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Abstract: Nitrogen dioxide (NO2) is a common urban air pollutant that is associated with several
adverse human health effects from both short and long term exposure. Additionally, NO2 is highly
reactive and can influence the mixing ratios of nitrogen oxide (NO) and ozone (O3). Active green
walls can filter numerous air pollutants whilst using little energy, and are thus a candidate for
inclusion in green buildings, however, the remediation of NO2 by active green walls remains untested.
This work assessed the capacity of replicate active green walls to filter NO2 at both ambient and
elevated concentrations within a closed-loop flow reactor, while the concentrations of NO and O3 were
simultaneously monitored. Comparisons of each pollutant’s decay rate were made for green walls
containing two plant species (Spathiphyllum wallisii and Syngonium podophyllum) and two lighting
conditions (indoor and ultraviolet). Biofilter treatments for both plant species exhibited exponential
decay for the biofiltration of all three pollutants at ambient concentrations. Furthermore, both
treatments removed elevated concentrations of NO and NO2, (average NO2 clean air delivery rate of
661.32 and 550.8 m3

·h−1
·m−3 of biofilter substrate for the respective plant species), although plant

species and lighting conditions influenced the degree of NOx removal. Elevated concentrations of
NOx compromised the removal efficiency of O3. Whilst the current work provided evidence that
effective filtration of NOx is possible with green wall technology, long-term experiments under in situ
conditions are needed to establish practical removal rates and plant health effects from prolonged
exposure to air pollution.

Keywords: green building; sustainability; indoor air quality; green wall; living wall; living façade;
botanical biofilter; ozone; nitrogen dioxide; potted plant

1. Introduction

Nitrogen dioxide (NO2) is a common urban air pollutant that is largely associated with combustion
processes, particularly traffic-related emissions [1,2]. High concentrations of NO2 remain problematic
across many urban centres despite the implementation of vehicle emissions controls over several
decades [3]. Frequently, in large urban centres, ambient outdoor NO2 concentrations, and thus
human exposure, exceed the World Health Organisation’s guideline values of 200 µg/m3 (short-term:
1 h mean) and 40 µg/m3 (long-term: annual mean) [4]. Indoor NO2 exposure is associated with a
range of respiratory symptoms and decreased pulmonary and lung function [5–9] and increases in
NO2 concentrations are associated with increases in all-cause mortality and hospital admissions [10].
Consequently, increased risk to public health has emerged with the growing evidence of the health
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effects linked to elevated NO2 exposure [11]. As is the case with most emissions, roadside emissions
may make a considerable contribution to the NO2 concentration of nearby indoor environments [12].

In addition to problems arising from NO2 exposure, NO2 can act as an ozone (O3) precursor [13]
and is readily photolysed to nitrogen dioxide (NO) [14]. The relationship between O3 and NOx (oxides
of nitrogen, i.e., NO + NO2) is very important, as NOx are highly reactive and promote O3 formation in
the presence of sunlight, high temperatures, and other atmospheric gases such as methane and volatile
organic compounds (VOCs) [15,16].

Current indoor environmental quality management systems for buildings are reliant on
heating, ventilation and air-conditioning systems (HVAC) to manage indoor air quality and climate.
These functions are based around ventilation with fresh air; however, this air must be temperature
modulated, using very large quantities of energy [17]. Furthermore, some green building certification
schemes promote increased mechanical ventilation as the preferred or only method to maintain indoor
air quality [18]. While ventilation is effective in many circumstances, simply increasing ventilation
rates may not provide improved indoor air quality for all areas, particularly those with high outdoor
pollution or episodic and uncontrolled release of gaseous air pollutants. Common ventilation systems
do not filter gaseous pollutants such as NO2, and thus the use of mechanical ventilation may increase
the rate at which outdoor generated pollutants infiltrate into the indoor environment [19]. We propose
that it would therefore be beneficial if green building schemes included foci on reducing human–air
pollution exposure such as rewarding actions that result in source control and energy efficient means
of air pollution reduction. It is thus paramount to advance technologies capable of controlling NO2

concentrations both near the emission source (i.e., roadsides) and in areas relevant to urban peoples’
breathing zones (i.e., the indoor environment).

