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Abstract 26 

 27 

Currently no sustainable, economical and scalable systems have been developed for 28 

the direct removal of roadside air pollutants at their source. Here we present a simple 29 

and effective air filtering technology: botanical biofiltration, and the first field 30 

assessment of three different botanical biofilter designs for the filtration of traffic 31 

associated air pollutants – NO2, O3 and PM2.5 – from roadside ambient air in Sydney, 32 

Australia. Over two six month research campaigns, we show that all of the tested 33 

systems filtered NO2, O3 and PM2.5 with average single pass removal efficiencies of 34 

up to 71.5%, 28.1% and 22.1% respectively. Clean air delivery rates of up to 121 35 

m3/h, 50 m3/h and 40 m3/h per m2 of active green wall biofilter were achieved for the 36 

three pollutants respectively, with pollutant removal efficiency positively correlated 37 

with their ambient concentrations. We propose that large scale field trials of this 38 

technology are warranted to promote sustainable urban development and improved 39 

public health outcomes.  40 

 41 

Key words: green infrastructure; green wall; living wall; air quality; traffic pollution; 42 

urban greening 43 

 44 

Highlights 45 

 46 

 Botanical biofiltration of NO2, O3 and PM2.5 was achieved at roadside 47 

environments. 48 

 NO2 was removed most efficiently, with a single pass removal efficiency of 49 

71.5%. 50 
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 Pollutant clean air delivery rates of 40–121 m3/h per 1 m2 plenum were 51 

achieved. 52 

 All pollutant removal rates were positively correlated with ambient 53 

concentrations. 54 

1. Introduction 55 

 56 

Ambient air pollution is the most significant current environmental risk to 57 

human health, with approximately 4.2 million deaths around the globe each year 58 

attributed to exposure to ambient air pollution (WHO 2019). Urban air pollution is 59 

particularly concerning, where vehicle exhaust and industrial emissions lead to 60 

elevated air pollution levels in environments inhabited by the majority of the world’s 61 

population (WHO 2019). Urban air pollution is comprised of a complex mixture of 62 

suspended particles, (particulate matter; PM), and gaseous pollutants, including 63 

nitrogen oxides (NOx), ozone (O3), amongst other pollutants (Venkatram and Schulte 64 

2018). Vehicular emissions, particularly in locations with high traffic densities, are 65 

the main source of harmful air pollutants in many urban areas (European 66 

Environmental Agency, 2011). Because traffic related pollutants are emitted close to 67 

ground level, elevated pollution concentrations frequently occur in ‘on-road’ or ‘near-68 

road’ environments, whereby the urban population, including drivers, commuters, 69 

pedestrians and occupants of nearby buildings, is exposed to heightened pollution 70 

concentrations (Karner et al, 2010; Pasquier and André, 2017). Furthermore, the 71 

dispersion of ground level traffic emissions may be limited by urban geometries and 72 

structures, such as buildings, and in some cases, tree canopies (Abhijith et al. 2017; 73 

Venkatram and Schulte 2018), thus promoting the accumulation of air pollution in 74 

zones where people are likely to be exposed.  75 
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The health effects resulting from exposure to urban air pollution are associated 76 

with huge economic impacts (Pascal et al. 2013). Therefore, work directed towards air 77 

pollutant mitigation is of the greatest importance, as are effective new technologies 78 

aimed at reducing the concentration of air pollutants in environments where human 79 

exposure is at its highest. 80 

Botanical biofilter technology, which generally takes the form of active green 81 

walls, has been developed from an extension of the concept of phytoremediation (Irga 82 

et al. 2018). These systems have plants arranged along a vertical pane and use ‘active 83 

airflow’ to mechanically force an airstream through the plant foliage and growth 84 

substrate, where it exits to the ambient air (Pettit et al. 2018a). In this process, PM is 85 

mechanically filtered by the growth matrix, and gaseous pollutants such as VOCs, O3 86 

and NO2 can be biodegraded by the microorganisms contained in the growth substrate 87 

or removed from the airstream by adhering to substrate adsorbents (Pettit et al. 88 

2018b). Several studies have suggested that such systems (or similar botanical 89 

biofilters) can make functional improvements to the air quality of indoor 90 

environments (Darlington et al. 2001; Ibrahim et al. 2019; Pettit et al. 2019; Wang 91 

and Zhang 2011).  92 

Although active green wall research has been limited to laboratory studies and 93 

indoor air quality investigations, traditional urban forestry, such as street trees, hedges 94 

and shrubs, have been thoroughly studied for their capacity to remove urban air 95 

pollutants (Abhijith et al. 2017; Petrova 2020). Nowak et al. (2006) suggested that 96 

urban trees and shrubs remove 711,000 metric tons (US$ 3.8 billion value) of air 97 

pollution (O3, PM10, NO2, SO2, CO) across the United States of America each year, 98 

whereby pollutants are removed through foliar processes such as stomatal uptake and 99 

wet and dry deposition. Several studies however, have noted that in some cases, 100 
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particularly in street canyons, there is potential for urban tree canopies to limit the 101 

diffusion of air pollution from sources such as traffic, and thus, increase the 102 

concentration of air pollution at ground level (Gromke et al 2008; Jeanjean et al. 103 

