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Abstract

The capacity for indoor plants including green wall systems to remove specific volatile organic compounds (VOCs) is well
documented in the literature; however under realistic settings, indoor occupants are exposed to a complex mixture of harmful
compounds sourced from various emission sources. Gasoline vapour is one of the key sources of these emissions, with several
studies demonstrating that indoor occupants in areas surrounding gasoline stations or with residentially attached garages are
exposed to far higher concentrations of harmful VOCs. Here we assess the potential of a commercial small passive green wall
system, commercially named the ‘LivePicture Go’ from Ambius P/L, Australia, to drawdown VOCs that comprise gasoline
vapour, including total VOC (TVOC) removal and specific removal of individual speciated VOCs over time. An 8-h TVOC
removal efficiency of 42.45% was achieved, along with the complete removal of eicosane, 1,2,3-trimethyl-benzene, and hexa-
decane. Further, the green wall also effectively reduced concentrations of a range of harmful benzene derivatives and other
VOC:s. These results demonstrate the potential of botanical systems to simultaneously remove a wide variety of VOCs, although
future research is needed to improve upon and ensure efficiency of these systems over time and within practical applications.
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VOC:s below the threshold for human perception are often asso-
ciated with idiopathic discomfort, irritation and/or respiratory
disease (Mitchell et al. 2007). At high concentrations, VOCs
have been linked to reduced attention and performance, known
as ‘sick building syndrome’, which may develop into a diverse
range of pathologies with chronic exposure, including cancer,
asthma and heart disease (Bernstein et al. 2008; Torpy et al.
2018a). On a daily basis, indoor occupants are exposed to one
of many harmful aromatic hydrocarbons simultaneously, par-
ticularly those belonging to one of the four major pollutants
derived from gasoline: benzene, toluene, ethylbenzene and
xylene (BTEX) vapours (Al-Harbi et al. 2020).

Several studies have shown that indoor occupants of areas
surrounding gasoline stations are exposed to higher levels of
BTEX compounds, which in some cases exceed guidelines
set by the World Health Organisation (WHO) (Abdo et al.
2016; Godoi et al. 2013; WHO 2010); the concentrations of
airborne benzene associated with an excess lifetime risk of
1/10,000, 1/100,000 and 1/1,000,000 are 17, 1.7 and 0.17 pg/
m?, respectively. An epidemiological study by Neghab et al.
(2015) detailed the hepatic effects of BTEX inhalation by gaso-
line station employees, including subclinical or prepathologi-
cal changes in liver and kidney function. The components of
BTEX are known to induce acute non-lymphocytic leukaemia
and myeloid leukaemia and have been associated with increased
risk of chronic lymphocytic leukaemia and multiple myeloma
in humans (Hamid et al. 2019; Warden et al. 2018). Edokpolo
et al. (2014) conducted a literature review on BTEX exposure
from 16 countries over 20 years and concluded that gasoline
station workers exposed to between 1.9 and 2900 pg/m? of ben-
zene (~0.6 to 896 ppb at 21°C) were at the greatest risk of can-
cer. While BTEXs in the vicinity of gasoline stations are known
to be elevated, exposure may not be limited to their immediate
geographical location (Terrés et al. 2010). Demirel et al. (2014)
recorded mean BTEX concentrations of 2.29, 26.55, 0.73 and
0.82 pg-m >, respectively, inside urban schools which were up
to 250 m away from the emission source. Furthermore, a study
by Karakitsios et al. (2007) observed a 3-21% increased risk
of cancer for people living within a 250 m vicinity of gaso-
line stations. Additionally, outside of BTEX, gasoline vapour
emissions also include other benzene derivatives, alkanes and
alicyclic hydrocarbons, with associated adverse health effects
ranging from mild mucosal irritation to visible impacts on the
central nervous system such as slurred speech and confusion
(Micyus et al. 2005; Odewabi et al. 2014; Yue et al. 2017).