Although plants can phytoremediate NO2, their ability to filter NO2 is primarily limited to studies
that have assessed the potential of urban forestry to provide enhanced air quality [20]. NO2 can be
removed through both dry deposition to the leaf surface and direct dissolution into a water film present
on the plant surface [21]. It has been estimated that urban trees can remove considerable volumes of
NO2 from the ambient air: Nowak et al. [22] estimated that urban trees in the coterminous United
States are capable of removing ~97,800 t of NO2 per year at a value of USD $660 million. Despite
these benefits, it has been suggested that in some cases, plants may compromise the air quality as their
emission of biogenic VOCs interacts with urban NOx to produce ozone [23]. Nonetheless, fusing the
removal mechanisms of the plant foliage with biofiltration technology to create active green walls
(botanical biofilters) has proven to be an efficient means for the removal of other gaseous pollutants,
primarily different species of VOCs [24], however, it is unknown whether botanical biofilters are
capable of filtering NOx, and what implications this may have for the ambient O3 concentration.

Active green wall technology has been proposed as an effective and innovative approach for indoor
gaseous pollutant control [25]. Active green walls are a green technology that can simultaneously
treat a large number of air pollutants at a relatively low cost. This technology builds upon the vast
literature purporting the air phytoremediation potential of potted plants ([24,26–28], plus references
therein). Whilst pollutant reduction by potted plants has been well described, for in situ use, such
systems will be severely limited in their efficacy [29]. Several recent studies have reported that green
wall systems, in particular active green walls, have a high capacity to phytoremediate several air
pollutants including particulate matter (PM) [30,31] and VOCs [32,33]. Regarding green wall VOC
removal, biodegradation of VOCs by the rhizospheric bacteria along with substrate adsorption are
considered as the primary sinks for VOC removal [24,34], however, plant-associated effects also play a
role in VOC removal [35]. In the current experiment, all treatments contained both plants and substrate
as discriminating between the substrate and plant effects are of no interest in practical applications
of this technology. Green walls have practical advantages over potted plants for practical pollutant
removal due to their increased plant density, vertical alignment, and the efficiency with which polluted
air can be passed through the substrate and roots through the use of mechanically-assisted ventilation,
which is a defining characteristic of active systems. Furthermore, their design allows them to have
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potential applications in both unique high-pollution applications such as traffic tunnels and carparks
as well as in green buildings to achieve an energy efficient equivalent to ventilation and thermal
comfort [36]. This has led to the possibility of maintaining indoor air quality through the biofiltration
of air recirculating through the active green wall within a building, rather than through the traditional
approach of ventilation through HVAC systems [37].

Previous research testing the pollutant removal capabilities of this technology has been limited
to VOCs [33,37–39], CO2 [40], and PM [30,31] and thus the use of active green wall technology for
the remediation of other criteria air pollutants including NO2 remains untested. In addition to these
previously tested functions, a potential reduction of the ambient NOx concentration through botanical
biofiltration is an important consideration that could further improve air quality and reduce occupant
exposure to these pollutants. Plant species-dependent differences in NO2 removal have been linked
to stomatal uptake in trees [41], however, if active botanical biofiltration systems primarily remove
NO2 through substrate-pollutant adsorption and dissolution into the aqueous phase, it is possible that
differences in NO2 removal amongst different plant species will be less variable. Additionally, it is
possible that the potential reactions between NO2 and VOCs including biogenic VOCs associated with
the biofilter itself may have implications for the concentrations of associated pollutants such as NO
and O3 [42]. Despite potential reductions in the NO2 concentration through phytoremediation, any
production of NO or O3 is clearly problematic if botanical systems are placed in environments with
high concentrations of NO2.

This work provides the first assessment of the botanical biofiltration of NOx with O3 concentrations
simultaneously monitored. Specifically, this work assessed the capacity of active green walls to remove
both ambient and elevated concentrations of NO2, with comparisons made between two plant species
(Spathiphyllum wallisii and Syngonium podophyllum) that are commonly grown in active green walls.
Additionally, the associated gases, NO and O3, were simultaneously monitored to ensure that potential
reductions of one hazardous chemical did not lead to the production of an alternative hazardous gas.

2. Methods

2.1. Biofilter Design and Plant Selection

Replicate biofilters were housed in open-ended poly vinyl chloride (PVC) pipe (88 mm internal
diameter, 120 mm in length). Each PVC pipe contained a coconut husk-based growth substrate packed
to a depth of 85 mm to represent a realistic active green wall substrate depth that would be sufficient
to support plant growth, as has been tested in previous research [34,43]. Coconut husk is a favourable
substrate for use as a growth substrate in botanical biofilters as it has not been associated with bioaerosol
emissions [44], and has a demonstrated capacity to filter VOCs [33] and PM [30]. The substrate was
retained within the pipe by loose weave high-density polyethylene (HDPE) cloth at each end of the pipe.
A single plant was planted into each biofilter; the plant roots were supported by the substrate while
the aerial phytomass grew through a small incision cut through the HDPE cloth (Figure 1). To provide
nutrients to the plants, the growth substrate was fertilised with a general purpose fertiliser (Green Jacket
12–14 month controlled release fertiliser [N-P-K:18-2.5-10; N as nitrate = 8.3%; N as ammonium = 9.8%; N
as urea = 0%; P = 2.5%; K as soluble potash = 10%; S = 4%) at an application rate of 4 kg·m−3 as per the
manufacturer’s recommendations (Australian Growing Solutions; Tyabb, Vic, Australia).