2017; Salmond et al. 2013; Vos et al. 2013). Alternatively, passive green walls may 104 

be used in both street canyons and open road settings to provide improvements to air 105 

quality, primarily through hindering the dispersion of pollutants from reaching 106 

relevant exposure zones (Abhijith et al. 2017; Abhijith and Kumar 2019). 107 

Nonetheless, current technologies that attempt to mitigate ground level air pollution 108 

exposure in urban contexts, including roadside vegetation barriers and solid barriers 109 

(Gallagher et al. 2015; Tong et al. 2016), primarily work through altering pollutant 110 

dispersion rather than reducing the pollutant load from the ambient air through 111 

filtration and bioremediation.  112 

The use of airflow in botanical biofiltration promotes the rate at which 113 

substrate-associated pollutant removal processes operate, whilst adding the effects of 114 

bioremediation and filtration; thus removing air pollution from the ambient air rather 115 

than simply shifting pollutant dispersion, and thereby providing a promising means to 116 

considerably improve urban air quality. Additionally, the small ground and canopy 117 

footprint of green walls allows these systems to be installed in spatially constrained 118 

urban areas (Abhijith et al. 2017). Due to the extensive range of environments in 119 

which this technology can be applied and the vast range of adjunct benefits provided, 120 

including urban stormwater management, temperature reductions, acoustic attenuation 121 

and enhanced scenic landscape (Attal et al. 2017; Horoshenkov et al. 2011; Manso 122 

and Castro-Gomes 2015); the assessment of botanical biofilters for air quality 123 

enhancement is of major value for sustainable urban design, and is of international 124 

scope. Botanical biofilters have been shown to make functional improvements to the 125 
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air quality of indoor environments (Darlington et al. 2001; Pettit et al. 2019a; Wang 126 

and Zhang 2011), and are beginning to be built for this purpose in urban areas, 127 

however their efficacy in outdoor environments remains untested. Here, we aim to 128 

build on indoor and laboratory research to evaluate the use of this technology as a 129 

solution to improve air quality alongside major roads. 130 

In this investigation, we firstly assess the single pass removal efficiency 131 

(SPRE) of traffic associated air pollution achieved by botanical biofiltration. This was 132 

accomplished by conducting extensive air quality monitoring across several 133 

independent botanical biofilter arrays to assess the biofiltration efficiency for PM2.5 134 

(fine suspended particles with an aerodynamic diameter less than 2.5 µm), NO2 and 135 

O3 from the ambient air of two roadside environments in Sydney. Secondly, we 136 

consider the contribution of cleaned air produced by three biofilter designs by 137 

evaluating removal efficiencies in conjunction with airflow characteristics to 138 

determine the clean air delivery rate (CADR) for the systems when trialled in situ. 139 

Finally we explore the relationship between removal efficiency and ambient pollutant 140 

concentration for each of the pollutants. The combined findings demonstrate the 141 

potential for the implementation of this new technology to promote sustainable urban 142 

development areas and improved public health outcomes. 143 

 144 

2. Methods 145 

 146 

2. 1 Site description and botanical biofilter orientation 147 

 148 

Botanical biofiltration arrays were installed at two different roadside 149 

environments in Sydney. Sydney is Australia’s most populous urban centre, with an 150 
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estimated population of 5.2 million residents (Australian Bureau of Statistics 2019). 151 

Emissions from motor vehicles are a major source of air pollution in Sydney (NSW 152 

Health 2014; Paton-Walsh et al. 2019) and are the largest contributors of NOx (Cowie 153 

et al. 2019) and PM2.5 pollution (Crawford et al. 2017). Motor vehicles also emit 154 

VOCs, which are important precursors in the formation of ozone (NSW Health 2014). 155 

Traffic counts at both sites during the experimental period were sourced from 156 

Transurban (2020). 157 

 158 

2.1.1 Site 1: Eastern Distributor 159 

Two biofilter arrays were installed alongside the Eastern Distributor, situated 160 

immediately adjacent to north bound traffic so that the biofilter arrays were flush 161 

against the traffic barrier closest to the road. The Eastern Distributor Motorway 162 

(33°52'12.2"S 151°13'05.8"E) is located in the City of Sydney local government area, 163 

and is one of Australia’s busiest roads and is located in one of Australia’s most 164 

densely populated areas (Roads and Maritime Services 2018). To provide spatial 165 

independence, the biofilter arrays on site were separated from each other by 30 m. 166 

Sampling took place from June 2019 to November 2019.  167 

 2.1.2 Site 2: Hills Motorway 168 

The Hills Motorway (M2; 33°46'09.6"S 151°06'58.4"E) site was located 169 

approximately 13 km north-west of Sydney’s central business district within the local 170 

government area of the City of Ryde. This installation was positioned on an unused 171 

asphalt area between Southeast bound traffic on the Hills Motorway and the Christie 172 

