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Since the end of the '80s, it has been known that potted ornamental plants can remediate Volatile Organic
Compounds (VOCs) from indoor air and, to date, a significant number of species have been tested in controlled
environments to quantify their abatement capacity concerning specific VOCs. However, the experimental
methodologies are not standardised yet, and different units and approaches are used to quantify the removal
capacity of the species. Consequently, in most cases, the results obtained are not comparable and, most
importantly, directly exploitable to set up phytoremediation interventions in real settings.

This study proposes a new method for evaluating and comparing the VOC removal capacity of different plant
species and a review, produced according to this methodology, of the results obtained in previous studies.
Considering that the VOC abatement is related to the entire plant system and that the uptake cannot be
considered neither a zero nor a first-order removal process but a hybrid of the two, the proposal consists in
modelling the removal analogously to biological processes. In the first instance, this approach allows a simple
but effective assessment of the results obtained in different tests, making possible an objective choice of the
best performing species for phytoremediation applications in real settings. While applying this methodology to
existing experimental studies, it was considered essential to rigorously review their protocols as the removal
depends on many factors, inter alia the chamber dimensions, the environmental conditions, the initial pollutant
concentrations and the metabolic characteristics of the tested species. This application has aimed to set the
basis for an accurate and more complete comparison of the results obtained in controlled environment
experimentations and, also, to prepare the way to a standardization of the methodologies.

Plant-based remediation interventions could be a simple, green and innovative solution to address the complex
indoor air pollution problem. The approach proposed in this paper is an essential step towards a rational design
of these interventions, allowing, in particular, the assessment of the actual remediation capacity of different plant
species tested in various conditions.

1. Introduction

Indoor air pollution is recognised globally as a public health hazard with substantial social and economic
repercussions (Soreanu et al., 2013). Volatile Organic Compounds (VOCs) are an important class of indoor air
pollutants as they are ubiquitous and are known to determine a wide variety of adverse health effects, even at
low concentrations (Bernstein et al., 2008). Despite this, to date, the techniques available for removing VOCs
from indoor air are often ineffective, especially for gaseous contaminants (Suarez-Céceres et al., 2021).

The idea of using potted ornamental plants to phytoremediate indoor air from VOCs was introduced at the end
of the ‘80s (Wolverton and McDonalds,1982; Wolverton et al., 1984; Wolverton et al., 1989). These pioneering
studies quantified the VOC removal capacity of a group of plant species for the first time, providing the basis for
the following empirical research on this subject. In recent years, the interest in plant-based solutions for air
depuration has been growing and, to date, the abatement capacity of a significant number of plant species has
been tested in controlled environments (Han and Ruan, 2020).
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The abatement capacity of a plant species concerning a specific VOC, generalising from the literature (Kim et
al., 2018), can be assessed with tests in closed environments where a known pollutant concentration is injected
in a sealed chamber to quantify the abatement of a specimen over a defined time period. As the experimental
methodologies are not standardised yet, and different approaches and units to describe the removal are used,
the results obtained are often not comparable and directly usable.

The principal factors that can influence the plant VOC abatement need to be evaluated to read the results
rigorously.

The initial and final pollutant concentration in the chamber, the tested specimen leaf area, and the controlled
chamber volume are the minimal data required to model the depletion capacity of a species for a selected
contaminant (Di Talia and Antonioni, 2021) appropriately. The leaf area is often the most used parameter to
quantify the dimensions of the plants and, consequently, the uptake. It is in fact well known that the principal
VOC removal pathway concerns the plant leaves (i.e. stomata and cuticle), but it has also been proven that the
microorganisms residing in the roots and in the growing medium play an essential role in the abatement. To
date, it is still difficult to assess the actual incidence of these pathways for each species and at different
environmental conditions rigorously, mainly because of the complexity of the overall plant removal process in
which the contaminants are “captured” by the different parts of the plant and then translocated and metabolised
(Dela Cruz et al.2014).The review of Dela Cruz et al.(2014) just cited provides an interesting overview of the
additional factors that should be considered while evaluating the plant VOC abatement. Among them, the most
important are the plant metabolic and morphological features and environmental conditions (temperature,
relative humidity, and presence of light). Species peculiarities can strongly affect the removal, and they should
be regarded to read the results of the tests correctly. To give an example, plants with Crassulacean Acid
Metabolism (CAM) perform the uptake through the stomata also in conditions of darkness (Gong et al., 2019),
which is evidently a considerable advantage while applying this mitigation strategy in real environments.