Of possibly greater but underrepresented concern is the pres-
ence of fuel vapour in residential buildings. Many studies have
shown that VOC concentrations are considerably higher in resi-
dences with garages directly attached to the indoor living space
(Batterman et al. 2007; Mann et al. 2001; Thomas et al. 1993;
Tsai and Weisel 2000). Attached garages have also been iden-
tified as the single major source of benzene exposure to non-
smoking individuals in such residences (Batterman et al. 2007).
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Emissions are significant for gasoline, diesel- and gas-powered
engines and are especially concentrated during engine start-up
(Wang et al. 2022), a process which occurs predominately in
enclosed parking spaces. Furthermore, these exposures are not
limited to residential buildings—many commercial spaces also
have indoor parking facilities, not all of which feature appro-
priate emission-transfer mitigation systems (Batterman et al.
2007). These studies highlight the damaging nature of BTEXs
in humans and demonstrate a lack of control mechanisms and
protection for urban populations exposed to gasoline vapour.

Conventional air cleaning technologies such as the filters
commonly used in heating, ventilation and air conditioning
(HVAC) systems have been shown to be effective for particulate
filtration (Chen et al. 2005). These systems draw in outdoor air
via the building’s air handling unit (AHU), which is then passed
through at least one HVAC filter comprising the AHU before
being circulated indoors—effectively flushing the interior with
“fresh’ outdoor air. While this process may reduce the build-up
of interiorly sourced VOCs, HVAC systems are incapable of
gaseous pollutant capture (Chen et al. 2005). Subsequently, the
opportunity for outdoor origin pollutants such as fuel vapour to
enter the indoor environment remains uncontrolled (Joshi 2008;
Katsoyiannis and Bogdal 2012; Lawson et al. 2011). This can
lead to problematic building occupant exposures at relatively
low outdoor concentrations (Jafari et al. 2015). Fortunately,
there is a rapidly growing body of literature documenting the
capacity of plant-based systems to remove volatile organic com-
pounds (VOCs) from indoor environments (Aydogan and Mon-
toya 2011; Torpy et al. 2018b; Wolverton et al. 1984; Wood
et al. 2006). For instance, Liu et al. (2022) observed 30.04%
removal of total VOCs (TVOC) from cigarettes over a 12-h
period, while Treesubsuntorn and Thiravetyan (Treesubsuntorn
and Thiravetyan 2012) documented 45-77% removal of ben-
zene over 72 h using Dracaena sanderiana Mast.