Rd exit ramp. This area is separated from the Southeast bound traffic on the Hills 173 

Motorway by concrete (‘Jersey’) barriers. Three biofilter arrays were situated 174 
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immediately adjacent to southeast bound traffic, on the immediate edge of the Hills 175 

Motorway’s southeast bound lanes. At this site, there was at least 50 m between 176 

biofilter arrays to ensure that the effects of one biofiltration array would not confound 177 

measurements at the others. Sampling at this location took place from November 178 

2019 to May 2020. 179 

As it was hypothesized that the ambient pollution profile and concentration 180 

would affect filtration efficiency, the two sites were selected due to their different 181 

pollution characteristics. The Hills Motorway is comparatively more open (i.e. less 182 

urban development adjacent to the road) than the Eastern Distributor, and thus the 183 

dispersion of pollutants at this site may not be hindered to the same degree as that on 184 

the more developed Eastern Distributor. Different traffic speeds between the sites 185 

may also influence the associations between traffic volume and ambient air pollution 186 

concentration at each site. Although traffic speed was not measured in this study, the 187 

speed limit on the Hills Motorway is higher than that of the Eastern Distributor (100 188 

km/h and 60 km/h respectively), and it is possible that faster traffic on the Hills 189 

Motorway promoted increased pollutant dispersal on the Hills Motorway (Venetsanos 190 

et al. 2001).  191 

 192 

2.2 Botanical biofilters 193 

 194 

Each of the five biofilter arrays (1 x 5 m wall surface area) held 20 biofilter modules 195 

(Breathing Wall; Junglefy Pty Ltd, Sydney, Australia) across five independent 1 m2 196 

plenums per array, as described in Pettit et al. (2020). Each module (0.5 x 0.5 x 0.15 197 

m) was made from recyclable low-density polyethylene, with a front face area of 0.25 198 

m2 that contained 16 holes from which plants can grow. The biofilter arrays contained 199 
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the following species of plants: Westringia fruticosa (coastal rosemary), Myoporum 200 

parvifolium (dwarf native myrtle), Strobilanthes anisophyllus (goldfussia) and 201 

Nandina domestica (heavenly bamboo). These species were selected for their 202 

survivability in Australian roadside environments. The internal space within the 203 

module was filled with a coconut husk-based plant growth substrate. A sheet of high-204 

density polyethylene shade cloth lined the internal surfaces of the module to hold the 205 

plant roots and growth substrate within the module. The rear face of each module 206 

contained an opening in its centre (63.6 cm2 cross sectional area), which was used to 207 

pull an airstream through the openings in the front face and through the growth 208 

substrate, after which it exited the module through this opening. A baffle plate was 209 

located against the internal rear face of the module to promote uniform airflow 210 

through the front face of the module. Each biofilter array was irrigated via a drip line 211 

with ~11 litres of water every 2 days. In addition to this irrigation, biofilter arrays 212 

were also exposed to rain and would have received supplementary irrigation through 213 

natural rainfall. Each biofilter module contained drainage holes allowing water to 214 

drain from each module if they were watered beyond field capacity. 215 

 216 

To isolate the effluent airstream, modules were fixed to steel plenums, which 217 

contained fans to generate airflow. Each plenum was 1 x 1 m x 0.15 m (1 m2 front 218 

face area) and held four botanical biofilter modules. The airstream passed into the 219 

plenum through four openings on the plenum’s front face; these openings 220 

corresponded to the opening on the rear face of each of the modules. Two fans (NF-221 

F12, Noctua; Austria) with an internal diameter of 120 mm, a volumetric flow rate of 222 

186.70 m3/h at 0.00 Pa of static pressure, and rated power consumption 4.32 W, were 223 

arranged in parallel on the rear face of the plenum. These generated active airflow that 224 
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pulled air through the plant foliage and the front face of the module, through the 225 

opening in the rear face of the module, where the airstream then entered the plenum 226 

and exited the plenum to ambient via to vents adjacent to the fans in the rear face of 227 

the plenum. The vents matched the area of the fan outlet and used louvers to prevent 228 

rainwater from entering the plenum. Five plenums and their corresponding modules 229 

were arranged horizontally, creating 1 x 5 m biofilter arrays, which were supported on 230 

frames so that the base of the walls were ~ 1 m above the ground (Figure 1).   231 

 232 

 233 

 234 

Figure 1. A botanical biofilter array. A) the rear view of a biofilter array showing 235 

five plenums arranged horizontally to form a 5 m2 active green wall; B) a side view 236 

of the support structure with biofilter modules attached to the plenum; C) the front 237 

face of the biofilter array.  238 

 239 

 240 

 241 

 242 
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2.3 Botanical biofilter design comparisons 243 

 244 

As this was the first time botanical biofilters had been assessed for traffic-245 

associated air pollution removal in outdoor environments, it was unclear how some 246 

system aspects, such as variations in airflow, would affect the overall performance. 247 

