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Nature-based Solutions (NbS) have been shown to effectively remove air pollutants, such as particulate matter
(PM), from the atmosphere, with this capacity being largely dependent on the plant species-specific morpho-
logical traits. However, other factors including chemical interactions and atmospheric and microclimatic pa-
rameters can also affect PM removal efficiency. To test this hypothesis, we compared PM accumulation across
five plant species with distinct morphological traits (Chlorophytum comosum, Hedera helix, Monstera deliciosa,
Nephrolepis exaltata, Tradescantia zebrina) grown on outdoor (OGW) and indoor (IGW) green walls. Additionally,
four of these species were tested in an active green wall (AGW) installed within a closed chamber with forced
ventilation, where M. deliciosa could not be included because of space constraints. Leaf surfaces were analysed
via Scanning Electron Microscopy (SEM) to characterise the micromorphological features associated with PM
accumulation. The deposited PM load was quantified using a combination of gravimetric and conductimetric
approaches, while the PM chemical composition was assessed by Microwave Plasma Atomic Emission Spec-
troscopy (MP-AES). Significant statistical differences in PM capture were observed among the species.
Furthermore, the species exhibited distinct PM accumulation patterns across the different green wall systems,
showing species-specific affinities for certain potentially toxic elements. This demonstrates that PM retention is
not driven by leaf morphology alone. Among species, Chlorophytum comosum performed best in OGW and IGW.
Finally, the presence of the plants in the AGW reduced PM concentration by approximately 50%, while high
humidity enhanced wet deposition and increased fine-particle capture, confirming the critical role of microcli-
matic factors in air purification.

1. Introduction natural sources [4]. It is classified according to particles’ aerodynamic

diameter in PM7, PM5 5 and PM; (i.e., diameters smaller than 1, 2.5 and

In the current global context, the improvement of air quality is
amongst the most relevant societal challenges [1], being strictly related
to human health. Indeed, about 250,000 people die each year in Europe
due to diseases caused by air pollution [2].

Particulate matter (PM), a complex airborne mixture of organic and
inorganic solid particles and liquid droplets, is recognized as one of the
major air pollutants [3]. It can be produced by either anthropogenic or
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10 micron, respectively), with each class having a different penetration
capability within human tissues. PM harmfulness is also related to its
chemical composition, with anthropogenic PM being particularly risky.
Indeed, being produced by processes such as motor combustion, paint-
ing, building construction [5], PM may contain Potentially Toxic Ele-
ments (PTEs), i.e. heavy metals and metalloids that cause severe impacts
on environments, human, plants and animals health [6].
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The challenge of improving air quality in urban contexts is also faced
nowadays by the implementation of Nature-based Solutions (NbS),
which are ecosystem-based actions used to address biodiversity, climate
crises, and other societal issues by providing multiple benefits and
Ecosystem Services (ES) [7]. In particular, NbS can promote phytor-
emediation, improving the quality of contaminated air, soil and water by
using plants. Regarding air, it was proved that plants can effectively
remove gaseous pollutants and PM from the atmosphere [8,9]. In
particular, plant leaves capture atmospheric PM through wet and dry
deposition pathways [10] and then transfer PM to soil upon leaf fall or
raining events (wash-off).

To better understand PM adsorption mechanisms on leaves, several
scientific papers investigated the relation between PM removal capacity
and plant characteristics [11-13]. The plant PM removal capability has
been demonstrated to be species-dependent, and a few models were
developed to predict the PM plant removal efficiency based on
macro-morphological (foliage, leaf shape, expansion, margin),
micro-morphological (roughness, stomata, trichomes) and physiological
parameters [14,15]. Such models assume that PM deposition on leaves is
based only on physical interactions. Nevertheless, recent studies sug-
gested the existence of a chemical driver beyond species-specific PM
removal [3].

Among NbS, Green Walls (GWs) are particularly interesting due to
their applicability in both indoor and outdoor environments [12].
Furthermore, GWs are very useful experimental prototypes to better
investigate the relationship between plant species and PM capture effi-
ciency, since they allow monitoring heterogeneous mixes of herbaceous
plants within the same microclimatic conditions and pollution exposure.

In this study, we compared the PM accumulation on five plant spe-
cies located both in an outdoor (OGW) and in an indoor (IGW) green
wall, under similar PM exposure. Four of these species where further
tested also in an active (AGW) green wall, exposed to synthetic PM
reproducing the outdoor contaminants. OGW and IGW are passive sys-
tems relying on natural air circulation, while the AGW is an active
system that mechanically forces air passage through plants and sub-
strate, thereby maximising air-surface interactions and improving
phytoremediation efficiency [16]. Specifically, the comparison across
the three systems was designed to test the hypothesis that
species-specific PM deposition patterns are strongly modulated not only
by leaf morphology but also by environmental exposure conditions (e.g.,
airflow velocity, relative humidity, and source-specific particle size
distributions). We conducted this comparison to evaluate whether plant
species ranked as high-performing PM accumulators in outdoor settings
maintain their effectiveness in indoor microclimates or under forced
ventilation, thereby providing actionable criteria for optimizing green
wall design across contrasting environments. In particular, it is worth
noting that the comparison between outdoor and indoor conditions is
very peculiar and rarely reported, and it was possible in this study
because it was conducted in Seville, where the mild Mediterranean
climate allows the same species to be grown both indoor and outdoor.

Thanks to this threefold comparison, the main objectives of this work
are to:

(a) clarify whether the species’ efficiency in PM removal is mainly
driven by the morphological traits or not, by analysing the removed
PM load in each size fraction (PMg.2.2.5, PMy 5.10, PM10.100) across
species and walls;

(b) disclose the role played by the chemical interactions occurring in
the phyllosphere between leaves and particles, by studying the
species-specific affinities for PTEs contained in PM;

(c) quantify the effect of the AGW, and related microclimatic con-
ditions, on indoor air quality, by assessing PM concentration dy-
namics in each size fraction (PMg2.25, PM2s.109, PM1g.100) With
respect to baseline conditions.

Collected data will be useful to better understand the mechanisms
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behind PM removal by plants in different GW systems and thus realise
new databases and design guidelines for future NbS implementations.

2. Material and methods
2.1. Case studies

Experiments were conducted between September 2024 and February
2025 at the School of Agricultural Engineering of the University of
Seville (Spain), where the three GWs were installed. The OGW (Fig. 1a)
was in an outer facade of the university building, a few meters from the
car park. The IGW (Fig. 1b) was inside the building's hall, a large space
exposed to outdoor air flows. The AGW (Fig. 1c) was set up in the Urban
Greening laboratory, in a basement with minimal temperature
variations.

The three GWs shared the same structural modular system, which
were composed of different polyamide layers sewn together forming
0.14 m by 0.14 m pockets where the plant root balls were inserted. Both
OGW and IGW have an extra impervious layer, to avoid damping. This
layer was missing in the AGW to facilitate air flowing.

The five selected species (Chlorophytum comosum (Thunb.) Jacques,
Hedera helix L., Monstera deliciosa Liebm., Nephrolepis exaltata (L.) Schott
and Tradescantia zebrina hort. ex Bosse) were ornamental species that
could easily adapt to both outdoor and indoor environments and have
been used in previous experiments by the authors [3,17].

The plants were purchased from the same nursery, to ensure that
they were as similar as possible and brought to the laboratory. Soil was
removed from the roots by washing with tap water. Seedlings were then
transplanted into the GW pockets, filled with approximately 0.5 litres of
expanded clay as a growth medium. For OGW and IGW, an area of
approximately 1 m? was considered, and four plants of each species were
transplanted. For the AGW, a 1 m? module consisting of 49 pockets was
used, and four plants per species were transplanted except M. deliciosa,
which was too large to grow in such a confined environment. After
transplanting, plants were irrigated with water containing a 1:10 diluted
nutrient solution prepared according to Rossini Oliva et al., [18]. An
acclimatization period of about three weeks was ensured before starting
the experiments.

Once assembled, the module containing the AGW was placed inside
the experimental chamber, having a volume of 2 m? (2 m long, 1 m wide
and 1 m high; Fig. 2). A water tank for irrigation was placed at the
bottom of the AGW. A submersible Eheim Compacton 2100 pump
(Eheim, Germany) was used to distribute water by means of a PVC pipe
with small holes placed on the top of the AGW. The automatic irrigation
system frequency was set at 15 minutes every 2 and 3 hours during day
and night, respectively.