Plant systems remediate air contaminants by three differ-
ent routes: removal through aerial parts of the plant and phyl-
lospheric organisms (Wei et al.2017), removal by soil micro-
organisms (rhizosphere) and removal by the growing media
(Aydogan and Montoya 2011). As our interest in the current
work was to test functional effects that might be applied in situ
rather than the mode of removal, our assessment methods
recorded the combined effects of all of these removal methods.
Green infrastructures such as green walls are emerging as an
effective solution for the removal of air contaminants; green
walls functionally act as a botanical biofiltration system which
integrate plants along a vertical plane, which substantially
increases the planting density and exposure of growth substrate
to polluted air streams relative to conventional potted plant sys-
tems (Gunawardena and Steemers 2019). Rhizospheric bacteria
and substrate adsorption are considered the primary sinks for
pollutant removal within green wall systems (Dela-Cruz et al.
2023; Prodanovic et al. 2017; Prodanovic et al. 2018), whereas
plant species followed by foliar uptake are secondary factors
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(Wood et al. 2006). Green walls have undergone in situ test-
ing for indoor pollutant removal performance, demonstrating
effectiveness for the reduction of both a broad range of VOCs
and particulate matter (PM, 5_;,) (Pettit et al. 2019a; Suérez-
Céceres et al. 2020). Active systems (i.e. using mechanical fans
to provide airflow through the substrate) have demonstrated
substantially higher air purification rates than passive systems
(Irga et al. 2018), where active airflow exposes the biological
components of the system to a greater volume of air, particu-
larly the rhizospheric microbes in the growth substrate which
remove VOCs by microbial degradation (Pettit et al. 2019a).
Most studies on VOC phytoremediation have assessed the
removal of single VOC species, largely using analytical grade
chemicals, and have documented how various individual indoor
plant species (for an extensive list see Matheson et al. 2023)
facilitate VOC removal (Aydogan and Montoya 2011; Dela
Cruz et al. 2014; Kim et al. 2010; Pettit et al. 2019a). In reality,
indoor occupants are exposed to a complex mixture of VOC
species; this avenue of research remains understudied. Further,
due to the requirement for mechanical systems for the introduc-
tion of airflow to active systems along with the attendant duct-
ing and power supply, their costs are significantly higher than
passive systems in all cases, making them a solution currently
limited mostly to commercial applications. Therefore, passive
green infrastructure may provide a favourable solution in a broad
range of indoor environments. Passive green walls remove gase-
ous pollutants using the same biological mechanisms as active
green wall systems, however at a slower rate as they lack active
air flow provided by mechanical systems (Torpy et al. 2017);
this absence of mechanical systems allows for cheaper instal-
lation and maintenance. Passive systems also feature simpler
space and infrastructure requirements within indoor environ-
ments, are more widely available and provide an aesthetic that
is appealing in many modern buildings, along with subsidiary
services such as their well-described positive effects on mental
health and wellbeing (Doxey et al. 2009; Han and Ruan 2020).
While previous studies on passive systems have demonstrated
proof of concept for the removal of common indoor pollutants
(Aydogan and Montoya 2011; Dela Cruz et al. 2014; Kim et al.
2014; Teiri et al. 2018; Wolverton and McDonald 1982), while
the phytoremediation of several of the individual hydrocarbons
that constitute gasoline vapour has been explored previously,
there are few studies that have examined the phytoremediation of
azeotropic VOC mixtures such as gasoline vapour, which would
commonly be seen within in situ environments (Dela-Cruz et al.
2023). As it is known that the simultaneous removal of multiple
VOC:s can result in interactions in individual VOC removal rates
(Orwell et al. 2006), quantifying the removal of realistic VOC
mixtures, in particular focussing on the toxic components, is
needed to further our understanding of the air-cleaning capacity
of plants in situ. Thus, the current study aimed to quantify the
removal potential of a small passive green wall system for gaso-
line vapour, as well as recording the degradation for speciated

petrochemical-derived VOCs with the use of gas chromatogra-
phy—mass spectrometry (GC-MS; ISQTM 7610 Single Quadru-
pole GC-MS, Thermo Fisher Scientific™). This study provides
insight into one of the major sources of indoor air contaminants
worldwide and contributes to our understanding of the use of
passive plant-based systems to improve indoor air quality.

Methodology
Commercial small live green walls

Small-scale 725 mm X 725 mm commercial passive green
walls were assessed (Ambius Small Live Green Wall, Ambius
Pty Ltd Australia, Fig. 1). These systems contained 2 X 130
mm Epipremnum aureum (Linden ex André) G.S.Bunting,
1 x 130 mm Syngonium podophyllum Schott and 1 x 130
mm Chlorophytum comosum (Thunb.) Jacques. (Fig. 1) with
a total leaf of 0.22 m® + 0.01 per green wall (plant species
names are according to IPNI (http://www.ipni.org)) (Interna-
tional Plant Names Index (IPNI) 2023). These species were
selected as they are all common indoor ornamental plants
and have been studied in previous green wall research, show-
ing potential to remove VOC concentrations (Sriprapat and
Thiravetyan 2016). Each green wall unit contained 2.46 L of
Hortico all-purpose blend potting mix (Dulux Group Australia
Pty Ltd, Padstow, Australia) consisting of composted hard-
wood sawdust, composted bark fines and coarse river sand
(2:2:1) (bulk density 0.6 gL.~'; air-filled porosity 30%), with
1.25 g of slow release Osmocote total all-purpose fertiliser
(Scotts Australia Pty Ltd, Baulkham Hills, Australia; N:P:K =
19.4:1.6:5). A watering mesh beneath the green wall substrate
and a water reservoir (1 L capacity) were used to simplify
maintenance: thus, all green wall units were maintained at a
constant water level with a moisture content of 0.206 m*/m?>.
Green wall units containing solely potting-mix substrate with
no plants were also tested and maintained as above to isolate
the effect of the plants (‘substrate biofilter’ n=6). All green
wall units were maintained in a research glasshouse prior to
experimentation with a temperature of 23.7 + 3.6 °C, relative
humidity of 68.1 + 16.0% and a maximum mid-day light level
of 90 + 10 pmol m~2 5! before and during experimentation.