This work proposes a methodology for comparing, straightforwardly, the abatement capacities of different plant
species obtained with different experimental protocols. The purpose is to support the designer in selecting the
best species to remediate a specific contaminant, knowing its initial concentration in the indoor environment to
address. Starting from the selection of plant species with superior VOC purifying ability presented by Kim et al.
(2018), the methodology was applied to produce an immediately usable database, , of the results achieved in
previous tests. To conclude, an example of how this database can be employed will be illustrated. The
contaminant chosen for this last application is formaldehyde, one of the most investigated and common indoor
air contaminants.

2. Methodology

Potted plants are proven to remediate indoor air from VOCs; nevertheless, currently, there is no standardised
method to assess their abatement capacity in controlled environments univocally. The number of studies
regarding the topic is increasing, and the necessity to define a methodology to compare the results already
obtained ad to give a direction for further studies is evident.

A straightforward approach is proposed for this intent. The idea is to consider a plant as a system and model
the VOC abatement analogously to biological removal processes.

It is well known that the VOC removal occurs predominantly through the plant aerial part (i.e. the plant leaves),
but the action of microorganisms residing in the root zone should also be regarded. Due to the differences in
the pathways involved in the removal, the overall plant VOC abatement kinetics cannot be seen exclusively as
a pseudo first-order or a zero-order removal process. The idea of modelling it as a hybrid of the two, as for
biological processes, seems the most reasonable approach to follow. The fact that it is still challenging to
determine the relative importance of the VOC uptake pathways in the overall phytoremediation process also
has to be acknowledged.

In order to quantify the abatements obtained in experimentations univocally, the volume of the controlled
chamber, the total plant area of the specimen tested and the initial and final pollutant concentrations in the
chamber after a defined time period are the essential parameters to consider, since they can be used, according
to this methodology, to calculate the species and pollutant specific removal rates per unit leaf area no and n: as
shown in Eq(1).

%4

= ki — 1
m= ki~ 1)
being V the volume of indoor air in the control chamber (m?), A the entire plant area (m?) and ki the removal rate
of zero or first order (i=0,1). To better characterise the specimens and consider this study's aims, the total plant
area A (m?) is calculated as the sum of the leaf area and the root zone area, the latter approximated for simplicity

to the area of the pot’s base (this last term was enclosed to partially regard the contribution of the microorganism
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residing in soil and roots). Concerning the removal rates of zero or first-order ko (ug/m3h) and ki (1/h), they can
be easily determined considering only the depletion term of a simple indoor air model as the GIOAP
(Moschandreas and Stark, 1978), as shown in Eq(2) and Eq(3)
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In these equations, co and cr are the initial and final concentrations in the control chamber (ug/m?), and t is the
experimental time (h). Evidently, the zero and first-order removal rates per unit leaf area no and n: defined by
Eq(1) are then expressed in ug/m3h and m/h, respectively.

In analogy with the biological removal processes and considering the elements just presented, the overall VOC
abatement velocity, expressed in ug/m3h, can be written as function of indoor pollutant concentration ¢ as shown
in Eq(4).
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With this approach, it is possible to evaluate the performance of a plant species in abating a specific contaminant
concentration in the indoor environment. Moreover, plotting this velocity for a defined interval of concentrations
and considering more species allows immediate comparison of their performances.