Since the laboratory housing the experimental chamber had no
natural light, a UTO1Forum LED Grow lamp (Lledd, Madrid, Spain) was
placed above the chamber, keeping the light on from 8 a.m. to 8 p.m. to
simulate the seasonal photoperiod and providing an average illumi-
nance of 4000 lux.

The AGW module was attached to one end of the chamber, upstream
of a funnel connected to a forced ventilation system. This system con-
sisted of a fan and a corrugated aluminium duct that linked both ends of
the chamber, allowing for the continuous circulation of air through the
green wall before reintroducing it at the opposite side. Consequently,
this configuration ensured that the airflow passed entirely through the
AGW module, encompassing both the plant foliage and the root zone
(Fig. 2). The ventilation system was programmed to operate in 10-min-
ute cycles every hour, with an air flow rate of approximately 0.36 m s
[3,19]. Two small fans were also installed on the chamber floor to
promote particles resuspension. The chamber was cleaned between tests
and then closed with a fastening system equipped with screws and
gaskets. Upon activating the ventilation system, 2 g of synthetic PM
particles were injected through a 2 cm diameter circular opening on the
chamber upper face (see Section 2.7 for details).
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Fig. 1. (a) Outdoor Green Wall (OGW), (b) Indoor Green Wall (IGW) and (c) Active Green Wall (AGW) located at the School of Technical Agricultural Engineering of

the University of Seville.

1) AGW

2) Watersupply tank

3) Ledlamp

4) Forced air tube

5) Particlesampler

6) Portable fans

7) PM injection aperture

8) IQAir monitor

Fig. 2. Closed glass chamber for experiments with active green wall (AGW).

A control experiment was performed by measuring PM dynamics in
the chamber at analogous environmental parameters but substituting
the GW with a polyethylene wall featuring irregular holes of different
sizes and shapes.

2.2. Air PM monitoring

To investigate the chemical composition of the outdoor atmospheric
PM, three PM; samples were collected before the leaf sampling by using
a particle medium volume sampler (COMDE-DERENDA MVS 6.1)
equipped with 47 mm @ quartz microfibre filters (Whatman QM/A™)
with a pore diameter of 2.2 pm. These filters do not simply act as a sieve,
but capture particles through mechanisms of interception, impact and
Brownian diffusion. The air flow dynamics and the filter convoluted
surface allow the effective capturing of particles even smaller than the
filter pore size [3]. This sampler constitutes the reference system for
PM;¢ and PMy5 (according [20], EN 12341:2023), total suspended

particles, TSP (VDI 246) and Soot (VDI 2465). It was set to draw in an air
flow of 2.35 m3h}, for a daily air volume of 56 m® day™. To assess the
amount of filtered PM, filters were weighed with a precision balance
(with 0.0001 g sensitivity) before and after six-days exposure, upon
being dried in an oven at 105°C for two hours and in a desiccator for 30
minutes. The used temperature is higher than standards typically
employed and may cause evaporation of VOCs and other volatile com-
ponents. However, this can be considered negligible, as the study fo-
cuses on quantification and characterization of PM related metals and
non-volatile inorganic fraction. The average atmospheric PM chemical
composition were used as reference for the synthesis of PM employed in
the AGW experiment.

The PM concentration and composition within the AGW chamber
were similarly obtained. Furthermore, an air quality monitor (IQAir -
AirVisual Outdoor, Germany) was placed inside the chamber for the
control test and for the AGW test to monitor PM concentration per size
fractions (i.e., PM;y, PMy 5, PM;() as well as temperature (°C), relative
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humidity (%) and barometric pressure (mbar), in real time via a
smartphone app (IQAir Airvisual), and thus calculate the real-time Air
Quality Index (AQI) following the guidelines of European Environ-
mental Agency (EEA). According to the manufacturer's technical speci-
fications, the device's tolerance is 10% of the measured value for the
three PM fractions.

2.3. Leaf sampling

Before starting the experiment, all plants were similarly washed with
distilled water to establish the same starting conditions. Five washed
leaves per species per wall were collected to be used as reference sam-
ples of clean leaf surfaces. Residual particles remaining after washing
similarly affected all the species and can be considered as background
noise that does not invalidate the general observed PM accumulation
trends. Plants were then exposed to atmospheric contamination for six
days (without rain). After exposure, a total leaf area between 300 and
400 cm? per species, from each green wall was sampled using gloves and
placed in clean, white paper envelopes. The surface area of the leaf
samples was scanned and then measured using pixel-measurement
software. Each sample consisted of a mix of leaves randomly taken
from four plants within the same wall. Five leaves per species, per wall,
were used for the characterization of the macro and micromorphological
traits, while the remaining leaves were used to assess the deposited PM
amount and chemical composition.

2.4. Leaf macro and micromorphology

Relevant macromorphological traits, such as the total leaf area and
the ratio between leaf perimeter and area, were measured using ImageJ
software [21]. Average value per species were obtained from at least
three leaves per species and are reported in the Supplementary Materials
(SM; Table SM1). Scanning Electron Microscopy (SEM) observations of
three washed and three unwashed leaves per species was conducted at
the CNR-IRET (Porano, Italy), to characterise the relevant micromor-
phological traits, such as the presence of stomata, trichomes, grooves
and roughness [12,14]. Microscopic analysis was performed using a
Phenom PRO-X microscope equipped with a charge-reduction sample
holder suitable for the analysis of biological samples. Portions of
approximately 1 cm? of both the adaxial (AD) and abaxial (AB) surfaces
of each leaf were randomly cut and mounted on carbon stubs (PELCO
Tabs, Ted Pella, Inc.). Images were taken with an incident electron en-
ergy of 5 keV to limit surface charging. Ten images were then acquired
for each leaf sample, each covering an area of approximately 150 x 150
pm? (1024 x 1024 pixels).

2.5. PM load determination on leaf surface

The PM load on leaf surfaces was assessed by gravimetric vacuum
filtration methodology [22]. Each leaf sample (7-10 g) was washed with
250 ml of microdistilled water type I, 18.2 MQ cm-1 (Elga Purelab® Flex
6, from Elga Veolia) and exposed to an ultrasonic bath (120 W, 40 KHz)
for 5 minutes to facilitate the PM detachment. The washing solution was
first filtered through a metal sieve with a mesh size of 100 um to remove
the coarsest impurities. Then it was filtered (in sequence) through 10 pm
(NY10-nylon filter mesh opening 10 um), 2.5 pm (Whatman 42 filter
papers Ashless CAT No. 1442-047, mesh opening 2.5 um) and 0.2 pm
(PRAT DUMAS France REF M0475520, mesh opening 0.20 pm) pore
filters, to collect PMjg.190 um, PM3 5,19 and PMj 2 25. Both before and
after the filtration, filters were placed in an oven at 60°C for 30 minutes,
in a desiccator for 15 minutes and weighed using a precision balance
(with 0.0001 g sensitivity). The difference between post- and
pre-filtration weights determined the PM amount captured by the filter.
Then, leaf samples were scanned, to measure the washed leaf surface
area and thus normalize the removed PM weight, obtaining the PM load
(i.e., mass per unit leaf area) per species, per GW. The concentration of
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total dissolved solid (TDS) remaining in the washing solution after
filtration was further estimated using a multifunctional conductometer
[23]. By adding the normalized TDS estimation to the PM load obtained
by the washing-filtration procedure, a more accurate measurement of
the leaf accumulated PM was obtained. For each species and GW system,
four replicates were obtained.