Experimental chamber set-up

All experimental trials were conducted in sealed Perspex cham-
bers (0.6 X 0.6 x 0.6 m, 216 L) as previously described (Pettit
et al. 2018). For gasoline vapour injections, the chambers were
equipped with a 20 mm chlorobutyl septum and two DSII-8
probes with TVOC smart photoionization detectors (PID; Grey-
Wolf, Ireland). TVOC sensors were calibrated by the manufac-
turer prior to use, with 1 ppb detection limit and <1 ppb degree
of error. Environmental parameters including temperature,
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Fig. 1 Experimental small-scale
green wall biofilters (n = 9)
maintained within a climate-
controlled research glasshouse

humidity and CO, (DSII, Grey-Wolf, Ireland) were stable
across all trials. Chambers were illuminated with light using
two 41 W Parscan spotlights (ERCO Liidenscheid, Germany)
to simulate typical indoor lighting conditions (Dominici et al.
2021). This yielded 5-50 pmol m~2 s~! of light on the leaf
surfaces, where lower irradiances were detected on the shaded
understory of the green wall plants. The CO, concentration,
temperature and humidity were consistent amongst all experi-
mental trials, and thus any influence they might have had on
VOC removal was eliminated from the experiment.

Gasoline vapour trials

For TVOC testing, each green wall unit was placed in a
sealed chamber and exposed to 1 mL of saturated (23°C)
gasoline vapour over 8 h. Gasoline vapour was a composite
mix of unleaded petrol sourced from three locations (1:1:1
ratio) within the Sydney metropolitan area. Two millilitre
of the gasoline composite was placed into a sealed 5-mL
vial and allowed to off-gas into the available headspace.
The injection was introduced via a 5-mL gas tight syringe
directly through the chlorobutyl septum and into the cham-
ber, with an initial total concentration of 232 + 35.70 ppb in
the chamber space. VOC removal was quantified by chamber
sensors (‘Experimental chamber set-up’ section).

For speciated petrochemical VOC (pVOC) testing, 250 pL.
of the composite gasoline sample was placed in a heated bead
bath (Sheldon manufacturing, USA) at 80°C and sealed in the
chambers with the respective green wall unit. Gasoline samples
evaporated completely within 30 min, at which point gas sam-
ple collection using solid-phase microextraction (SPME) fibres
begun (Fig. 2). SPME fibres were composed of 30 pm poly-
dimethylsiloxane (PDMS) which has been used previously to
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detect gasoline constituents in water (Kim et al. 2012). Directly
after chamber sealing, a SPME fibre was inserted through the
chlorobutyl septum and left for 1 h to allow pVOCs in the cham-
ber space to adsorb. Each fibre was replaced every hour for an
8-h trial. After removal from the chambers, SPME fibres were
analysed immediately by gas chromatography—mass spectrom-
etry (GC-MS; ISQ™ 7610 Single Quadrupole GC-MS, Thermo
Fisher, USA) to quantify specific pVOC removal.