Starting from the selection of plant species with superior purifying ability provided by Kim et al. (2018), a group
of studies have been revised employing the methodology proposed. After the data collection phase, the removal
rates described were calculated using Eq(1), Eq(2) and Eq(3), and additional information concerning mainly the
plant metabolism and the environmental conditions of the experimentations were collected. The idea was to
produce a review, in the form of a database, with comparable data directly usable for designing phytoremediation
interventions in real environments. The results of this application will be presented in the following section,
together with an example that illustrates how the database can be used.

3. Results

The application of the methodology proposed led to the definition of the structure of a database containing, for
each test examined, general information regarding the study, the essential data required for the application of
the methodology, the results of the calculations of the four removal rates defined, and additional details
potentially useful to refine the analysis in a second phase. All the relevant database fields are reported in Figure
1. They are arranged, for clarity, in four sets.

General information on Essential data for the Additional information

the study methodology application on the study

= Species analysed = |nitial VOC concentration » Zero-order removal rate + Temperature

= Species peculianties = Final VOG concentration + First-order removal rate + Relative humidity
= VOC analysed = Experimental time « Zero-order removal rate per + Light conditions
= Reference of the revised = Total plant area unit leaf area + Experimental

experimental study + First-order removal rate per instrumentation

= Test chamber volume ;
unit leaf area

= Parts of the plant involved in the
experimentation

Figure 1: Fields addressed in the database obtained applying the proposed methodology to a selection of
experimental tests.
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Starting from the left side, the first set of fields provide general information about the tests as the species and
the pollutant addressed. It is to note that peculiarities concerning mainly the species metabolism are addressed
in a specific field as it is well known that they can significantly influence the VOC abatement.

The second set reports all the essential numerical data required for applying the methodology. These data are
the initial and the final pollutant concentration measured in the chamber, the duration of the experiment, the
plant area (A) where removal takes place, and the chamber volume. As the idea is to consider the entire plant
as a system, the total plant area includes, when applicable, both the leaf and root zone area to include the
contribution of all the VOC removal pathways. Finally, it is important for each test to specify if they involved the
entire plant, the aerial part or the root zone. This element evidently gives to the results obtained their actual
value.

The four removal rates values calculated starting from these data are reported in the third section of the
database, and they provide a first harmonised indication of the actual abatement capacity of the different species
concerning a specific contaminant.

As environmental conditions are known to play a significant role in VOC removal, information concerning
temperature, relative humidity and light conditions are noted in the last part of the database, together with basic
information about the instrumentations employed in the tests.

It is to note that, due to the lack of standardised methodologies, all this information is not always provided in the
studies revised. Therefore, in the database were included only the tests where all the fields in the second and
third sets could be filled. The resulting set of records formed the first version of the database.

An example of how this database can be used is presented in the following section. The idea is to demonstrate
how to select the best performing species to remediate formaldehyde, the most studied and common indoor
contaminant, using the methodology proposed.

A selection of the database is presented in Table 1. For the sake of brevity, this selection exclusively concerns
studies referred to the contaminant of interest performed on entire specimens and in conditions of light. Different
metabolisms have not been observed for this selection. Moreover, only the fields concerning the application of
the methodology have been reported (the temperature field was added as this datum was employed to perform
the necessary unit conversions).

Table 1: Extract from the database for formaldehyde, the studies reported were performed on entire
specimens and in light conditions.

Species Fatsia Ficus Scindapsus Syngonium Chlorophytum  Dracaena
japonica benjamina aureus podophyllum  elatum vittatum messangeana

Reference  Kim et al. Kim et al. Wolverton and Wolverton and Wolverton et al. Wolverton et
(2008) (2008) McDonald McDonald (1984) al. (1989)

(1982) (1982)