2.6. PM chemical composition characterization

The filters used to monitor the atmospheric PM and to filter the leaf
washing solutions were further processed to assess the chemical
composition of the retained PM particles [3]. After being weighed as
described in the previous Sections Sections 2.2 and 2.5, filters were
placed in 50 mL plastic DigiTUBEs, 8 ml of concentrated HNO3 Suprapur
was added, and the tubes were digested in a DigiPREP® MS heating
system (SCP Science, Quebec, Canada) heating gradually to 115°C for
120 min. After waiting about an hour for cooling, the tubes were
brought back to a volume of 10 ml with ultrapure water Type 1, 18.2
MQ-cm (Milli-Q® Direct system from MerckMillipore, Merck KGaA,
Darmstadt, Germany) and were filtered through 0.45 pm hydrophilic
Teflon® membrane DigiFILTERs in the vacuum DigiManifold. To deter-
mine the concentration of PTEs (Al, Ca, Cd, Co, Cu, Cr, Fe, K, Mg, Mn,
Na, Ni, Pb and Zn), the obtained solutions were analysed using a mi-
crowave induced-plasma optical emission spectroscopy (4200 MP-AES,
Agilent Technologies, Santa Clara, USA) equipped with the autosam-
pler Agilent model SPS4. Sample introduction was performed with an
inert One-Neb nebulizer with a double-pass glass cyclonic spray cham-
ber, and a quartz torch. The plasma used the online N5 generator Agilent
4107. Operating conditions were gas flow at 20 L. min™! and auxiliary gas
at 1.5 L min"! and the following operational settings: uptake time of 82,
stabilization time of 15 s, read time of 3 s (3 measures of intensities),
wash time of 72 s. Before measurements, both viewing position and
nebulizer flow were optimized for each element using the Agilent
Wavecal solution. Automatic background correction was used.

Analytical calibrations were prepared from a 1000 mg L Certipur®
multi-element standard solution (Merck KGaA, Darmstadt, Germany).
Standard concentrations were prepared from 1.0 pg L to 250 mg L'! in
3% HNO5. Samples with concentrations above 250 mg L™ were analyzed
by low-fold dilution (< 1:3). Linear ranges of concentration were
selected around the concentrations of the samples depending on the
element. Good precision and linearity of the calibration curve, low
quantification limits and high sensitivities were obtained [24].

2.7. Synthetic PM preparation and injection

Synthetic PM was prepared to be used within the AGW chamber.
Based on the PM concentration and composition measured close to the
OGW, the selected chemical elements were Al, Cd, Ca, Cu, Cr, Fe, Mg,
Mn, Ni, Pb, K, Na, B, Zn, and P. The specific quantity (%) used of each
element is reported in Table 1. Relative concentration amongst PTE
mimic what observed outdoor, but to speed up PM deposition, the
overall PTE concentration was increased and a total of 9.5 g of PM was
synthetised. The mixture of salts of analytical grade consisting of ni-
trates, sulphates, chlorides, phosphates and carbonates of various metals
was prepared handling reagents within a vertical laminar airflow cabi-
net (IndeLab IDL-48V), based on the methodology described by [25] and
[26], and improved by the same authors in 2023 [24]. After preparation,
the mixture was stored in a plastic tube and kept in a desiccator with
relative humidity below 5-10%. At this stage, the mixture was multi-
coloured, as the particles of the different reagents retained their original
shape, particle size and colour. To dilute the concentration of metals,
reproduce the typical PM chemical composition, and make the mixture
more similar to atmospheric particles, 3 g of sodium carbonate (Na,CO3)
and 3 g of silicon dioxide (SiO2) were added, both with very low density.

The mixture was manually ground in an agate mortar to reduce the
particle size, facilitating mixing and colour homogenisation towards
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Table 1

Concentrations of potentially toxic elements (%) in
the synthetic particles used for the experiments in
the active green wall.

Element %
AI(NO3)3e9H20 5.44
CdS04-3/8H20 0.04
CaS04-2H20 13.24
Co(NO3)2¢6H20 0.13
CuSO4 0.15
CrCI3-6H20 0.04
Fe(NO3)3-9H20 5.92
Mg(NO3)2e¢6H20 4.03
MnS0O4-H20 0.12
Ni(NO3)2¢6H20 0.04
Pb(NO3)2 0.02
KNO3 1.61
NaNO3 5.08
Na2B407¢10H20 0.24
ZnS04e7H20 0.17
Nap,HPO, - 2H,0 0.19
NaCl 0.38
Si02 31.6
Na2CO03 31.6
Total 100

light grey. The mixture was passed through a 20 ym metal sieve, using a
fine-tipped brush. The sieved mixture was collected in a glass test tube to
avoid any external contamination and further checked by MP-AES and
SEM, to verify the obtained chemical composition and the abundance of
the different PM fractions (see SM, Fig. SM1).

2.8. Statistical analysis

Statistical analysis was performed by using in STATISTICA Release 7
©. Statistically significant differences in PM accumulation and compo-
sition between species within each GW were assessed by one-way
ANOVA; when significant effects were detected, the post hoc least sig-
nificant difference (LSD) test was applied at p < 0.05. Shapiro-Wilk tests
were used for normality. When data did not meet normal distribution,
the non-parametric Kruskal-Wallis test was used, and groups were
compared using the Mann-Whitney test. Statistical differences between
results of the two treatments within the chamber (with and without
AGW) were analysed by using the T-test by groups. Principal component
analysis (PCA) was performed to analyse the association between plant
species and chemical characteristics of PM. Data from at least three
replicates per species were used as input cases, and chemical elements
were used as input variables.

Data visualisation and graphing were performed using OriginPro
8.50.

3. Results and discussion
3.1. Leaf morphological analysis

Representative pictures of the used species and representative SEM
images of their abaxial (AB) and adaxial (AD) surfaces before and after
the PM exposure are shown in Fig. 3. The micromorphological traits are
clearly visible in the SEM images of the clean leaves: sparse PM particles
are present, visualized as bright spots, and micromorphological features,
such as stomata, grooves and roughness are well distinguished. In
particular, C. comosum and M. deliciosa had substantially smooth sur-
faces characterised by few grooves, and PM particles were distributed
sparsely across all the leaf surfaces. H. helix and N. exaltata had a
rougher surface, characterised by continuous and fairly regular grooves,
where PM tended to settle near the stomata, grooves and any other
concave surfaces that favoured their trapping. Finally, T. zebrina had a
micromorphology characterised by a smooth surface interspersed with
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continuous and regular grooves, but much more spaced than in H. helix
and N. exaltata, resulting in a more scattered PM deposition pattern.
These structural differences are relevant because grooves, roughness,
and surface concavities may act as preferential deposition sites, espe-
cially under dry deposition conditions, whereas smoother surfaces tend
to retain less particles.

Qualitative analysis of the images revealed a greater accumulation of
particles on the leaf adaxial surfaces than on the abaxial, confirming
results of other studies [27,28], because particles carried by air flows
tended to mainly settle on the more exposed side [15]. Another differ-
ence was observed between PM deposition dynamics in the different
GWs. In OGW and IGW, particle removal occurred mainly through dry
deposition/resuspension cycles, driven by mechanical processes such as
gravity, diffusion, interception and turbulence [13]. In contrast, in
AGW, the higher humidity level favoured the accumulation of particles
on leaves through wet deposition, penetrating deeper into the micro-
morphological structures than when dry deposition occurs. Despite the
lack of quantitative evidence, these observations support the idea that
microclimatic factors strongly affect PM-leaf interaction.

3.2. PM accumulation differences across species

The species-specific PM loads in the three GWs are shown in Fig. 4
(numerical data are in SM; Table SM2). In OGW (Fig. 4a), significant
differences (p < 0.05) were observed in PM accumulation between
species for all size fractions except for PMg 2.55. In IGW (Fig. 4b), sig-
nificant differences were observed for all fractions except PMy 519, In
AGW (Fig. 4c), significant differences were assessed only for PM;.100.

In OGW, C. comosum, H. helix and N. exaltata accumulated the same
load of PMj.100, while the lowest value was obtained by M. deliciosa.
Regarding PM5 5.1, the high value observed in C. comosum was statis-
tically similar to M. deliciosa, while N. exaltata showed the lowest ca-
pacity to trap coarse PM. H. helix, M. deliciosa and T. zebrina trapped a
similar amount of total PM, and the highest value (14.83 + 3.66 pg/cmz)
was found in C. comosum. A similar behaviour of this species in total PM
trapping was reported by Rossini-Oliva et al., [3], when comparing it
with others in an AGW.

In IGW, similar PMjg.109 trap capacity was observed between all
species except for M. deliciosa (statistically lower than the others).
Hedera helix, N. exaltata and T. zebrina had similar capacity to trap PM 3.
2.5 and C. comosum, together with H. helix, showed the highest fine PM
accumulation, with 3.3 + 1.37 pg/em? and 1.5 + 0.47 pg/cm?, respec-
tively. For the total PM, no statistical differences between species were
found, except for C. comosum, whose high value (15.25 =+ 2.37 ug/ cm?)
was similar only to that of H. helix (12.81 =+ 3.36 pg/cm?).