Biofilters containing two different plant species were tested for their capacity to filter NO2. These
species were Spathiphyllum wallisii (peace lily) and Syngonium podophyllum (arrowhead vine). These
species are both common indoor houseplants and green wall species, and both have been tested for
their capacity to phytoremediate a range of VOCs [33,45–50]. All tested plants were grown in their
biofilters in a glasshouse (Sydney, Australia) for ~8 weeks prior to testing. During this period, plants
were stored vertically, placed on saucers, and watered to field capacity once weekly. The average solar
exposure over this period was 12.4 MJ·m−2 per day and the average daily photoperiod (bright sun
exposure) was 7.65 h [51].
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Figure 1. The replicate biofilters used in this experiment. (A) A replicate biofilter with Spathiphyllum
wallisii. (B) A replicate biofilter with Syngonium podophyllum.

2.2. Closed-Loop Flow Reactor

For testing, botanical biofilters were placed individually into a closed-loop flow reactor (Figure 2).
In this system, air circulated through the loop and passed through the biofilter once for each completed
circuit. The closed-loop flow reactor, composed of polyvinyl chloride (PVC) ducting, glass tubing,
and clear polycarbonate tubing, had a 100 mm internal diameter and was 2.80 m in length with
several sensors embedded throughout. Total reactor internal volume was 0.9 m3. Two axial impellers
(FANTECH TEF-100 fan 16 W) were ducted in series into the flow reactor to provide active airflow.
The fans were connected to a potentiometer to enable modifications to fan power, ensuring each trial
was conducted at the same airflow rate. Airflow generated by the fans passed through the biofilter
substrate and then the foliage, after which the airstream was exposed to several sensors before return
to the axial impellers and thus recirculated through the flow reactor. Pressure drop across the botanical
biofilters within the closed loop flow reactor was measured with a Sensirion digital sensor (SDP610
125 Pa) and the average pressure drop was 83.2 and 84.3 Pa for S. wallisii and S. podophyllum, respectively.
An anemometer (Digitech Thermo-anemometer QM1646) was embedded on the downstream side
of the biofilter to measure the air velocity flowing through the biofilter, from which the volumetric
airflow rate could be determined. Instruments for measuring the concentrations of NO, NO2 (Ecotech
EC9841 nitrogen oxides analyser), and O3 (Ecotech Serinus 10 ozone analyser) were ducted into the
biofilter’s leeward side within the flow reactor with Teflon tubing.

Figure 2. The closed loop flow reactor used in this experiment.

The downstream end of the biofilter from which the plant’s foliage emerged was connected to a
clear polycarbonate pipe so that the photosynthetic plant parts were exposed to light. The level of
photosynthetically active radiation (PAR) within the section of the flow reactor where the plant foliage
was exposed was measured with a LI-250A light meter with an LI 190 Quantum Sensor (LI-COR
Biosciences; Lincoln, NE, USA) and had an average photosynthetic flux density of 9.95 µmol·m−2

·s−1.
Finally, a septum located between the axial impellers and biofilter allowed the addition of reagents
to the flow reactor to facilitate pollutant generation (see below; Section 2.3.2). All experiments were
conducted in a laboratory at 22 ◦C.
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2.3. Pollutant Generation and Experimental Trials

2.3.1. Biofiltration of Ambient NO2

Biofilters were first trialled for their capacity to remove ambient concentrations of NO, NO2,
and O3. Six biofilters containing S. wallisii and six biofilters containing S. podophyllum were used for
this experiment. Additionally, 10 trials were conducted without any biofilter in the flow reactor to
represent a procedural control to account for any effects resulting from loss by diffusion, chemical
reactions, and adsorption to the flow reactor surfaces. Species and control treatments were conducted
in a randomised order. Trials were run for 40 min, which was sufficient time for the concentration of
NO2 to reach an asymptote across both biofilter treatments. The average ambient concentrations of
pollutants detected within the flow reactor for the procedural control were 46.39 ± 0.006 ppbv for NO,
70.08 ± 0.017 ppbv for NO2, and 0.486 ± 0.004 ppbv for O3 (Figure S1).