Thus, three different design iterations were used to investigate traits associated with 248 

optimum in situ performance (Table 1). In addition to the design iteration described 249 

above, one plenum on each biofilter array contained 4 granular activated carbon 250 

(GAC) cassettes housed within the four openings of the plenum’s front face. In this 251 

design, the airstream would firstly pass through the biofilter module and then through 252 

a small cylinder (44 mm internal radius, 20 mm depth) containing GAC (GAC; 253 

EA1000 4 mm; Activated Carbon Technologies Pty Ltd, Melbourne, Australia). 254 

Although previous work has suggested that GAC can be used to enhance the SPRE of 255 

gaseous pollutants (Pettit et al. 2018b), it is unknown how it would influence the 256 

CADR in roadside environments, and for a range of behaviourally different 257 

pollutants. Lastly, one plenum on each biofilter array contained two fans with a larger 258 

volumetric flow rate (NF-A14, Noctua, Austria; 140 mm internal diameter, 259 

volumetric flow rate of 269.3 m3/h at 0.00 Pa of static pressure, and a rated power 260 

consumption of 6.6 W. This treatment was included to test the effect of increasing 261 

volumetric airflow rate on CADR.  262 

 263 

 264 

 265 

 266 
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Table 1. The different botanical biofilter design iterations that were trialled in 267 

roadside environments. 268 

Botanical 

biofilter 

iteration 

Fan type 

Fan 

diameter 

Fan flow rate at 0 

Pa static pressure 

(m3/h)  

Filtration 

components 

1 

NF-F12, 

Noctua 

120 mm  186.70  

Coconut husk-based 

plant growth substrate 

+ 64 plants per 1 m2 

2 

NF-F12, 

Noctua 

120 mm  186.70  

As for #1 with the 

addition of granular 

activated carbon 

cassettes 

3 

NF-A14, 

Noctua 

140 mm 269.3  As for #1 

 269 

2.4 Air quality measurement 270 

 271 

The air velocity through each of the louvers was multiplied by the area of the 272 

louver opening to calculate the volumetric flow rate through each of the plenums. The 273 

airflow through each of the plenums was measured with a VelociCalc Air Velocity 274 

Meter 9545 (TSI Incorporated; Shoreview, Minnesota, USA).  275 

The concentrations of NO2, O3 and PM2.5 were measured with a series of 276 

AQY1 – micro air quality monitoring systems (Aeroqual Limited; Auckland, New 277 

Zealand). Although Sydney is considered to have relatively ‘good’ air quality, PM2.5 278 

and O3 are the air pollutants that most frequently occur in high levels (Paton-Walsh et 279 
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al. 2019), while traffic emissions of NOx account for 61.8% of the total annual NOx 280 

emissions in the Sydney region (NSW EPA 2012). Two AQY1 instruments were 281 

located at each end of each biofilter array. These provided measurements of the 282 

proximal ambient air quality for each biofilter array. For assessment of air pollutant 283 

removal efficiency, AQY1 instruments were placed in each of the plenums, and thus 284 

detected the concentration of NO2, O3 and PM2.5 in the isolated effluent airstream. 285 

Although these instruments have high detection resolutions (see Aeroqual Limited 286 

2019) and were factory-calibrated before use, any systematic differences in the 287 

calibration of each instrument could potentially influence the accuracy of any 288 

comparisons amongst air pollution concentrations between the ambient and filtered 289 

effluent air. Thus, the locations of the instruments were randomly rotated several 290 

times throughout the experiment, both amongst plenums and ambient air detecting 291 

locations.  292 

Average air pollution concentrations were calculated for each 5-minute period 293 

from 6:00 am to 6:00 pm. A 12-hour period overnight without fan operation provided 294 

temporal independence for each composite daily replicate of pollutant concentrations.  295 

 296 

2.5 Data and statistical analysis 297 

 298 

In order to make comparisons across treatments, the average ambient and 299 

average air pollution concentrations in the plenums of each treatment were calculated. 300 

The SPRE was calculated for each pollutant by comparing the average ambient air 301 

pollutant concentrations to the average air pollution concentrations detected in the 302 

isolated effluent airstreams of each biofilter.  303 
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Unlike assessments of air pollutant removal provided by passive vegetation, 304 

whereby phytoremediation of air pollution is usually measured as mass of pollutant 305 

removed, the use of active airflow in botanical biofiltration allows removal rates to be 306 

expressed as clean air delivery rates (CADRs). This metric is a function of the 307 

proportion of influent pollution that has been removed on a single pass through the 308 

biofilter, multiplied by the volumetric airflow rate through the biofilter. The CADR of 309 

each pollutant thus describes the volume of ‘clean’ air produced by the biofilters, and 310 

is generally considered to be the best metric to evaluate air cleaning potential (Zhang 311 

et al. 2011). Further, converting the SPREs for each pollutant to CADRs facilitated 312 

valid comparisons of the treatments with different airflow rates. Differences in the 313 