For GC-MS analyses, fibres were desorbed in splitless
mode for 1 min. pVOCs were separated in a HP-5MS capil-
lary column (30 m X 0.25 mm ID, 0.25-pm film) using helium
as the carrier gas at a flow rate of 1.0 mL/min. The injection
and ion source temperature were 270°C with a MS transfer line
temperature of 250°C. The column oven temperature was set at
40°C for 4 min, ramping to 150°C at a rate of 5°C per minute,
and then at 40°C per minute to a final temperature of 220°C,
which was held for 5 min. The total retention time was 32.75
min. Mass spectrometry was run with classical ionisation
method with scans beginning after 1 min and a scan range of
40-200 atomic mass units (amu) and scan time of 0.5 s. Com-
pounds were identified using the full scan mass spectra with a
>85% similarity match to the National Institute of Standards
and Technology (NIST) mass spectra library. The peak heights
of each pVOC in the total ion chromatograph (TIC Height)
were used to assess relative differences between treatments.

To address the plant specific VOC removal capacity, a
substrate only control was assessed, where only the potting
mix without plants was tested for pVOC removal. Addition-
ally, to ensure the results were not confounded by chamber
leakage, chemical degradation or adhesion to the chamber
surfaces, an empty chamber control (‘no biofilter’ n = 6)
was also employed. Combined, these two controls served to
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Fig.2 Experimental set-up for
GC-MS speciation, including
planted biofilter, heat bath for
gasoline vapour generation
and an SPME fibre for pVOC
absorption

eliminate background VOC losses and allow us to quantify
any non-plant specific variation in the data.

Statistical analysis

Relative decay curves were generated by plotting TVOC
injection concentrations over time and fitting each with
a polynomial function. Decay is expressed as percentage
removal from an initial average concentration of 232 ppb
(Fig. 3). Exponential decay rates were taken as the equa-
tion of the line. Differences in the rates between treat-
ments were compared by permutational analysis of vari-
ance (PERMANOVA) using Euclidean distance and 999
permutations. For pVOC speciation trials, an analysis
of similarity percentages (SIMPER) was used to iden-
tify which pVOC species were driving differences in the
cross-VOC removal patterns between the no biofilter and
biofilter treatments. SIMPER was performed at two time

Fig.3 Relative TVOC draw-
down for each treatment over

points (1 h, 8 h) on a Bray-Curtis dissimilarity matrix of
TIC-H comprising all pVOC species. Heatmap graphics
were created to visualise speciated pVOC removal across
treatments, with each tile representing the log mean TIC-H
at each timepoint (Fig. 4).

All statistical analysis and graphics were performed in R
version 4.0.4 and used the following packages: dplyr (Miiller
2022), ggplot2 (Wickham, 2014), ggpubr (Kassambara 2022),
pairwiseAdonis (Martinez Arbizu 2017), tidyr (Wickham,
2020), vegan (Jari Oksanen 2022) and xIsx (Dragulescu, 2020).

Results

The injection protocol yielded reasonably consistent cham-
ber TVOC concentrations (232 + 35.7 ppb) over all experi-
mental trials. The no biofilter treatment produced a decay
rate of 1.56 + 0.31 ppb.h~!, which represents the combined
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Fig.4 Speciated pVOCs identified in GC-MS analysis of each treat-
ment. Grey boxes depict VOC functional groups. Each tile repre-
sents a timepoint, with its colour depicting the mean peak height (log

effect of VOC adhesion to or absorption into the chamber,
leakage through the chamber seals and/or other uncharac-
terised chemical processes. The contribution of these effects
on VOC degradation was relatively small relative to the
effect sizes of the biofilter and substrate biofilter treatments
(Fig. 3). The TVOC decay rates for the biofilter and substrate
biofilter treatments were 11 + 0.97 and 8.20 + 1.42 ppb.
h~!, respectively. These two treatments removed 42.47 +
2.57 and 34.04 + 2.05% of injected TVOC:s, respectively,
over 8 h. Both the biofilter and substrate biofilter treatments
removed TVOCs faster than the empty chamber control (p
= 0.00 and 0.01, respectively); however no difference was
observed between the biofilter and substrate biofilter treat-
ments (p = 0.16; Fig. 3). Prior to this trial, we employed a
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Biofilter Substrate biofilter