Finally, in AGW all the species trapped PMp .25 and PMs 510 in
similar loads. Chlorophytum comosum and N. exaltata showed the sig-
nificant highest values of PMj.199, whereas H. helix and T. zebrina had
similar trapping capacity.

Results indicate that the same species behaved differently depending
on location and contamination conditions (load and distance from the
contamination sources) and that C. comosum is a good candidate to trap
fine PM in indoor environments. Nephrolepis exaltata showed different
trapping behaviour depending on the location. For example, it was very
effective for trapping large PM in AGW but showed the lowest capacity
for coarse PM under outdoor conditions. In line with this, a recent study
conducted in a closed chamber with air recirculation [29] observed that
N. exaltata was a very efficient species in removing PM. Its high phy-
toremediation potential may be due to its micromorphological charac-
teristics, especially narrow and deep grooves, and to its numerous small,
evenly distributed leaves, which maximise particles interception
through impact mechanisms.

Several studies suggest that polycultures of plants may be more
effective than monocultures in removing PM over the long term [30,31].
Previous studies conducted on IGW have observed that C. comosum is
very effective in PM accumulation [17,31], confirming our results. Tang
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C. comosum H. helix

M. deliciosa
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T. zebrina

N. exaltata

Fig. 3. Pictures of the five studied plant species (first row), and images acquired using a scanning electron microscope (SEM) from both the abaxial (AB; second and
third rows) and the adaxial (AD; fourth and fifth rows) surfaces of leaves from each species, collected before the experiment (pre; second and fourth rows) and after

(post; third and fifth rows) the contamination exposure.

[31] reported a good performance for PM accumulation in H. helix in
outdoor contexts and reported that its accumulation potential can vary
considerably depending on the season and was negatively correlated
with leaf surface contact angle.

Monstera deliciosa often showed a PM trapping capacity similar to the
other studied species, and its capacity to trap PM3 519 in OGW was high
and similar to C. comosum, even though their leaf characteristics are very
different. In this case, macromorphology appears to have a greater in-
fluence than micromorphology. Chlorophytum comosum has long, narrow
leaves, whereas M. deliciosa has very large lobed leaves. Many studies
found that smaller leaves can be more effective in PM removal than large
leaves [15,32], but leaf architecture also appears to be an important
character. Regarding shape, some studies agree that lanceolate leaves
can be more effective than linear, elliptical or needle-like leaves [33].
From this point of view, we found clear differences in PM accumulation
patterns in plants with lanceolate leaves (N. exaltata and T. zebrina)
compared with the others. At the same time, it was difficult to make an
accurate comparison with the same species analysed in other studies,
because atmospheric and microclimatic factors may have a greater

influence on accumulation dynamics than micromorphological and
macromorphological characteristics.

It should be noted that the macromorphological analysis performed
in this study was limited to leaf area and perimeter-to-area ratio. Other
traits known to influence PM capture, such as leaf inclination angle, leaf
density, canopy architecture and leaf area index, were not assessed and
therefore their contribution cannot be excluded.

Concerning micromorphological traits, many authors focused on
their impact on PM particle capture, in the last years [3,9,14]. However,
the obtained results showed some discrepancies that still deserve to be
investigated. In this study, leaves with wrinkled surfaces, grooves and
ridges (such as N. exaltata and H. helix) were more effective in PM
accumulation than leaves with smooth or weakly structured surfaces
(such as T. gzebrina and M. deliciosa), as previously observed [15],
although differences were also affected by the GW context. Trichomes
contribution to PM particle capture is still under debate. Several studies
reported that trichomes may physically trap larger PM particles, pre-
venting their resuspension into the atmosphere [33,34], but the low
amount of trichomes in the species selected in this study did not allow to
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Fig. 4. PM accumulation load (mean value, pg/cmz) of the same plant species in (a) an outdoor green wall (OGW); (b) an indoor green wall (IGW); and (c) an active
green wall (AGW), per size fraction. Statistical differences are defined as p < 0.05. Different letters indicate statistical differences between species. Error bars
represent standard deviations. Data are also reported in Table SM3 of Supplementary Materials.

speculate about their role in PM accumulation. The role of stomata in
PM capturing is still controversial: some studies consider them useful for
increasing the micromorphological complexity of the leaf ([35]; Del
Carmen [36]), while others claim no evident impact of their presence on
PM deposition [12]. Finally, another element to consider is cuticular
waxes, which can influence PM capture by increasing the adhesive
power of the leaf surface [28,34], but also on this aspect our data cannot
support any hypothesis.

Finally, it is worth noting that, although efforts were made to char-
acterize ambient PM and reproduce comparable pollution conditions in
the AGW experiment, the three GW systems were inherently exposed to

different atmospheric environments. The OGW, IGW and AGW differed
not only in microclimatic conditions, but also potentially in PM con-
centration, source profile and particle size distribution. Consequently,
part of the observed variability in species performance may reflect dif-
ferences in pollutant exposure in addition to intrinsic species charac-
teristics. Nevertheless, the purpose of this study was to evaluate PM
accumulation under three realistic GW contexts rather than under
identical exposure conditions. Therefore, species rankings should be
interpreted as context-dependent responses to different environmental
settings rather than as universal indicators of PM capture efficiency.
Overall, results highlight that species-specific PM accumulation is



A. Campiotti et al.

strongly context-dependent, with shifts in relative performance between
GWs indicating that deposition mechanisms interact differently with
plant traits under outdoor, indoor, and in forced-ventilation conditions.
The contrasted behavior across PM size fractions also suggests that leaf
traits alone cannot consistently predict trapping performance, especially
when environmental and microclimatic factors modify the dominant
deposition pathways. Deposition dynamics depend not only on macro-
and micromorphological characteristics, but are also strongly affected
by environmental conditions, meteorological variables and microcli-
mate. It has been observed that the air PM concentration is correlated
with temperature and relative humidity levels [33], while it is usually
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negatively correlated with wind speed and precipitation abundance,
which tend to bring PM to the ground and temporarily improve air
quality [37]. High humidity conditions, for example, can alter the size of
PM particles, as they can adsorb water molecules dispersed in the at-
mosphere due to their hygroscopic power. As a result, changes in par-
ticle size and weight can affect PM deposition mechanisms and increase
accumulation on leaf surfaces [38], as can be seen in the results we
found in the experiment inside the chamber with the AGW.

More insights can be obtained by comparing the relative weight
percentages of PM size fractions (PMg 2.2.5, PM2 5.10 and PMj.190) in the
three GWs, shown in Fig. 5. The most represented PM fraction was the
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Fig. 5. PM accumulation percentage on plant species in outdoor green wall (OGW), indoor green wall (IGW) and active green wall (AGW), per size fraction.
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coarse one (PMj 5.1¢), followed by the large fraction in all three systems,
except in AGW for T. zebrina. This agrees with Terzaghi et al., [39], but
contrasts with results from Miralles-Pérez et al., [40], who reported that
the most representative weight PM trapped on leaf surface in outdoor
conditions was the largest fraction. Submicron (<1 pm) and fine parti-
cles (1-2.5 pm) are the PM fractions mostly deposited on the abaxial
surface [41] and fine particles may also enter via stomata [42].

In AGW system, the PMy 5.2 5 fraction in T. zebrina was much more
abundant (40%) than PMj(.199 (5.6%). As discussed above, PM disper-
sion dynamic in the AGW differs from the other systems. Also, the high
concentration of fine PM in the synthetic PM may also explain this result.
Nevertheless, the high accumulation rate of fine and medium PM
observed in the three GW systems is a positive outcome in relation to
human health, as particles smaller than 10 pm can be inhaled into the
upper airways and reach the thoracic region and respiratory organs,
such as the trachea, pharynx and lungs [43].