CADR amongst treatments were statistically compared through ANOVA (IBM SPSS 314 

Statistic Ver 25).   315 

Additionally, the SPRE of each pollutant was considered as a function of the 316 

ambient pollutant concentration to assess the relationship between removal efficiency 317 

and pollutant concentration. The average pollutant concentrations and biofilter SPREs 318 

from both sites at each time sample were included in this correlation, thus ensuring 319 

bivariate normality of each data point. 320 

The ambient concentration of PM2.5 at each site was used as a surrogate 321 

pollutant to test associations between air pollution and the traffic densities at each 322 

site. A Pearson’s correlation analysis was used to test the association between the 323 

average ambient PM2.5 concentration at each 15-minute interval and the volume of 324 

passing cars and trucks at each site.  325 

The presence of the Black Summer bushfires between November 2019 – 326 

February 2020 considerably altered the ambient air quality, and thus, the contribution 327 

of traffic related emissions to the overall ambient pollution load and the 328 
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corresponding temporal fluctuation of the pollutants throughout each day. 329 

Consequently, days where air quality was strongly influenced by bushfire emissions 330 

were eliminated from the data. These days were identified by using the ambient PM2.5 331 

concentration as an indicator variable in a time series analysis, whereby the daily 332 

variation in the PM2.5 concentration was broken down into ‘trend’, ‘cyclical’ and 333 

‘random’ components. As PM2.5 is strongly associated with traffic emissions and 334 

contributes to a daily cyclical pattern of atmospheric PM2.5, days where the ‘random’ 335 

variation in PM2.5 exceeded that of the maximum ‘cyclical’ variation in PM2.5 336 

concentration (see Pettit et al. 2020) were defined as bushfire days and excluded from 337 

analysis, as these days were not representative of Sydney’s normal air quality. Data 338 

from weekdays were used for analyses, with data from weekends excluded due to 339 

differences in traffic volumes and the presence of the ‘ozone weekend effect’, which 340 

commonly leads to higher concentrations of O3 on weekends in urbanised areas due to 341 

alterations in the local atmospheric VOC to NOx ratio (Gao and Niemeier 2007; Pont 342 

an Fontan 2001; Wolff et al. 2013). 343 

 344 

3. Results 345 

 346 

The Eastern Distributor had an average daily (6:00 am to 6:00 pm) traffic 347 

count of 33,267 cars and 1,175 trucks in the adjacent northbound lanes over the 348 

course of sampling at this site (Transurban 2020). The section of the Hills Motorway 349 

adjacent to the biofilter arrays had an average bidirectional daily traffic (6:00 am to 350 

6:00 pm) count of 70,985 cars and 4,691 trucks over the course of sampling at this 351 

site (Transurban 2020). 352 
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At each site, ambient concentrations of all pollutants were associated with 353 

traffic density, as expected. At the Eastern Distributor the average daily ambient 354 

PM2.5 concentration at each 15-minute interval was significantly correlated with the 355 

passing volume of cars (r = 0.372, p = 0.012, n = 48) and trucks (r = 0.625, p = 0.000, 356 

n = 48), while the daily ambient PM2.5 concentration at each 15-minute interval was 357 

significantly correlated with the volume of passing trucks at the Hills Motorway (r = 358 

0.550, p = 0.000, n = 48). At the Eastern Distributor, pollutant concentrations were 359 

generally higher and exhibited greater fluctuations throughout each day, due to 360 

greater variations in traffic volume (Figures 2-3).  361 

The average concentrations of the three pollutants detected in the effluent of 362 

all biofiltration treatments were lower than the ambient pollutant concentrations, thus 363 

all treatments had positive SPREs for all pollutants (Figures 2-3), indicating that 364 

filtration of PM2.5, NO2 and O3 from the ambient air at two different roadside 365 

environments was achieved. 366 
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 367 

Figure 2. The average ambient and filtered effluent concentrations of air pollutants 368 

at the Eastern Distributor for each time point across the trial period of June 2019 to 369 

November 2019 (means ± SEMs). a = NO2; b = O3; c = PM2.5. Biofilter 1: fans with 370 

186.70 m3/h flow rate at 0 Pa static pressure, Biofilter 2: fans with 186.70 m3/h flow 371 
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rate at 0 Pa static pressure + granular activated carbon cassettes, Biofilter 3: fans 372 

with flow rate of 269.3 m3/h at 0 Pa static pressure. 373 

 374 

 375 

Figure 3. The average ambient and filtered effluent concentrations of air pollutants 376 

at the Hills Motorway for each time point across the trial period of November 2019 377 
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to May 2020 (means ± SEMs). a = NO2; b = O3; c = PM2.5.  Biofilter 1: fans with 378 