2.3.2. Biofiltration of Elevated NO2 Concentrations

As the concentrations of the trial pollutants within the ambient laboratory atmosphere were
unlikely to be representative of pollutant concentrations in urban areas exposed to high traffic density,
an additional series of experiments were conducted where biofilters were assessed for their capacity to
remove elevated concentrations of NO2. For this experiment, pollutants were generated by placing a
1.00 cm2

× 0.06 mm thick pure copper sheet into the flow reactor between the fans and the biofilter, and
beneath the septum. Once the flow reactor was sealed, 1.50 µL of nitric acid (70% AR Grade; UNIVAR
Australia Pty. Ltd., Ingleburn, NSW, Austrilia) was injected through the septum onto the copper sheet,
thus generating gaseous NO2 by the reaction [52]:

Cu(s) + 4HNO3(aq) → Cu(NO3)2(aq) + 2NO2(g) + 2H2O (1)

This produced an average peak NO2 concentration of 6.656 ± 0.607 ppm at the NO2 sensor within
the flow reactor, which was similar to the values achieved in other studies assessing non-biological
methods for the filtration of NO2 [52]. Additionally, peak NO concentrations of 1.124 ± 0.088 ppm and
7.280 ± 0.064 ppb for O3 were generated.

For this experiment, six biofilters containing S. wallisii and six biofilters containing S. podophyllum
were tested. Additionally, 10 trials were conducted without any biofilter in the flow reactor as a
procedural control to account for any effects resulting from diffusion, reaction, or adsorption to the
flow reactor surfaces, as per experiment 1. All trials were conducted in a randomised order. Trials
were run for 20 min, which was sufficient time for the concentration of NO2 to reach an asymptote
across both biofilter treatments.

2.3.3. Removal of Elevated NO2 Concentrations with Ultraviolet (UV) Exposure

As exposure to UV can initiate chemical reactions, it is critical to test biofiltration under UV
exposure to determine how botanical biofilters might perform under conditions where UV exposure is
significant such as outdoors. NO2 is susceptible to photolysis [53], in other words,

NO2 + hv (λ ≤ 420 nm) → O(3P) + NO

Additionally, O3 can also be photolysed [54], in other words,

O3 + hv (λ ≤ 335 nm) → O(1D) + O2

Thus, disassociation through photolysis, followed by a series of chemical reactions (often involving
VOCs) [54], results in the potential for O3 and NO2 to influence the concentrations of each other.
To explore the effects of UV exposure on the concentrations of NOx and O3, a series of experiments
were conducted with the flow reactor exposed to UV light. These experiments were conducted using
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an identical method to that used for the second experiment, however, the closed-loop flow reactor
was placed in a biosafety cabinet (Gelaire BH-EN Class II biological safety cabinet) where the system
was exposed to artificially generated UV light (germicidal UV peaking at 254 nm at an intensity of
400 mW·m−2) according to Australian Standard AS1807.23, which corresponds to the peak absorption
cross section for O3 (σ = 113.05 × 1019 cm2 at 295 K and λ = 253.65) [55]. Four independent replicates
of this trial were run.

2.4. Statistical Analysis

Concentrations of all pollutants within each trial were normalised by their peak concentrations.
Exponential decay curves of pollutant concentration as a function of time were calculated (Microsoft
Excel 2016) for each pollutant in each trial. The resulting exponential decay rates were used as response
variables for subsequent statistical analyses.

First, three separate independent-samples t-tests (IBM SPSS Statistics Ver 25) were used to test
for differences in the decay rates for the removal of ambient concentrations of NO, NO2, and O3

between the two plant species (Experiment 1). Statistical comparisons of the exponential decay rates
between these treatments and the procedural control treatment were not conducted in this experiment,
since all pollutant concentrations in the procedural control did not change in an exponential manner
throughout the experimental period (Supplementary Materials, Figure S1). A series of general linear
model regressions indicated that the concentration of NO did not significantly vary throughout
the experimental time period for the procedural control (R2 = 0.000, F = 0.000, p = 1.000; average
gradient = 1 × 10−6), nor did NO2 (R2 = 0.000, F = 0.000, p = 1.000; average gradient = 7 × 10−8) or O3

(R2 = 0.018, F = 0.238, p = 1.000; average gradient = 1 × 10−7).
Independent two factor analyses of variance (ANOVAs) were used to compare the exponential

decay rates of the elevated concentrations of NO, NO2, and O3 amongst the light source (UV
supplemented light or indoor light) and biofilter (S. wallisii, S. podophyllum, procedural control)
treatments for experiments 2 and 3.