Finally, data on PM trapped on filters upon washing-filtration can be
complemented by the quantification of the TDS in the washing solutions,
which estimates the ionic fraction of the leaf adsorbed PM [23]. The sum
of TDS per unit leaf area and the total PM load (PMr,, obtained by
summing PMy 2.25, PM25.10 and PMjg.199) represent a more compre-
hensive estimation of the total adsorbed PM (Table SM3) by leaves. It is
worth noting that, while the ranges of total PM load per species are
similar in the three walls, TDS shows a different behaviour, being much
higher in the OGW and much lower in the IGW, with the AGW showing
intermediate values. In particular, the ratio between TDS and PMry
(Table SM3) revealed both that the ionic fraction of leaf adsorbed PM is
context dependent and that the species have (again) different ionic
fraction trapping capacity. In IGW, all the species show a comparable
TDS/ PMro ratio of about 0.7-1.0, except C. comosum that has a TDS/
PMrt ratio of 2.0 & 0.6. In contrast, in the OGW, the TDS/ PMr, ratio is
highly variable across species but still C. comosum shows the highest
value (7.7 £+ 3.2). In the AGW, the TDS/ PMr ratio is always above 1,
but lower than in OGW, with C. comosum and H. helix showing the
highest values (4.0 + 1.4 and 4.9 + 3.0, respectively). A possible
explanation for the context dependency could reside in the higher
exposition of OGW to natural sources (e.g., marine aerosol) and, thus,
the high ratio observed in AGW may depend on the fact that the artificial
PM composition has been modelled upon the outdoor ambient PM.
Considering the species specificity, again C. comosum and H. helix are
confirmed as the most efficient species in PM trapping [17,31].

Taken together, these findings indicate that leaf morphology alone
cannot explain PM accumulation patterns across species. Although some
micromorphological traits, such as grooves, roughness and surface
complexity, were associated with enhanced PM retention.Species rank-
ings varied considerably among the three GW systems and among PM
size fractions. This shift in performance under different environmental
conditions suggests that PM capture is driven by the interaction between
plant traits and external factors, including humidity, air circulation, and
particle characteristics.

3.3. PM chemical composition characterization

The PTE concentrations in leaf deposited PM, per GW system, are
reported in SM (Table SM4). The most frequent elements appearing in
PM were Al, Ca, Fe, K, Mg, and Na, while the least represented were Cd,
Co, Cu, Cr, Mn, Ni, and Zn. Lead (Pb) was only found in the fine fraction
of the IGW. It is worth noting that species accumulated chemical ele-
ments in a species-specific manner, as evidenced by the significant dif-
ferences among species. The greatest statistical differences were found
for the fine fraction (PMg2.25), while the smallest differences were
found for the large PM fraction (PM;¢.100)-

In the OGW, Cd was not detected in the fine and coarse PM deposited
on H. helix and N. exaltata and it was not detected in the large PM
fraction, for any species. In the OGW, H. helix showed the highest Ni
amounts in the fine PM fraction, while N. exaltata accumulated the
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highest amounts of Cu in the fine fraction, wherease retained the highest
Ni concentration in the coarse fraction.

In the IGW, T. zebrina and N. exaltata accumulated the highest
amount of Cr in the fine PM fraction, and N. exaltata was more efficient
in accumulating Co in the coarse PM fraction.

Finally, in the AGW, C. comosum was the species that accumulated
the highest concentrations of Cd and Cu in the fine PM fraction
compared with the other species. Mean, while H. helix showed the
significantly higher values of Ni and Zn in the fine fraction, whereas
C. comosum accumulated more Co in the coarse PM fraction than the
other species.

The set of the most abundant elements (Al, Ca, Fe, K, Mg, Na) was
linked to the high presence of coarse particles. These elements are also
known as “crustal components”, i.e., mineral dust aerosols derived from
the disintegration of soil and crustal rocks [44]. The prevalence of
crustal elements is consistent with the suburban location of the Uni-
versity campus, about 9 kilometer far from the city centre, and sur-
rounded by rural areas. Conversely, the least represented elements —
Cd, Co, Cu, Cr, Mn, Ni and Zn, mainly associated with the fine fraction —
are likely related to vehicular sources [45].

The presence of these elements may be associated with the car park
in front of the university building, where vehicles may generate various
types of contaminant emissions. Some authors classify particles of
vehicular origin, arguing that they derive mainly from vehicle exhaust
emissions, brake wear and tyre wear [46,47]. According to this classi-
fication, a proportion of Fe, already present within earthy agglomerates,
may originate from exhaust gases and brake wear [15,48]. In addition to
Fe, the high presence of Cu may also be linked to abrasion processes
resulting from brake wear [47]. Conversely, Zn may be a marker linked
to emissions from tyre wear [49]. The other elements detected in PM,
such as Cr, Mn, Ni and Zn, may be linked to vehicle emissions, as re-
ported by other authors [15,50]. Furthermore, elements of saline origin,
such as Na, may be attributable to water used for irrigation the uni-
versity garden and the proximity of an artificial lake. Finally, traces of
residual elements can be classified as mixed agglomerates, formed as a
result of PM resuspension processes driven by atmospheric factors, such
as wind.

To investigate the relationships between plant species and PM
chemical composition deposited on plant leaves, a PCA was performed.
In this analysis, the plant species were the cases, while the concentration
of chemical elements, expressed in mg/kg, served as the input variables.
Fig. 6 shows the PCA plots respectively for OGW (a-c; PMg .25, PM2 5.10,
PMj0.100), IGW (d-f; PMg.2.2.5, PM2.5.10, PM10.100) and AGW (g-i; PMg.2-
2.5, PM25.10, PM10.100)- Each plot shows the factor scores of the cases
(plant species) and the factor coordinates of the variables as a function of
PC1 and PC2 (i.e. the projection of the two most discriminating com-
ponents on the input variables). In the three OGW graphs, the PC1 and
PC2 components represented 48.5% and 24.2% (72.7%) of the total
variance for PMg .25, 64.4% and 11.5% (75.9%) for PM3s.19, and
35.2% and 22.9% (58.1%) for PM;g.100. In IGW, PC1 and PC2 were
64.0% and 12.3% (76.3%) for PMg 225, 47.4% and 16.3% (63.7%) for
PM35.10, and 36.1% and 28.6% (64.75%) for PMj0-100- In AGW, PC1 and
PC2 represented 63.1% and 21.3% (84.4%) for PMg 225, 59.2% and
16.7% (75.9%) for PMs 5.10, and 52.0% and 21.3% (73.3%) for PM0.100-

Additionally, Table SM5 shows the level of clustering between rep-
licates of the same species (letter c) in each plot, and the positive as-
sociations between species and chemical elements for each GW.
Clustering was determined based on the presence of the same species
replicates within the same PCA quadrant. A good clustering level was
observed, suggesting a species-specific behaviour in the retention of
particles with analogous chemical pattern. All species except M. deliciosa
showed good clustering. In particular, C. comosum, H. helix, N. exaltata
and T. zebrina were well clustered in six out of nine cases, while
M. deliciosa only in one out of six cases.

The PCA results revealed clear associations when all replicates of a
species were associated with the same elements. In other cases,



A. Campiotti et al.

-

4

T T T T T T T i T
a-0GW-PMg1:s
42
4 do
2
§ o) ag?. e - Md Tz N
a v o
0.4 - 2
08 el .
M.d /
0.8 < ¢ -4
a Md
- scd
. T T T T TrT T T T
40 08 08 H4 02 00 02 04 08 08 10
PC1 (48.5%)
7 & 5 4 3 2 1 0 1 T 3 4 5 B 7
10 T T
i c—=0GW-=PM;g 006
1 Na ds
u
0.6 =
M.d N ]
044 Cc- 5 wH.h 3
42
02 L b1t
g n s dC. ¢C.c b
~ 004 .__—__._ Oy Jo
= M = Ge P
o g2 Me AR 1
E N _'H h 12
04 13
0.6 4  ®2Zn 44
: 45
]
084 Ca 1
1.0 11 T . T - 7
16 £8 086 04 02 00 02 04 06 08 10
PC1 (35.2%)
4 &5 4 3 2 4 0 1 2 3 4 5 8
10 T T e T T T T &
e—IGW-PM;s10 |5
08
} 44
06 |
oo 13
0.4+ T z. 'I .-Mn oCu ],
;Q:U.Z- ._.___C;._1
L. ? wCrp
2 004 — T Faw !.<§u
cx - Al
o ———
024 ke 4
- 42
044 Fe e
43
0.6
Mdm b N P
08+ ; 1s
ohi
-1.0 T T T T T T T T T 4
40 08 06 04 02 00 02 04 08 08 10
PCH (47.4%)

PC2 (11.5%)

PC2 (12.3%)

PC2 (28.56%)

Building and Environment 306 (2026) 115347

o 1

2

b-0GW

3 4 5

T T T

=PMy5y |

08—

06

*Cd
084 -5
1.0 ¥ - . . - ' T - T &
10 08 08 04 02 00 02 04 06 08 10
PC1 (64.4%)