Log(Mean TIC Height)
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scale), which is indicative of the remaining quantity of each VOC
(for interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article)

pilot test for 22 h (Fig. S1) to assess potential re-emission
of VOCs. TVOC removal reached 64.49 + 1.76% and 59.77
+ 1.76% over 22 h for the biofilter and substrate biofilter
treatments, respectively, and no re-emission was detected.
After 1 h of exposure, GC-MS speciation detected 21
unique pVOCs above a certainty of 85% in the no biofilter
treatment and only 18 in the biofilter treatments (Fig. 4).
This indicates that three pVOCs: eicosane, pentadecane and
1,2,3-trimethyl-benzene, were removed by the green walls to
below the detection limit of the GC-MS within the first hour.
These three pVOCs were the major contributors to the dis-
similarity between the VOC removal patterns of the planted
and control treatments within the first hour (p = 0.006, 0.037
and 0.036; respectively) and exhibited removal approaching
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100%. Comparatively, the substrate biofilter only removed
two pollutants completely within the first hour of exposure:
ethylbenzene and 1-ethyl-2-methyl-benzene.

Over an 8-h exposure, the biofilter treatment removed sev-
eral additional pVOCs across a range of functional groups
compared to the no biofilter treatment (Fig. 4). Notably, the
biofilter removed 80.82 + 0.01% of benzene-1-ethyl-2-me-
thyl (p = 0.001), 79.68 + 0.19% ethylbenzene (p = 0.003)
and 82.29 + 0.14% o-xylene (p = 0.035). While we observed
considerable reductions in toluene (72.23 + 2.82%), this
pVOC did not contribute significantly to the overall dissimi-
larity in SIMPER analysis. Speciated pVOC removal of the
biofilter treatment differed significantly from the substrate
biofilters (p = 0.004), exhibiting higher removal rates for
the following pVOC:s: tetradecane, 2,6,10-trimethyl- (91.64
+ 0.78 vs 80.79 + 3.13%, p = 0.004), bicyclopentylidene
(88.18 = 0.97% vs 74.26 = 2.90%, p = 0.007), tert-hexa-
decanethiol (74.7 + 2.82% vs 74.26 + 4.39%, p = 0.002),
1,3,5-cycloheptatriene (79.41 + 4.18% vs 73.77 + 3.96%, p
= 0.018), pentane, 2,3,3-trimethyl- (70.38 + 3.13% vs 56.33
+ 6.00%, p = 0.035) and 1-heptatriacotanol (30.43 + 8.45%
vs 49.58 + 8.52%, p = 0.028).

Discussion

Here we demonstrate the potential of botanical biofiltra-
tion to reduce concentrations of total and speciated gas-
oline-derived pVOCs from airstreams, the concentrations
achieved in this study were representative of those meas-
ured road-side within proximity of gasoline stations (Edok-
polo et al. 2014), and therefore the effect here may translate
to real-world scenarios. However, laboratory experiments
are limited by the environmental variables such as static
drawdown conditions and laboratory settings, in particu-
lar light and the inherently variable VOC concentrations
encountered in situ (Dela Cruz et al. 2014). Therefore,
future studies should aim to identify areas that are prone
to gasoline vapour contamination and assess the efficacy
of active or passive green wall systems for the removal of
pVOC:s in situ. The passive green wall removed TVOCs
faster than the no biofilter control (Fig. 3), where three
pVOC:s (eicosane, hexadecane, 1,2,3-trimethyl-benzene)
were removed rapidly within the first hour, with reductions
in an additional three species (1-ethyl-2-methyl-benzene,
ethylbenzene and o-xylene) over the full 8 h (Fig. 4). Inter-
estingly, the substrate biofilter removed a similar quantity of
TVOC:s as the planted biofilter over an 8-h period (Fig. 3),
highlighting the effectiveness of the substrate alone. This
performance is likely to decline over time due to the absence
of plant life to support the pVOC degrading microorganisms
within the substrate (Aydogan and Montoya 2011; Hérmann
et al. 2018; Torpy et al. 2013). Contrastingly, for planted