For each experiment, the single pass removal efficiency (SPRE) of each pollutant was estimated
through a rearrangement of Dumont and Héquet’s [56] equation:

SPRE = − ln



(
ln

(
C
C0

)
Tc

)
t

+ 1


where Tc is the pollutant residence time in the flow reactor’s empty chamber space; t = time; C0 is the
initial pollutant concentration; and C is the pollutant concentration at time t.

Dumont and Héquet [56] examined the removal of VOCs by photocatalytic oxidation in a closed
loop reactor, noting that the calculations for SPRE were dependent upon, amongst other factors, a
perfectly mixed system. As a spiked source of a reactive pollutant was generated within the closed loop
flow reactor in the current work (experiments 2 and 3) and additionally, pollutant concentrations within
the flow reactor were influenced by diffusion, reaction rates, adsorption to the flow reactor surfaces,
and possibly photolytic reactions, all SPRE values were corrected by subtracting the average SPRE
value obtained from the corresponding procedural control treatment from the SPRE value calculated
for each of the independent biofilter treatments. For all SPRE calculations, C0 was defined as the time
when the peak concentration of each pollutant was reached after generation, and C was taken at t = 600
s to avoid increased discrepancies between the observed and calculated values associated with longer
time periods, as discussed by Dumont and Héquet [56]. The clean air delivery rate (CADR) of the
biofilters for the different pollutants was calculated by multiplying the SPRE by the volumetric flow
rate through the biofilter, and standardised per unit of biofilter volume.
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3. Results

Both plant species biofilter treatments exhibited exponential decay for the biofiltration of all three
pollutants at ambient concentrations (Figures 3–5). The average exponential decay rates for biofilters
containing S. wallisii and S. podophyllum were 0.021 and 0.023 for NO2, 0.012 and 0.031 for NO, and 0.040
and 0.048 for O3, respectively. The exponential decay rates were not significantly different between
the plant treatments for any of the tested pollutants (independent samples t-tests: NO2: T = 0.908,
p = 0.385, Figure 3; NO: T = 1.367, p = 0.214, Figure 4; O3: T = 0.919, p = 0.380, Figure 5).
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Figure 3. The biofiltration of ambient concentrations of NO2 by biofilters containing two different plant
species. NO2 concentrations were normalised by the starting ambient concentration of NO2. n = 4
independent samples per treatment, error bars represent the standard error of the mean (SEM).
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Figure 4. The biofiltration of ambient concentrations of NO by biofilters containing two different
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independent samples per treatment, error bars represent the SEM.
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Figure 5. The biofiltration of ambient concentrations of O3 by biofilters containing two different
plant species. O3 concentrations were normalised by the starting ambient concentration of O3. n = 4
independent samples per treatment, error bars represent the SEM.

In trials with elevated pollution concentrations, all treatments effectively produced negative decay
rates (Figures 6–11). While biofilter treatments with both plant species removed NO and NO2 at
greater exponential rates than their respective control treatments, this was not the case for O3, where
the control treatment had the highest decay rate for O3 across both light conditions (Figures 8 and 11).
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Figure 6. The biofiltration of elevated concentrations of NO2 by biofilters containing two different
plant species at indoor light levels. NO2 concentrations were normalised by the starting ambient
concentration of NO2. n = 4 independent samples per treatment, error bars represent the SEM.
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Figure 7. The biofiltration of elevated concentrations of NO by biofilters containing two different plant
species at indoor light levels. NO concentrations were normalised by the starting ambient concentration
of NO. n = 4 independent samples per treatment, error bars represent the SEM.
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Figure 8. The biofiltration of elevated concentrations of O3 by biofilters containing two different plant
species at indoor light levels. O3 concentrations were normalised by the starting ambient concentration
of O3. n = 4 independent samples per treatment, error bars represent the SEM.
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Figure 9. The biofiltration of elevated concentrations of NO2 by biofilters containing two different plant
species under UV light. NO2 concentrations were normalised by the starting ambient concentration of
NO2. n = 4 independent samples per treatment, error bars represent the SEM.
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Figure 10. The biofiltration of elevated concentrations of NO by biofilters containing two different plant
species under UV light. NO concentrations were normalised by the starting ambient concentration of
NO. n = 4 independent samples per treatment, error bars represent the SEM.
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Figure 11. The biofiltration of elevated concentrations of O3 by biofilters containing two different plant
species under UV light. O3 concentrations were normalised by the starting ambient concentration of
O3. n = 4 independent samples per treatment, error bars represent the SEM.