0 8 6 4 2 0 2 & B &8 W
10 - ; : e T —— 10
wCd

d=IGW=PM, ;¢
08~ e
06 -| eCo 48
44
E
42
sil.damd
Hhe aMd <40
Coe®mCo
sCec o3
44
08 e
084 18
1.0 T T T T T T T —— -10
A0 08 06 04 02 00 02 04 06 08 10
PC1 (64.0%)
-5 -4 -3 2 -1 o 1 2 3 4 5
T T T T T T T 5
10 Na
. K 44
08 Coal W
! 43
0.6 4 -
M.d ®Cu Al
_— £ %fe 42
024 Tz i/ rzo_.w- 1
Ne e T
004w 't"““fz"t A1
Zn = Mn
adi HR o 1,
BNe elCa
.
04 - c
wC.ec Cc ;I Cr 4-2
- "Ne
06 i
08
of o
‘0] f=IGW=PM,; 100
-5

T T T T T L T T T T
<0 08 06 04 02 00 02 04 08 08 10
PC1 (36.06%)
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PMo.2.2.5, PM2.5.10, PM10-100)-

clustering involved only two out of three replicates, with preferential
accumulation towards certain elements. Chlorophytum comosum proved
to be a good bioindicator for the accumulation of heavy metals such as
Cu, Mn, Cd, Co and macroelements such as Ca, K, Na [51]. A similar
assessment can be made for H. helix, which reported an elemental
composition characterised in particular by Mg, Mn, Zn, Fe, similar to
that reported by Tang [31].

Some PCA graphs show all factor scores as negative with respect to
PC1, and the absence of discrimination with respect to species and el-
ements may demonstrate that PM had similar chemical characteristics
across the three GWs. In such cases, the main discrimination was related
to the amount of PM accumulated and not to its chemical composition.
In these situations, the variability is better described by PC2, reflecting
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specific species-element affinities or preferences for particular PM size
fractions.

Furthermore, the results show some differences in the cumulative
variance explained by the first two principal components among the
different GWs. In all cases, the plots for AGW showed a cumulative
variance exceeding 70% (an empirical benchmark for evaluating PCA).
Conversely, in some plots, such as OGW-PM;¢.199, IGW-PM5 5.19, and
IGW-PMj.100, the cumulative variance explained by PC1 and PC2 was
below 70%. This result indicates that, in these datasets, a larger pro-
portion of the overall variability is also distributed across subsequent
principal components, suggesting a more complex multivariate struc-
ture. Given the presence of numerous chemical elements, the distribu-
tion of elements associated with PM deposited on leaf surfaces may
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Fig. 6. (continued).

therefore be driven by multiple gradients of variation rather than by a
single dominant gradient.

The highest level of clustering for all species was found in AGW,
where C. comosum and T. zebrina showed similar behaviour for all size
fractions, while H. helix and N. exaltata did so mostly for PMg 2.2 5.
Regarding chemical-physical interaction between species and chemical
elements, C. comosum showed positive associations with chemical ele-
ments in five out of nine cases, showing a strong affinity with Co and Cu
in AGW. Monstera deliciosa also showed many associations (four out of
six), especially with Co and Na in both OGW and IGW. Nephrolepis
exaltata showed a strong affinity with Cu. H. helix showed affinity with
Mg in AGW and T. zebrina showed no affinity with specific elements.
This may be related to differences in leaf-surface chemistry and pH
among species, although these parameters were not measured in the
present study.

The leaf surface and phyllosphere represent a chemically active
environment in which deposited particles may undergo physico-
chemical interactions, potentially influencing PM accumulation pat-
terns and the retention of specific chemical elements [52]. However,
leaf-surface pH was not measured in the present study, and therefore its
potential contribution to the observed accumulation patterns cannot
therefore be quantitatively assessed. Consequently, this consideration
should be regarded as an additional parameter that would be valuable to
quantify in future studies.

Chemical interactions between species and elements might play a
role in accumulation dynamics, but only partial evidence was obtained
in this study. In fact, species-element relationships were observed only
in relation to different GWs, but the same relationship was never
repeated in the three GWs. Therefore, the morphology and PM chemical
composition alone were not enough to explain the PM retention capacity
of each species. This depends on a combination of factors that includes,

11

in addition to morphology and chemical interaction, environmental and
microclimatic conditions, driven in particular by the level of humidity,
as observed in the experiment conducted inside the chamber. Overall,
species—element associations were context-dependent and did not reveal
universal patterns across GWs, confirming that chemical affinity cannot
be considered a stable species trait, but an emergent property affected by
environmental conditions.

The observed species—element associations suggest that PM retention
is not governed exclusively by physical interception mechanisms.
Although the present study cannot identify the exact mechanisms
involved, species-specific affinities for individual elements point to-
wards physicochemical interactions occurring at the leaf surface. Dif-
ferences in cuticular composition, surface pH, electrostatic properties,
wettability and hygroscopic behaviour might affect the adhesion,
retention and possible dissolution of PM particles and associated ele-
ments. The fact that several species showed preferential associations
with specific PTEs supports the hypothesis that chemical interactions
within the phyllosphere contribute to PM accumulation in addition to
leaf morphology alone.

3.4. Air quality improvement by GW under controlled environmental
conditions (AGW)

To explore the role of AGW in improving air quality, 2 g of synthetic
PM was injected into the chamber and PM size fraction concentrations
and the AQI were monitored in both situations (with and without GW)
over 6 days (Fig. 7a). Environmental parameters such as temperature
and relative humidity were also recorded (EasyLog data logger, EL-USB-
2).

In both experiments, temperature remained almost constant at
around 23°C while the relative humidity ranged between 44% and 52%
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in the control test. In contrast, with the AGW inside the chamber, hu-
midity increased from 46% to a peak of 96%, due to the presence of
plants. The humidity increase observed here was similar to the high
values reported in some studies [53,54] but higher than the reported by
others [29], where humidity remained between 45% and 70%, thanks to
the introduction of calcium chloride, a hygroscopic salt, into the
experimental chamber.

These results suggest that PM deposition inside the chamber took
place under different microclimatic conditions than those registered in
other GWs. In particular, the very high humidity strongly affected PM
retention dynamics via wet-deposition processes, as demonstrated by
the deeper penetration of particles into leaf micromorphological
structures.

In both experiments, PM concentration values (and consequently
AQI) peaked immediately after the injection of synthetic PM into the
chamber (2 g of the same synthetic PM were injected at time 0). In the
presence of the AGW, the initial post-injection concentrations were 13
ug m™ for PMy, 28 Hg m™ for PMy 5, 64 g m™ for PM; and an AQI of 86.
In the control test, the concentration values in the same moment reached
10 pg m’3 for PMy, 45 ng m’ for PMy 5 126 ug m’3 for PM; and an AQI
of 124.

Shortly after injection, a rapid decrease of PM concentration was
observed in both cases. This sharp reduction was due to the deposition of
particles not only on plant leaf surfaces or on plastic features, but on
every other surface within the chamber. In both experiments, in about
one hour, the AQI and all PM fraction concentration values dropped to
near zero and then fluctuated in the following hours and days. A similar
exponential decay was also observed in other studies [29,55], which
noted greater PM removal in the experiment with plants than in the
control.

Throughout the experiments, all the PM fractions’ concentrations
and the AQI were significantly lower in the presence of the GW than in
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the control experiment (Fig. 7a-b), demonstrating that plants effectively
enhanced PM removal and improved indoor air quality inside the
chamber. In particular, the presence of the plants reduced 45% of PM;,
51% of PM, s, 50% of PM;(, calculated as the difference between the
average value recorded by the IQAir in the control experiment and the
average value recorded in the presence of AGW, while improving the
AQI by 52% (Table 2).

Differences in the total PM mass between treatments were also
assessed by analysing the PM accumulation deposition on the quartz air
filters inside the chamber. In the control experiment, the air filters
accumulated 3.8 mg of PM;(, compared with 2.4 mg in the experiment
with GW, corresponding to a reduction of 1.4 mg (36.8%). These results
are consistent with previous studies, which, reported PM concentration
reductions due to the presence of plants of 24.8% [56], 53.4% [57] and
42.6% [30], or even between 40% and 75% [29,53]. However, some of
these studies assessed PM filtration in a single air pass rather than
filtration efficiency in recirculation mode, which is higher as it is
repeated over time.