186.70 m3/h flow rate at 0 Pa static pressure, Biofilter 2: fans with 186.70 m3/h flow 379 

rate at 0 Pa static pressure + granular activated carbon cassettes, Biofilter 3: fans 380 

with flow rate of 269.3 m3/h at 0 Pa static pressure.  381 

 382 

The average airflow through each of the plenums using 120 mm fans was 383 

169.02 ± 4.37 m3/h. The average airflow through plenums containing GAC was 384 

169.01 ± 11.17 while the average airflow of plenums with 140 mm fans was 178.41 ± 385 

22.68 m3/h.  386 

The SPREs were taken as a function of airflow rate to calculate the CADR of 387 

each treatment (Figure 4). The plenums with larger fans and thus the highest 388 

volumetric flow rates achieved the highest CADRs for ozone and PM2.5, while the 389 

biofilter incorporating GAC produced the largest CADR for NO2. The CADRs of all 390 

of the pollutants however, were not statistically different amongst the biofilter 391 

treatments or sites (two-way ANOVA for each pollutant; in all cases p >0.05 for both 392 

factors; Supplementary Table 1).  393 

 394 

 395 

 396 
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 397 

Figure 4. The average clean air delivery rates (CADRs) for 1 m2 biofilter plenums 398 

across treatments, consolidating data from both sites (means ± SEMs). Biofilter 1: 399 

fans with 186.70 m3/h flow rate at 0 Pa static pressure, Biofilter 2: fans with 186.70 400 

m3/h flow rate at 0 Pa static pressure + GAC cassettes, Biofilter 3: fans with flow 401 

rate of 269.3 m3/h at 0 Pa static pressure (n = 14, 5 and 5 independent plenums for 402 

Biofilters 1, 2 and 3 respectively). 403 

 404 

A series of Pearson’s correlations assessing the association between ambient 405 

concentrations of the three pollutants and the SPREs of each treatment showed that 406 

almost all treatments exhibited statistically significant positive relationships between 407 

removal efficiency and pollutant concentration (Table 2). As the ambient 408 

concentration of all pollutants increased, the SPRE of all treatments increased as 409 

well. This trend was particularly strong for O3 across all biofilter treatments.  410 
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Table 2. Pearson’s correlation matrix of associations between SPRE and ambient 411 

pollutant concentration. n = 144 observations for each correlation. * indicates 412 

statistical significance whereby p = <0.05. Pearson’s r values are shown. 413 

Treatment 

Ambient NO2 

concentration 

Ambient O3 

concentration 

Ambient PM2.5 

concentration 

Plenum SPRE 0.166* 0.980* 0.203* 

GAC SPRE 0.141 0.976* 0.572* 

140 mm Fan 

SPRE 

0.165* 0.946* 0.167* 

 414 

 415 

4. Discussion 416 

 417 

Mitigating air pollution resulting from traffic emissions is becoming 418 

increasingly problematic in urban regions, particularly so in built-up areas, where 419 

population exposure to urban air pollution is likely to increase in the next decade as 420 

urban development disproportionately occurs along main road sites (Paton-Walsh et 421 

al. 2019). Most current air pollution mitigation strategies aim to reduce source 422 

emissions, with varying effectiveness on ambient air quality (Carslaw et al. 2016; 423 

Zhang and Gu 2013), but there are no methods currently employed on a medium to 424 

large scale for the active reduction of roadside pollution in situ. This work represents 425 

the first field assessment of a novel botanical biofiltration system for the mitigation of 426 

NO2, O3 and PM2.5 from traffic emissions. In all cases, the concentrations of these 427 

pollutants were considerably reduced by the biofilter treatments, so that the 428 
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concentrations of all pollutants were lower in the effluent air stream than in the 429 

ambient air.  430 

 431 

4.1 NO2 filtration 432 

 433 

The concentration of NO2 in the effluent air was considerably lower than 434 

ambient, irrespective of the ambient NO2 concentrations, with average SPREs across 435 

all sampling periods ranging from 57.81-75.63%, depending on the treatment. While 436 

there were clear differences in the ambient concentration profile of the pollutants 437 

between the two sites, the average daily temporal pattern of NO2 was consistent 438 

within sites, with neither site showing clear fluctuations in NO2 concentration related 439 

to traffic volume or sunlight intensity.  440 

When standardised by substrate volume, the NO2 CADRs recorded in this 441 

study are substantially higher (by ~20-30%) than those detected under elevated NO2 442 

concentrations in Pettit et al. (2019b), most likely due to the use of different systems 443 

and pollutant inlet concentrations between the studies. The volumetric airflow rate has 444 

been a critical parameter for determining the optimal CADR of biofilters (Guieysse et 445 

al. 2008). This has most commonly been explored through the removal of VOCs, 446 

whereby larger airflow rates lead to reduced SPREs but often increased CADRs by 447 

increasing the volume of air that is processed (e.g. Wang and Zhang 2011). In this 448 

case however, the different airflow rates provided by different fans did not lead to 449 

significant differences in the NO2 CADR amongst the treatments, and it is likely that 450 

greater variation in volumetric flow rates will be required to produce significant 451 

differences in CADRs. Additionally, the use of GAC did not significantly increase the 452 