Significant differences were observed for the interaction of the plant species treatment and light
type (F = 30.747, p = 0.000) for the NO2 decay rate. Post hoc Tukey HSD tests indicated that the control
treatment had a significantly slower NO2 decay rate constant relative to both the S. wallisii and S.
podophyllum biofilters (p = 0.000 for both comparisons), while the S. wallisii and S. podophyllum biofilters
had significantly different NO2 decay rates (p = 0.004), with S. podophyllum being slightly more effective
for NO2 removal.

There were significant differences in the NO exponential decay rates between both light type
(F = 15.760, p = 0.000) and biofilter treatment (F = 26.939, p = 0.000), however, there was no significant
interaction between the two factors for the NO decay rates (F = 1.214, p = 0.312). Subsequent Tukey
HSD post hoc tests showed that the control treatment lost NO at a significantly slower rate than both
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of the biofilter treatments (p = 0.000 for both comparisons), while the biofilters containing S. wallisii
and S. podophyllum did not have significantly different NO decay rates (p = 0.104).

A two factor ANOVA comparing O3 decay rates amongst the groups showed that the O3 decay
rate differed significantly amongst the biofilter types (F = 10.406, p = 0.000) with post hoc Tukey tests
showing the control treatment removed O3 at a significantly faster rate than the S. wallisii and S.
podophyllum biofilters (p = 0.001 and 0.000 for the respective comparisons).

The estimated CADRs for all treatments are shown in Table 1. The botanical biofilters demonstrated
the capacity to produce air with reduced concentrations of all pollutants. For NO and NO2, the capacity
to provide clean air appeared to be concentration dependent, with higher CADRs for these pollutants
detected in the experiments that used elevated pollutant concentrations. Although highly variable, the
CADR for O3 showed no clear associations with any of the test treatments.

Table 1. Calculated clean air delivery rates (CADRs) normalised by biofilter volume (m3
·h−1
·m−3 of

biofilter substrate).

Pollution
Treatment Light Type Biofilter Plant Species NO NO2 O3

Ambient Indoor
Spathiphyllum wallisii 33.48 ± 11.52 79.92 ± 9.00 135 ± 52.92

Syngonium podophyllum 52.2 ± 15.48 87.84 ± 15.84 248.83 ± 29.88

Elevated Indoor
Spathiphyllum wallisii 381.24 ± 90.72 661.32 ± 53.28 95.04 ± 34.92

Syngonium podophyllum 242.64 ± 21.60 550.8 ± 19.08 23.04 ± 51.84

Elevated UV
Spathiphyllum wallisii 277.76 ± 14.40 741.24 ± 199.80 228.6 ± 169.56

Syngonium podophyllum 240.48 ± 77.76 676.08 ± 125.64 118.08 ± 137.16

4. Discussion

This study was the first to test the botanical biofiltration of NO2 with active airflow while
simultaneously monitoring NO and O3 concentrations. Although differences in decay rates were
observed amongst the different pollutants and experimental factors, all biofilters exhibited the removal
of NOx. Importantly, no emissions (i.e., positive decay rate constants) of NOx were detected in
any treatment. Botanical biofilters with two plant species were capable of reducing ambient NO2 to
threshold concentrations specific to each treatment, however, the higher NO2 decay rates were observed
under elevated NO2 concentrations, with the highest decay pattern observed for S. podophyllum biofilters
when exposed to UV.

Interestingly, the influence of light type led to differences in the decay rates of both NO and NO2.
Botanical biofilters with both plant species exhibited NO decay rates greater than natural decay, and
the presence of botanical biofilters clearly enhanced the rate of NO removal from the flow reactor.
NO was removed more rapidly under indoor light conditions, most likely because this light type
favourably influenced the photochemical route that generates NO from NO2 [57].