It should be noted that in our study, control treatment was designed
to compare the overall PM removal performance of the AGW system
with that of an inert vertical surface under similar airflow conditions.
However, the AGW should be considered as an integrated biofiltration
system composed of plant foliage, the polyamide support structure, the

Table 2

Mean concentration (+ standard error) of particulate matter size fractions (PM;,
PM, s, PM;0) expressed in pg/m3 and Air Quality Index (AQI) along the six days
experiment in the chamber with and without an active green wall.

Treatment AQI PM1 PM2.5 PM10
Control 22.32+1.21 3.01 £ 0.13 4.17 £ 0.34 7.31 + 0.89
AGW 10.72 + 0.92 1.66 + 0.13 2.04 + 0.25 3.64 + 0.54




A. Campiotti et al.

expanded-clay substrate, the irrigation water and the root zone, all of
which might contribute to PM removal. Similar interactions occur in
passive green walls, where PM deposition is not restricted to leaf sur-
faces but may also take place on the substrate and structural compo-
nents. Therefore, the present experimental design does not allow to
quantify separately the relative contribution of each AGW component
which is somehow a limitation. In particular, the irrigation system and
the associated increase in humidity may have enhanced PM deposition
and retention. Consequently, the PM removal values reported here
should be interpreted as the performance of the complete AGW system
rather than the effect of the plant component alone. Overall, the AGW
experiment demonstrates that microclimatic conditions can affect PM
removal processes. The combination of forced airflow and elevated
humidity not only enhanced PM removal from the chamber atmosphere
but also altered deposition dynamics compared with the passive sys-
tems. These findings support the hypothesis that microclimatic modifi-
cations associated with active green walls can significantly improve air
purification performance and should therefore be considered alongside
plant selection when designing phytoremediation systems.

4. Conclusions

The results addressed the three objectives of this study. First, PM
accumulation patterns differed among species, but species rankings
changed across green wall systems, indicating that PM retention cannot
be explained by morphology alone and is strongly influenced by envi-
ronmental and microclimatic conditions. Second, species-specific asso-
ciations with PTEs suggest that physicochemical interactions occurring
in the phyllosphere contribute to PM retention, although these re-
lationships were highly context-dependent and did not reveal universal
species-element patterns. Third, the AGW improved indoor air quality
and PM removal efficiency, highlighting the importance of humidity and
forced-air conditions in determining PM capture performance.

PM capture efficiency varied with climatic and environmental con-
ditions but no clear relationship between PM accumulation levels and
macromorphological traits (limited to the parameter relating to the ratio
between leaf perimeter and area) was found. Therefore, it is not possible
to propose guidelines for plant species selection that might be valid for
all vertical systems. A reasonable strategy is to prioritise species adapted
to the microclimatic context, tolerant to air pollution, and characterised
by a combination of different micromorphological and macro-
morphological traits.

The contrasted behaviour of N. exaltata across GWs illustrates how
species may shift from low to high-performance depending on the
dominant deposition regime, reinforcing that microclimatic drivers can
outweigh morphological predictors. In some cases, the absence of
discrimination among species related to elemental composition suggests
that the PM deposited in the three GWs shared similar chemical char-
acteristics, and that differences were mostly related to the amount of PM
retained rather than to its composition.

The active green wall substantially reduced indoor PM
concentrations—by 45% for PM1, 51% for PM2.5, and 50% for
PM10—and improved the AQI by 52%. However, these values must be
contextualized within the specific environmental conditions of the
chamber, where the reduced volume and high quantity of injected
particles produced unusually high humidity and pollution levels
compared with typical indoor environments. To better reproduce real
conditions in future experiments, the use of humidity-controlling ma-
terials such as hygroscopic salts may be advisable.

Furthermore, these results should also be contextualized in relation
to the period during which the experiments were conducted (September
2024-February 2025), which encompasses the autumn and winter sea-
sons but not spring and summer. In Mediterranean climates, seasons are
very different in terms of atmospheric conditions, which can affect plant
physiological performance, the physicochemical characteristics of at-
mospheric pollutants and, consequently, plant-PM interactions and PM
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accumulation efficiency. Therefore, further studies covering the entire
annual cycle are needed to determine whether the observed patterns
remain consistent across seasons and under different environmental
conditions.

From an applied perspective, the results suggest that species selec-
tion should be adapted to the specific type of green wall and its micro-
climatic conditions. Under the conditions tested, C. comosum showed the
highest PM accumulation in the outdoor and indoor passive systems,
whereas T. zebrina and N. exaltata performed particularly well in the
AGW. These findings indicate that species performance may vary sub-
stantially according to the environmental context and deposition
regime. Therefore, selecting species based on their performance under
conditions comparable to the intended application may be more effec-
tive than relying solely on morphological traits. Although the present
results provide useful indications for preliminary species selection,
further studies under a wider range of environmental conditions are
needed before general recommendations can be established.

In conclusion, GWs proved to be effective experimental systems for
comparing different species under shared environmental conditions and
for assessing their potential to retain particulate matter and contribute
to indoor air quality improvement. These findings highlight the impor-
tance of integrating species traits with environmental and microclimatic
factors when designing and implementing green walls as nature-based
solutions for air pollution mitigation.

CRediT authorship contribution statement

Alessandro Campiotti: Writing — original draft, Investigation,
Formal analysis. Antonio José Fernandez-Espinosa: Writing — review
& editing, Validation, Methodology, Data curation. Carlo Calfapietra:
Funding acquisition. Luis Pérez-Urrestarazu: Writing — review &
editing, Resources, Conceptualization. Rafael Fernandez-Canero:
Writing — review & editing, Writing — original draft, Software. Sabina
Rossini-Oliva: Writing — review & editing, Writing — original draft,
Supervision, Investigation, Conceptualization, Data curation. Chiara
Baldacchini: Writing — review & editing, Visualization, Supervision,
Project administration, Funding acquisition, Formal analysis,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

AC, CC and CB acknowledge the support of NBFC (National Biodi-
versity Future Centre) funded by the Italian Ministry of University and
Research, P.N.R.R., Missione 4 Componente 2, “Dalla ricerca all’im-
presa’, Investimento 46, Project CNO000003.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.buildenv.2026.115347.

Data availability
Data will be made available on request.

References

[1] A. Pichlhofer, E. Sesto, J. Hollands, A. Korjenic, Health-related benefits of different
indoor plant species in a school setting, Sustain 13 (2021), https://doi.org/
10.3390/s5u13179566.

[2] European Environmental Agency, Strategia EEA-EIONET 2021-2030, 2021.


https://doi.org/10.1016/j.buildenv.2026.115347
https://doi.org/10.3390/su13179566
https://doi.org/10.3390/su13179566

A. Campiotti et al.

[31

[4]

[5

fad}

(6]

[7

—

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

S. Rossini-Oliva, J.M. Montiel de La Cruz, A.J. Fernandez-Espinosa, R. Fernandez-
Canero, V.M. Fernandez-Cabanas, L. Pérez Urrestarazu, Potentially toxic elements
capture by an active living wall in indoor environments: effect of species in air
phytoremediation, Chemosphere 340 (2023), https://doi.org/10.1016/j.
chemosphere.2023.139799.

T. Li, Y. Yu, Z. Sun, A comprehensive understanding of ambient particulate matter
and its components on the adverse health effects based from epidemiological and
laboratory evidence, Part. Fibre Toxicol. 19 (2022), https://doi.org/10.1186/
$§12989-022-00507-5.

S. Zhai, D.J. Jacob, X. Wang, L. Shen, K. Li, Y. Zhang, K. Gui, T. Zhao, H. Liao, Fine
particulate matter (PMys) trends in China, 2013-2018: separating contributions
from anthropogenic emissions and meteorology, Atmos. Chem. Phys. 19 (2019)
11031-11041, https://doi.org/10.5194/acp-19-11031-2019.

W. Meng, Y. Liu, S.J. Zhu, Distribution and ecological risk of heavy metals in
sediment across the Dongting Lake basin, South-to-North Water Transf. Water Sci.
Technol. 19 (2021) 739-749, https://doi.org/10.1007/500128-021-03202-x.

T. Dunlop, D. Khojasteh, E. Cohen-Shacham, The evolution and future of research
on nature-based solutions to address societal challenges, Commun. Earth Environ.
5 (2024), https://doi.org/10.1038/543247-024-01308-8.