NO2 SPRE, in contrast to previous studies where activated carbon has been used 453 
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successfully to filter NO2 from contaminated air streams (Yoo et al. 2015). 454 

Nonetheless, the GAC augmented biofiltration treatment used in this experiment did 455 

not considerably reduce the airflow rate (i.e. volumetric airflow rates where very 456 

similar to that of the plenums without GAC cassettes), and thus did not compromise 457 

the CADRs. The use of different activated carbon-based adjunct filter designs 458 

(modifications to GAC type and volume) requires further exploration to thoroughly 459 

determine whether effects similar to that observed in laboratory studies (Yoo et al. 460 

2015) can be achieved. 461 

 As this work did not measure the ambient or filtered concentrations of VOCs, 462 

this remains an important consideration for future research. Previous work conducted 463 

in laboratory scale experiments (Pettit et al. 2019c; Treesubsuntorn and Thiravetyan 464 

2018) and indoor trials (Darlington et al. 2001; Pettit et al. 2019a; Wang and Zhang 465 

2011) has highlighted that botanical biofilters are efficient at filtering a range of 466 

different VOCs, however it remains unknown how such systems can filter specific 467 

VOC mixtures and concentrations associated with traffic emissions. Furthermore, it is 468 

important to monitor any possible VOC emissions emitted by the biological 469 

components of the system as there is potential for VOCs to react with NO2 to lead to 470 

the formation of O3 (Atkinson 2000). 471 

 472 

4. 2 O3 filtration 473 

 474 

The ambient concentration of O3 generally increased through the day at both 475 

sites – as is commonly observed in urban areas (Pancholi et al. 2018; Warmiński and 476 

Bęś 2018). Although the concentration of NO2 was higher at the Eastern Distributor 477 

site than the Hills Motorway, the concentration of O3 was higher at the Hills 478 
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Motorway than the Eastern Distributor, which may reflect the seasonal differences in 479 

sampling periods between the two sites (Warmiński and Bęś 2018). In all cases, the 480 

concentration of O3 in the effluent air stream generally started out equal to the 6 am 481 

ambient O3 concentrations, and remained at this level, while the ambient 482 

concentration rose throughout the day. Although it is possible that there is a threshold 483 

concentration of O3 that cannot be filtered with the system tested here, the different 484 

concentrations of O3 at each site, in both the ambient and effluent air streams of all 485 

biofilter treatments suggests such possible effects may be concentration dependent. 486 

Both NO2 and O3 are photo-chemically sensitive under sunlight conditions (Atkinson 487 

2000). As the plenum intercepted sunlight, it is difficult to determine what effect the 488 

plenum alone may have had on these pollutants, however the contribution of any 489 

possible effects on the NO2 or O3 concentrations resulting from shading are likely to 490 

be minimal due to the short residence time of effluent gas within the plenums (~2 s). 491 

Although the botanical biofiltration of NO2 and O3 has been observed in 492 

laboratory studies using spiked pollutant concentrations (Pettit et al. 2019b), this work 493 

represents the first instance whereby the continuous removal of traffic sourced 494 

pollutants by botanical biofiltration has been recorded. The in situ measurements from 495 

this study provide a more accurate estimate of the air cleaning potential of botanical 496 

biofiltration than scaled up estimates from laboratory studies, and reflect their likely 497 

performance for their intended purpose.  498 

The fate of the filtered pollutants, and their ramifications for the biofiltration 499 

system, remains unclear. Previous work has noted the potential production of nitric 500 

acid within the growth substrate, as NO2 combines with irrigation water to produce 501 

nitric acid and NO (Zheng et al. 2016). Alternatively, the co-biofiltration of O3 and 502 

NO2 may affect a form of pH control due to the generation of alkaline products from 503 
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O3 biofiltration (Maldonado-Diaz and Arriaga 2015). Although it was not the 504 

intention to assess filtration products within the media in this study, any changes in 505 

substrate pH were insufficient to visibly affect plant health or influence system 506 

performance.  507 

 508 

4. 3 PM2.5 filtration 509 

 510 

The average PM2.5 CADRs through the botanical biofilters were lower than 511 

those of the gaseous pollutants. Irga et al.’s (2017) laboratory study used a spiked 512 

dose of particles from combusting diesel fuel, and observed greater botanical biofilter 513 

PM2.5 SPREs than this study (~48%). It is unknown whether the chemical 514 

composition and size distribution of particles differ between these studies, and it is 515 

possible that variation in these characteristics may have led to these discrepancies, as 516 

larger particles are removed with greater efficiency (Pettit et al. 2017). Nonetheless, 517 

the SPREs presented in the current work reflect the removal of particle compositions 518 

encountered in roadside environments. Although there were no significant differences 519 

in the PM2.5 CADR amongst the treatments using different airflow rates in this study, 520 

Irga et al. (2017) found that the rate constant of PM2.5 concentration decay increased 521 

with volumetric flow rate through the filter until a threshold airflow rate was reached. 522 

