576–25604

WHO (2014) Burden of disease from household air pollution for 
2012. http://www.who.int/phe/healt h_topic s/outdo orair /datab 
ases/FINAL _HAP_AAP_BoD_24Mar ch201 4.pdf. Accessed 23 
June 2017

Wieslander G, Norback D, Bjornsson E, Janson C, Boman G (1997) 
Asthma and indoor environment: the significance of emission 
of formaldehyde and volatile organic compounds from the 
newly painted indoor surfaces. Int Arch Occup Environ Health 
69:115–124

Wolverton BC (1996) How to grow fresh air 50 houseplants that purify 
your home or office. Penguin Books, New York, p 27

Wolverton BC, McDonald RC (1982) Foliage plants for removing for-
maldehyde from contaminated air inside energy-efficient homes 
and future space stations. (TM-84674 NSTL 39529) NASA 
National Space Technology Labs, Bay St. Louis, Mississippi, 
USA

Wolverton B, Wolverton J (1993) Plants and soil microorganisms: 
removal of formaldehyde, xylene, and ammonia from the indoor 
environment. J Miss Acad Sci 38:11–15

Wolverton BC, Mcdonald RC, Watkins EA (1984) Foliage plants for 
removing indoor air pollutants from energy-efficient homes. 
Econ Bot 38:224–228

Wolverton B, Jhonson A, Bounds K (1989) Interior landscape plants for 
indoor air pollution abatement. National Aeronautics and Space 
Administration, NASA, pp 1–30

Wood RA, Orwell RL, Tarran J, Torpy F, Burchett M (2002) Potted-
plant/growth media interactions and capacities for removal of 
volatiles from indoor air. J Hortic Sci Biotechnol 77:120–129. 
https ://doi.org/10.1080/14620 316.2002.11511 467

Xiao SQ, Sun Z, Wang SS, Zhang J, Li KZ, Chen LM (2012) Overex-
pressions of dihydroxyacetone synthase and dihydroxyacetone 
kinase in chloroplasts install a novel photosynthetic HCHO-
assimilation pathway in transgenic tobacco using modified Gate-
way entry vectors. Acta Physiol Plant 34:1975–1985. https ://doi.
org/10.1007/s1173 8-012-0998-7

Xu Z, Qin N, Wang J, Tong H (2010) Formaldehyde biofiltration as 
affected by spider plant. Bioresour Technol 101:6930–6934

Xu Z, Wang L, Hou H (2011) Formaldehyde removal by potted plant–
soil systems. J Hazard Mater 192:314–318

Yamori W, Hikosaka K, Way DA (2014) Temperature response of pho-
tosynthesis in  C3,  C4, and CAM plants: temperature acclimation 
and temperature adaptation. Photosynth Res 119:101–117

Yang DS, Pennisi SV, Son K-C, Kays SJ (2009) Screening indoor plants 
for volatile organic pollutant removal efficiency. HortScience 
44:1377–1381

Yoo MH, Kwon YJ, Son K, Kays SJ (2006) Efficacy of indoor plants 
for the removal of single and mixed volatile organic pollutants 
and physiological effects of the volatiles on the plants. J Am Soc 
Hortic Sci 131:452–458

Yu C, Crump DA (1998) A review of emission of VOCs from poly-
meric materials used in buildings. Build Environ 33:357–374

Yu DS, Song G, Song LL, Wang W, Guo CH (2015) Formaldehyde 
degradation by a newly isolated fungus Aspergillus sp. HUA. Int 
J Environ Sci Technol 12:247–254

Zhang H, Pennisi SV, Kays SJ, Habteselassie MY (2013) Isolation and 
identification of toluene-metabolizing bacteria from rhizospheres 
of two indoor plants. Water Air Soil Pollut 224:1648. https ://doi.
org/10.1007/s1127 0-013-1648-4

Zhang W, Tang L, Sun H, Han S, Wang X, Zhou S, Li K, Chen L 
(2014) C1 metabolism plays an important role during formal-
dehyde metabolism and detoxification in petunia under liquid 
HCHO stress. Plant Physiol Biochem 83:327–336

Zhou S, Xiao S, Xuan X, Sun Z, Li K, Chen L (2015) Simultaneous 
functions of the installed DAS/DAK formaldehyde-assimilation 
pathway and the original formaldehyde metabolic pathways 
enhance the ability of transgenic geranium to purify gaseous 
formaldehyde polluted environment. Plant Physiol Biochem 
89:53–63

https://www.epa.gov/indoor-air-quality-iaq/volatile-organic-compounds-impact-indoor-air-quality
https://www.epa.gov/indoor-air-quality-iaq/volatile-organic-compounds-impact-indoor-air-quality
http://www.who.int/phe/health_topics/outdoorair/databases/FINAL_HAP_AAP_BoD_24March2014.pdf
http://www.who.int/phe/health_topics/outdoorair/databases/FINAL_HAP_AAP_BoD_24March2014.pdf
https://doi.org/10.1080/14620316.2002.11511467
https://doi.org/10.1007/s11738-012-0998-7
https://doi.org/10.1007/s11738-012-0998-7
https://doi.org/10.1007/s11270-013-1648-4
https://doi.org/10.1007/s11270-013-1648-4

	Phytoremediation of volatile organic compounds by indoor plants: a review
	Abstract
	1 Introduction
	2 Indoor air quality
	3 Phytotoxicity of volatile organic compounds
	4 Plant-based removal of indoor VOCs
	4.1 Pathways and mechanisms for VOC removal by plants
	4.2 Factors affecting the efficiency of plant-based VOC removal

	5 Microbial-mediated phytoremediation of VOCs
	6 Transgenic plants for enhanced indoor air purification
	7 Application of botanical-based indoor air purification
	8 Conclusion
	Acknowledgements 
	References