The differences in NO2 decay rates observed between the two botanical biofilters under UV light
may have been influenced by differences in the VOCs generated by the biotic components within the
biofilters that were additional to ambient, anthropogenic VOCs. Biogenic VOCs can react with NO to
generate NO2 [58], which can then undergo photolysis. As the mixture of VOC species and quantity of
emitted VOCs varies amongst different plant species [59], it is possible that differences in biogenic VOC
emissions between the S. wallisii and S. podophyllum biofilters may have contributed to the interaction
between light type and botanical biofilter species, influencing the rate of NO2 decay. Additionally,
botanical biofilters are also capable of filtering out a range of VOCs [33] and the degree to which various
VOCs are filtered is dependent on the plant species present within the biofilter [35]. These traits may
have also differentially influenced the VOC concentration profile within the flow reactor and therefore,
it is possible that the VOC profile associated with each plant species may have had ramifications for
the NO2 decay rate constants of each of the botanical biofilters. It is thus recommended that future
work related to NOx biofiltration includes profiles of the biogenic VOCs emitted by the filters.
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Additionally, during the elevated pollution trials, the O3 decay rate differed between biofilter
treatments across both lighting conditions, with the O3 concentration declining more rapidly in the
empty flow reactor (control) than the flow reactors with biofilters present, and it is possible that VOCs
may have also had a role in forming O3 [60]. Furthermore, the botanical biofilters were able to reduce
the concentration of ambient O3 when NO and NO2 concentrations were also low, however, O3 was
removed more rapidly by the control treatments than the botanical biofilter treatments under both
lighting conditions with elevated NO2. This may result from biogenic VOCs reacting with NOx to
form O3 [54], however, it has alternatively been suggested that biogenic VOCs and NO may react to
scavenge O3 [61]. Together with these effects, it is difficult to estimate the extent of this effect in situ
where larger air volumes (i.e., buildings) would preclude VOCs accumulating to the degree caused by
the small reactor volume used here, and the NOx concentration would generally be considerably lower.
Decay of O3 in the control may have resulted from reactions with NOx and O3 forming NO2 [57],
leading to the production of other species such as NO3 and N2O5 [54]. Although these experiments
used an elevated concentration of NOx, the concentration of O3 was not proportionately elevated to the
same extent and it is possible that the differential contribution of each contaminant to the overall air
pollution load would influence the chemical transformations and thus the capacity to produce clean air.

In conjunction with substrate-mediated effects, NOx and O3 may also be removed by the aerial
components of the plants such as through adsorption to leaf surfaces and uptake through the plant’s
stomata [28]. This has been well documented as a pathway for the removal of gaseous pollutants
by traditional forms of urban forestry [20], however, the contribution of this pathway to the overall
removal process remains unknown when active airflow is used to pass an airstream through both the
plant foliage and growth substrate. Determining the contribution of each pathway and assessing plant
traits associated with removal is a valuable area of future research that will assist with performance
optimization. The interaction between plant species and light type on NO2 decay rates may have been
influenced by the plants responding differently to the different light sources (i.e., different rates of
photosynthesis), so that the rate at which NO2 was taken up through stomata may have been affected.

It is further possible that the threshold for removal may be limited by saturation effects or
alternatively, limited through substrate NO2 emissions. Broad scale substrate NOx emissions have
been detected across agricultural areas, which are driven by soil fertilisation and precipitation, but
which are subsequently suppressed due to canopy effects [62]. It is thus plausible that minor NOx

emissions from the growth substrate may occur in botanical biofilters, and the NO2 concentration
equilibrium between removal and emissions may lead to a threshold at which NO2 concentrations can
no longer be reduced.

It is, however, likely that due to the relatively sort trial duration, the majority of the observed
NO2 removal occurred through abiotic mechanisms. Amongst other reactions (see Atkinson 2000 for a
discussion on the atmospheric chemistry of NOx), NO2 can react with water vapour and also substrate
irrigation water [63]:

3NO2 + H2O → 2HNO3 + NO

The products of such reactions may be problematic for biofilter plant health, as the accumulation
of HNO3 would acidify the growth substrate, and thus affect plant health along with causing shifts in
the microbial community, while the generation of NO is potentially problematic due to its toxicity to
bacteria [64]. Due to the considerable variety of removal pathways and the potential for hazardous
by-products, identifying the precise contribution of each removal mechanism is an important area of
further research. Furthermore, longer term experiments are required to uncover the effects of NO2

exposure and removal on the health of the plants, the biofilter’s microbial community, and to establish
whether pollution saturation effects will occur.