It is possible similar effects were not observed in this experiment due to the relatively 523 

small differences in airflow rates amongst the treatments. The current findings also 524 

show that the PM2.5 SPRE will vary throughout the day, as the concentration of PM2.5 525 

in the effluent airstreams closely mirrored the fluctuating pattern of the PM2.5 inlet 526 

concentration at both sites.  527 

 528 
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4.4 Incorporation into urban design and future developments 529 

 530 

The results from this study demonstrate proof of concept for in situ botanical 531 

biofiltration, and suggest that botanical biofilters may be an effective solution to help 532 

mitigate air pollution exposure. With the tested biofilter systems, however, the 533 

pollutant reduction effects are unlikely to impact the ambient air quality outside of the 534 

zone immediately adjacent to the biofilter array. The implementation of larger arrays 535 

in targeted locations will thus be required to have such an effect, and while the 536 

relationship between CADR and wall size is clear, the relationship between wall size 537 

and ambient air quality effect remains untested at this stage. There is considerable 538 

potential to implement large green walls, since such infrastructure consumes 539 

relatively little space at street level. In the case of the current experiment, the size of 540 

the green walls could be considerably increased by extending their height; in this 541 

regard, the green wall would consume the same ground footprint yet have a larger 542 

area and filtration capacity.  543 

Careful site selection will likely be needed to obtain effective biofiltration, and 544 

thus realize the greatest benefits in ambient air quality enhancement. While the 545 

ambient pollution profile may influence filtration efficiency, the urban geometry and 546 

airflow characteristics of the site will affect both the dispersion of air pollution 547 

emissions (Di Sabatino et al. 2013) and the dispersion of filtered air. Environments 548 

where the dispersion of air pollution emissions is limited, such as car parks and traffic 549 

tunnels, promote the accumulation of air pollution, and thus the use of botanical 550 

biofilters may be of considerable value in such locations. Additionally, botanical 551 

biofilters may find value in environments where other forms of greening, such as 552 

trees, cannot be used. Nonetheless, the positive association between removal 553 
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efficiency and ambient pollution concentration detected in the current research 554 

suggests that botanical biofilters are most effective in those environments where they 555 

are most needed. Although positive associations between SPRE and ambient 556 

concentrations were detected across the range of ambient pollution concentrations 557 

observed in this study, previous work testing SPREs at higher pollution 558 

concentrations has shown inverse relationships between these variables (Pettit et al. 559 

2020), and further work is still required to understand the complex relationship 560 

between biofilter pollutant removal efficiency across the range of relevant ambient 561 

concentrations.  562 

It is clear that different forms of urban greening are associated with different 563 

effects on ambient air pollution concentrations. Passive green walls have been 564 

recommended as a suitable green infrastructure for reducing PM concentrations 565 

through the deposition of PM onto plant foliage, without affecting the air exchange 566 

between the street canyon and air above it (Abhijith et al. 2017; Litschke and Kuttler 567 

2008). Furthermore, passive walls are able to alter the flow and dispersion patterns of 568 

air pollutants, so that pedestrian pollutant exposure may be reduced in open road 569 

conditions (Abhijith et al. 2017). The air quality reductions detected in our study were 570 

simply the result of biofiltration, and future work, with the use of modified and larger 571 

active botanical biofilters, is needed to determine the effect of these combined 572 

mechanisms on ambient pollutant concentrations. While the behaviour of air pollution 573 

in the atmosphere is commonly modelled, the concept of modelling the dispersion and 574 

behaviour of ‘clean air’ is a novel concept and thus de novo research is necessary to 575 

truly assess biofilter effects on ambient air quality.  576 

 577 

 578 
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5. Conclusion 579 

 580 

This work has demonstrated the potential for botanical biofilters to filter 581 

traffic associated air pollutants – NO2, O3 and PM2.5 – from roadside environments. 582 

Clean air delivery rates of up to 121 m3 /h, 50 m3 /h and 40 m3 /h per m2 of active 583 

green wall biofilter were achieved for the three pollutants respectively, with pollutant 584 

removal efficiency positively correlated with their ambient concentrations. On the 585 

basis of this research, several infrastructure-scale systems are planned for installation 586 

in critical locations around Australia. Future work will thus aim to assess the 587 

influence of these systems on the general ambient air quality conditions experienced 588 

by populations residing proximal to the biofilters. 589 
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Supplementary Table 1: Results comparing the CADRs amongst the three biofilter 837 

treatments and the two sites. A two factor ANOVA was used for each air pollutant.  838 

Pollutant Source df F p 

NO2 

Site 1 3.597 0.076 

Treatment 2 0.541 0.593 

Site x treatment 2 0.235 0.793 

O3 

Site 1 2.248 0.151 

Treatment 2 0.507 0.611 

Site x treatment 2 0.435 0.654 
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PM2.5 

Site 1 0.107 0.747 

Treatment 2 1.885 0.181 

Site x treatment 2 0.526 0.6 
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