biofilters, removal rates have been shown to increase over
time, as repeated pVOC exposure upregulates natural pVOC
degrading bacteria (De Kempeneer et al. 2004; Khaksar
et al. 2016; Setsungnern et al. 2017; Torpy et al. 2013;
Treesubsuntorn et al. 2013). While TVOC removal rates
were similar, the presence of plants did influence speciated
pVOC removal, where the planted biofilter was more effec-
tive in removing tetradecane, 2,6,10-trimethyl-, bicyclo-
pentylidene, tert-hexadecanethiol, 1,3,5-cycloheptatriene,
pentane, 2,3,3-trimethyl- (Fig. 4).

Unexpectedly, neither the planted nor substrate biofil-
ter contributed significantly to overall dissimilarity to the
chamber pVOC:s (Fig. 4). Given that toluene degradation
has been observed in previous green wall studies exposed
to azeotropic VOC mixtures (Kim et al. 2016; Morgan
et al. 2022; Mosaddegh et al. 2014; Sriprapat et al. 2014),
this is likely due its overall removal being less than those
pVOCs which significantly contributed. We also observed
that some pVOCs within the substrate biofilter treatment
appeared in the chromatogram at the second time point,
namely 7-ethyl-1,3,5-cycloheptatriene, 1,3-diethyl-benzene,
1-ethyl-2-methyl-benzene, and 3,3-dimethyl-hexane (Fig. 4).
This may be attributed to degradation of higher molecu-
lar mass hydrocarbons, leading to the release of new VOCs
(Eriksson et al. 1998). These were consequently degraded
themselves thereafter (e.g. 1,3-diethyl benzene, Fig. 4) or in
some cases were more resistant to biological metabolism and
remained in the chamber atmosphere until the final hour (e.g.
3,3-dimethyl hexane, Fig. 4). This effect was not observed
in the biofilter treatment, with continuous removal of all
identified pVOCs across the whole 8-h testing period. While
removal performance is expected to increase with time due
to the rhizospheric microbial community (Mikkonen et al.
2018), further experimentation is needed to establish the
long-term performance of this system, especially with mul-
tiple VOC sources which has not previously been trialled
over repeated exposures.

Previous work with homogenous pVOC exposures found C.
comosum to be the most efficient plant species for toluene and
ethylbenzene removal, demonstrating ~77 and ~70% removal,
respectively, over a 72-h period (Sriprapat et al. 2014). While
the green wall system tested here was predominantly the same
species (Fig. 1), TVOC removal is lower in the present work
(Fig. 4). Nonetheless, the green walls outperformed previously
tested potted plants (Sriprapat et al. 2014), with 73.42 + 8.24
and 80 + 2.15% removal of ethylbenzene and toluene, respec-
tively, after 8 h (Fig. 4). The capacity of the passive green wall,
within this work, to outperform potted systems is likely due to
its vertically planted design (Fig. 1), increasing plant density
and substrate exposure per unit volume of chamber atmosphere
and per unit of footprint area, facilitating more pollutant-to-
leaf and substrate surface area contact (Darlington et al. 2001;
Wolverton and McDonald 1982).
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Compared with azeotropic VOC mixtures like tobacco
smoke, the current study observed higher TVOC removal
rates (~43% in 8 h; Fig. 3) than previous observations of
potted plants (~30% in 12 h; Liu et al. (2022)) and active
green wall systems (~43% single pass removal efficiency
in; Morgan et al. (2022)). However, these differences are
likely impacted by laboratory conditions and VOC source,
especially given the greater diversity of VOCs encountered
by both Liu et al. (2022) and Morgan et al. (2022). Most
recently, a study conducted by Dela-Cruz et al. (2023) aimed
to assess the long-term removal of specific VOC compounds
derived from gasoline by passive potted plants. Hedera helix
was exposed to gasoline vapours for 21 days, producing
removal efficiencies for target pollutants ranging between 25
and 32%. While these removal efficiencies are substantially
lower than the ones reported here and were achieved over a
longer exposure period, the greater planting density of the
current study (four plants per biofilter and chamber volume)
has likely contributed to this effect. Similar to the Dela-Cruz
et al. (2023) study, here we present the TVOC drawdown of
gasoline vapour as well as the individual gasoline-derived
VOCs which were the driving force of this removal.