The SPRE estimation method developed by Dumont and Héquet [56] was based on calculating the
removal efficiencies for VOCs by photocatalytic oxidisers, and thus the comparatively larger proportion
of the flow reactor volume taken up by the biofilters in the current work (~2.5% by volume) may have
led to some error in the predicted values.
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Nonetheless, the botanical biofilters had a greater capacity to clean the air under elevated pollution
concentrations and this is reflected in the considerably larger NO2 CADRs (550.8–741.24 m3

·h−1
·m−3 of

biofilter) detected under higher NO2 loading. CADRs provide the best estimate of the air cleaning
potential of botanical biofilters. Although this experiment used scaled-down model biofilters, larger
botanical biofilters would by extension be capable of providing a considerable volume of NO2 cleaned
air. Although this is the first work to calculate NO2 CADRs from botanical biofiltration, Wang and
Zhang [65] calculated CADRs for toluene and formaldehyde through their botanical biofilter, producing
estimates that were considerably larger than those found for NOx in the current work (4309 and 4690
m3
·h−1
·m−3 of the biofilter bed for formaldehyde and toluene, respectively). Interestingly, The CADR

values found by Wang and Zhang [65] varied depending on the airflow rate and substrate moisture
level, and these are factors that need to be explored for their effect on NO2 biofiltration.

This work represents the first work to assess the botanical biofiltration of NOx. Although
higher NOx single pass removal efficiencies have been recorded for non-botanical biofilters [66,67],
comparisons amongst other these studies remain difficult due to the variation in biofilter volume and
airflow rates: non-botanical biofilters are usually designed to treat a limited number of target pollutants
with much lower airflow rates through a substrate of greater depth. Comparatively, botanical biofilters
process large volumes of air, treat a variety of air pollutants (i.e., VOCs, PM, and NOx), and generally
have a limited substrate depth (i.e., reduce the space occupied and maintain aesthetic appeal). In
this regard, it is important that active green walls are considered within the context of their full
functionality (i.e., VOC filtration [33,43], PM filtration [30,31], CO2 reduction [40], enhanced humidity
and temperature [36], biophilic benefits [68]) and not solely as phytoremediators of a limited number
of pollutants.

Although the NO2 concentration in the experiment with spiked pollutant concentrations represents
a level that is considerably higher (approximately by two orders of magnitude) than those commonly
encountered in urban areas, the comparisons of NO2 removal between the two different pollution
concentrations (ambient and elevated) indicates that removal is a concentration dependent process.
Furthermore, the high NOx concentration used in this experiment was associated with compromised
O3 removal, however, it is difficult to ascertain whether the biofiltration of NOx in concentrations
found in urban areas along with variable environmental conditions (i.e., temperature and humidity)
would be associated with O3 production.

The installation of botanical biofilters into urban design and green buildings is a promising
solution to mitigating personal exposure to urban air pollution. Integrating botanical biofilters into
HVAC systems using IoT (Internet of Things) technology for system monitoring is at the forefront of
green technology, and may lead to enhanced management of indoor air quality by allowing real time
system optimization (i.e., flow rate alterations) for target pollutants, while simultaneously monitoring
and balancing HVAC energy expenditure [65]. Real time monitoring of air quality combined with
pollutant mitigation using botanical biofiltration may reduce reliance on HVAC use and thus reduce
the energy intensive step of temperature modulating influent ventilation air as it enters the building.
For this development to be successful, however, a thorough assessment of the pressure drop across a
green wall (see [69–71]) is needed to ensure that energy use does not become inflated.

While these results provide insight into the chemical transformations associated with the
biofiltration of NO2, it is important to consider that different concentrations of these gases are
likely to influence the rate of removal of each of the pollutants. This work was limited to two plant
species and thus care should be taken when extrapolating these results to large green walls containing
many different plant species, particularly when the green walls contain plant species that may emit
considerable volumes of biogenic VOCs. The limited trial time in this experiment was unable to
establish saturation points, and thus future work should focus on longer trial periods to assess whether
the removal efficiency of these gases changes with time.
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5. Conclusions

Botanical biofilters represent a promising technology for reducing urban air pollutants. The current
research highlights that botanical biofilters have the potential to be used to reduce ambient indoor
concentrations of NOx and O3. Under elevated NO2 concentrations (approximately 100 times that
of urban environments), the removal efficiency of NOx increased, however, the removal of O3 was
compromised. Nonetheless, in these conditions, the average NO2 clean air delivery rate was 661.32 and
550.8 m3

·h−1
·m−3 of the biofilter substrate for S. wallisii and S. podophyllum, respectively Furthermore,

the lighting conditions and selection of plant species affected the degree of NOx removal. It is possible
that differences in plant surface area or surface composition may have influenced the rate of pollutant
deposition. In addition to these effects, the VOC emission profile and concentration associated with
each plant species may have affected the chemical transformations of NOx and O3. Further research is
needed to establish how these chemical transformations may play out under pollutant concentrations
and conditions representative of urban environments. Long-term experiments under in situ conditions
are needed to establish practical removal rates and plant health effects resulting from prolonged
exposure to air pollution.
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