Species - - - - - -

peculiarities

Co (ug/m®) 247152 2471.52 23066.47 20638.42 17254.04 24144.27

Cr (ug/m3)  346.01 271.87 4856.1 2185.24 2464.86 7243.28

t (h) 5 5 24 24 6 24

A (m?) 0.35 0.42 0.64 0.64 0.71 0.72

V (m3) 1 1 0.39 0.39 0.4 0.88

k1 (1/h) 0.39 0.44 0.06 0.09 0.32 0.05

ko (ug/m3h)  425.1 439.93 758.77 768.88 2464.86 704.21

N1 (m/h) 1.13 1.06 0.04 0.06 0.18 0.06

no (ug/m?h) 1222.71 1051.58 458.34 464.31 13925 862.55

T (C°) 23+2 23+2 28.3 28.3 28.3 301

It can be seen, analysing the results obtained, that the removal rates per unit leaf area values can give a first
indication of the different performances of the species in removing the contaminant of interest from indoor air. It
can be moreover proven that this extract gives an idea of the differences between the experiments analysed,
proving the necessity to define an appropriate approach for their evaluation.

In order to select the best performing species in removing indoor formaldehyde, the overall abatement velocities
(as defined in Eq(4)) regarding the revised studies have been calculated for a reasonable interval of
concentrations using the data presented in Table 1. The entire plant area and chamber volume ratio A/V (1/m)
is considered equal to one to allow an adequate comparison. The curves obtained for the six species revised
are reported in Figure 2.
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It can be noticed that the curves offer a clear indication of the abatement performance of each species at
different concentrations and that they can be considered a practical tool to select the best species knowing the
average initial VOC concentration in a specific indoor environment. From the results presented below, it is clear
that Fatsia japonica is, on the whole, the best performing plant species in remediating the pollutant of interest.
Clorophytum elatum vittatum and Ficus benjamina are likewise interesting species to consider, but the
dissimilarities in their performances have to be taken into account. Considering that the average VOC
concentrations detected indoors are usually low, Ficus benjamina should be more suitable for designing plant-
based remediation interventions in indoor environments than Clorophytum. It is evident, in fact, that this last
species performs better at concentrations that are not typical in indoor environments.

Formaldeyhde abatement velocity for A/V=1(1/m)

1200

r (ug/m?h)

V] 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

c (pg/m?)

—Fatsia japonica [Kim et al. (2008)] Ficus benjamina [Kim et al. (2008)]
Chlorophytum elatum vittatum [Wolverton et al. (1984)] ——Dracaena messangeana [Wolverton et al. (1989)]
Sigonium podaphyllum [Wolverton and McDonald (1982)] —Scindapsus aureus [Wolverton and McDonald (1982)]

Figure 2: Formaldehyde abatement velocity curves for the studies revised in the methodology application.

4. Conclusions

Even though the attention concerning indoor air phytoremediation is rising, to date, the experimentations in
controlled chambers to define the VOC abatement capacity of different species and the reviews available do
not often provide comparable and usable results to design plant-based mitigation interventions in real
environments.

For this purpose, a new methodology has been proposed in this work. Considering that the overall VOC plant
abatement is neither a zero nor a first-order process, but rather a hybrid of the two, an abatement remediation
velocity (expressed in pg/m3h) has been defined, approaching the abatement analogously to a biological
process. This parameter provides a clear indication of the actual performance of the species to remediate a
specific contaminant at different concentrations.

The methodology has been applied to a group of experimental studies identified as concerning the species with
superior VOC purifying ability (it is to stress that this selection does not provide harmonisation of the abatement
but individuates only the best removal obtained per test). This application led to the construction of a database,
that can be considered a first tool to help a robust quantitative design of plant-based mitigation interventions in
real environments. As a case study, an example of the usage of this database (for which only relevant fields
have been shown) has been provided.
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The methodology and the review of previous studies want to provide a robust basis to design plant-based
mitigation interventions in real indoor settings. The proposed approach allows the assessment and the
comparison of the plant abatement performances obtained using different experimental protocols, and the
review provides a structure that can be considered a step ahead for the definition of standardised protocols for
the experimental tests as it includes all the essential elements required to calculate the VOC removal in a
harmonised way. Evidently, further studies concerning the VOC removal mechanisms of different plant species
could help refine the methodology, and the database produced can be extended, including more studies and
fields.
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