In previous research (Pettit et al. 2019b), we have detected
relationships between the molecular weight and dipole moment
of various VOCs and their removal rates, although this work
tested active botanical biofilters rather than the passive system
used in the current work. The VOCs present in gasoline vapour
consist of immensely diverse functional groups (Lewis 2018),
as such their dipole moments could not be determined from lit-
erature (Nelson et al. 1967); however we tested the correlation
between 8 h removal rate and molecular weight for all pVOC:s,
finding no significant relationship (p=0.08). While this would
appear to contradict our previous findings, it is possible that
significant patterns could be detected with greater sample sizes
necessitated by a dedicated research project. Further exam-
ining the relationship between chemical properties and VOC
removal rates is thus of ongoing interest.

This study represents one of the first investigations to
quantify the ability of passive botanical systems to reduce
realistic concentrations of real-world azeotropic VOC mix-
tures and to quantify the removal efficiency for all detect-
able VOCs present within petrochemical vapour. Previous
studies have assessed the efficiency of potted plants to
remove individual constituents which are present in gasoline
vapour; however no previous work has tested a VOC mix-
ture of the complexity used in the current work (Kim et al.
2016; Kim et al. 2014; Mosaddegh et al. 2014; Sriprapat and
Thiravetyan 2013). Testing azeotropic mixtures of VOCs
is likely to represent a more realistic test of phytoremedia-
tion capacity, where interactions between VOC species may
occur (Orwell et al. 2006), as was observed in this study
(Fig. 4). These results show the capability of the biofilter to
remediate benzene derivatives and TEX compounds found
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within gasoline vapour, a group of known class 1 and 2a
carcinogenic VOCs which pose some of the greatest health
risks to persons exposed (Edokpolo et al. 2014; Neghab et al.
2015). Future studies should aim to identify areas that are
prone to gasoline vapour contamination and assess the effi-
cacy of both passive and active green wall systems for the
removal of pVOC:s in situ. Such tests would be of value as
many of the pVOCs detected in this work also exist in in
situ indoor environments not exposed to gasoline vapour
(Adams et al. 2001; Durmusoglu et al. 2010). This would
provide insight on the real-world performance of passive
green walls for phytoremediation and how the introduction
of other indoor pollutants may affect TVOC removal.

Conclusion

This study demonstrates the potential of a passive green wall
system to remediate indoor gasoline-derived VOCs over an
8-h working day timeframe, including both total and spe-
ciated compounds. This was achieved to varying degrees
depending on pVOC species (complete or partial degrada-
tion). Our findings show that both planted and substrate
only biofilters were capable of TVOC removal, with similar
speciated pVOC profiles. However, the performance of the
substrate is likely to decline with time due to the absence
of plant life to support VOC-degrading microorganisms
within the substrate. This research has significant implica-
tions given the highly toxic nature of the BTEX group found
within gasoline vapour, which pose considerable risks to
human health.
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