B.X.Y. Lee, T. Hadibarata, A. Yuniarto, Phytoremediation mechanisms in air
pollution control: a review, Water Air Soil Pollut. 231 (2020) 1-13, https://doi.
org/10.1007/511270-020-04813-6.

H. Xu, W. Wang, H. Wang, Y. Sun, Z. Zhong, S. Wang, Differences in quantity and
composition of leaf particulate matter and morphological structures in three
evergreen trees and their association in Harbin, China, Environ. Pollut. 252 (2019)
1772-1790, https://doi.org/10.1016/j.envpol.2019.06.124.

K.V. Abhijith, P. Kumar, J. Gallagher, A. McNabola, R. Baldauf, F. Pilla,

B. Broderick, S. Di Sabatino, B. Pulvirenti, Air pollution abatement performances of
green infrastructure in open road and built-up street canyon environments - a
review, Atmos. Environ. 162 (2017) 71-86, https://doi.org/10.1016/j.
atmosenv.2017.05.014.

K. Koch, K. Wuyts, S. Denys, R. Samson, The influence of plant species, leaf
morphology, height and season on PM capture efficiency in living wall systems,
Sci. Total Environ. 905 (2023), https://doi.org/10.1016/j.scitotenv.2023.167808.
M. Tomson, P. Kumar, K.V. Abhijith, J.F. Watts, Exploring the interplay between
particulate matter capture, wash-off, and leaf traits in green wall species, Sci. Total
Environ. 921 (2024), https://doi.org/10.1016/j.scitotenv.2024.170950.

T. Ysebaert, K. Koch, R. Samson, S. Denys, Green walls for mitigating urban
particulate matter pollution—a review, Urban For. Urban Green 59 (2021),
https://doi.org/10.1016/j.ufug.2021.127014.

G. Sgrigna, C. Baldacchini, S. Dreveck, Z. Cheng, C. Calfapietra, Relationships
between air particulate matter capture efficiency and leaf traits in twelve tree
species from an Italian urban-industrial environment, Sci. Total Environ. 718
(2020), https://doi.org/10.1016/j.scitotenv.2020.137347.

U. Weerakkody, J.W. Dover, P. Mitchell, K. Reiling, Evaluating the impact of
individual leaf traits on atmospheric particulate matter accumulation using natural
and synthetic leaves, Urban For. Urban Green 30 (2018) 98-107, https://doi.org/
10.1016/j.ufug.2018.01.001.

S. Matheson, R. Fleck, P.J. Irga, F.R. Tropy, Phytoremediation for the indoor
environment: a state-of-the-art review, Rev. Environ. Sci. Biotechnol. 22 (2023)
249-280, https://doi.org/10.1007/s11157-023-09644-5.

A. Campiotti, E. Ricciardi, G. Spano, L. Dominici, E. Comino, R. Riggio, F. Pitasi,
L. Ribotta, S. Barbero, G. Sanesi, C. Catalano, C. Calfapietra, C. Baldacchini, Indoor
green walls for improving air quality and human well-being: a case study from a
primary school in Turin (Italy), Nat.-Based Sol. 8 (2025), https://doi.org/10.1016/
j.nbsj.2025.100280.

S. Rossini-Oliva, M.D. Mingorance, D. Sanhueza, S.C. Fry, E.O. Leidi, Active proton
efflux, nutrient retention and boron-bridging of pectin are related to greater
tolerance of proton toxicity in the roots of two Erica species, Plant Physiol.
Biochem. 126 (2018) 142-151, https://doi.org/10.1016/j.plaphy.2018.02.029.
A. Franco Salas, R. Fernandez Canero, L. Pérez Urrestarazu, D.L. Valera Martinez,
Wind tunnel analysis of artificial substrates used in active living walls for indoor
environment conditioning in Mediterranean buildings, Build. Environ. 51 (2012)
370-378, https://doi.org/10.1016/j.buildenv.2011.12.004.

EN 12341:2023, Ambient air - standard gravimetric measurement method for the
determination of the PM10 or PM2,5 mass concentration of suspended particulate
matter. CEN/TC 264 Commitee, CEN-CENELEC, Brussels, Belgium, 2023. https:
//standards.cencenelec.eu/ords/f?p=CEN:105.

C.A. Schneider, W.S. Rasband, K.W. Eliceiri, NIH Image to ImageJ: 25 years of
image analysis, Nat. Methods 9 (2012) 671-675, https://doi.org/10.1038/
nmeth.2089.

K. Dzierzanowski, R. Popek, H. Gawronska, A. Saebg, SW. Gawroniski, Deposition
of particulate matter of different size fractions on leaf surfaces and in waxes of
urban forest species, Int. J. Phytoremediation 13 (2011) 1037-1046, https://doi.
org/10.1080/15226514.2011.552929.

M. Ristorini, C. Baldacchini, L. Massimi, G. Sgrigna, C. Calfapietra, Innovative
characterization of particulate matter deposited on urban vegetation leaves
through the application of a chemical fractionation procedure, Int. J. Environ. Res.
Public Health 17 (2020), https://doi.org/10.3390/ijerph17165717.

I. Rodriguez-Rodriguez, L. Pérez-Vazquez, F. de Pablos-Pons, A.J. Ferndndez-
Espinosa, Toxic metals from atmospheric particulate matter in food species of
tomato (Solanum lycopersicum) and strawberry (Fragaria x ananassa) used in
urban gardening. a closed chamber study, Chemosphere 340 (2023), https://doi.
org/10.1016/j.chemosphere.2023.139921.

A.J. Fernandez-Espinosa, M. Ternero-Rodriguez, F. Fernandez-Alvarez, F.

J. Barragan de La Rosa, J.C. Jiménez-Sanchez, Optimization of a sequential

14

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Building and Environment 306 (2026) 115347

extraction scheme for speciation of metals in fine urban particles, Toxicol. Environ.
Chem. 82 (2002) 59-73, https://doi.org/10.1080/713746659.

P. Smichowski, G. Polla, D. Gémez, A.J. Fernandez Espinosa, A. Calleja Lépez,

A three-step metal fractionation scheme for fly ashes collected in an Argentine
thermal power plant, Fuel 87 (2008) 1249-1258, https://doi.org/10.1016/j.
fuel.2007.07.011.

C. Baldacchini, G. Sgrigna, W. Clarke, M. Tallis, C. Calfapietra, An ultra-spatially
resolved method to quali-quantitative monitor particulate matter in urban
environment, Environ. Sci. Pollut. Res. 26 (2019) 18719-18729, https://doi.org/
10.1007/511356-019-05160-8.

U. Weerakkody, J.W. Dover, P. Mitchell, K. Reiling, Particulate matter pollution
capture by leaves of seventeen living wall species with special reference to rail-
traffic at a metropolitan station, Urban For. Urban Green 27 (2017) 173-186,
https://doi.org/10.1016/j.ufug.2017.07.005.

E. Streit, J. Schabauer, A. Korjenic, Evaluating particulate matter reduction by
indoor plants in a recirculating air system, Atmos 16 (2025), https://doi.org/
10.3390/atmos16070783.

T. Pettit, P.J. Irga, N.C. Surawski, F.R. Torpy, An assessment of the suitability of
active green walls for NO3 reduction in green buildings using a closed-loop flow
reactor, Atmos 10 (2019), https://doi.org/10.3390/atmos10120801.

K.H.D. Tang, Green Walls as mitigation of urban air pollution: a review of their
effectiveness, Res. Ecol. 5 (2023) 1-13, https://doi.org/10.30564/re.v5i2.5710.
A. Hellebaut, S. Boisson, G. Mahy, Do plant traits help to design green walls for
urban air pollution control? A short review of scientific evidences and knowledge
gaps, Environ. Sci. Pollut. Res. Int. 29 (2022) 81210-81221, https://doi.org/
10.1007/511356-022-23439-1.

N.J. Paull, D. Krix, P.J. Irga, F.R. Torpy, Airborne particulate matter accumulation
on common green wall plants, Int. J. Phytoremediation 22 (2020) 594-606,
https://doi.org/10.1080/15226514.2019.1696744.

K. Perini, M. Ottel’e, S. Giulini, A. Magliocco, E. Roccotiello, Quantification of fine
dust deposition on different plant species in a vertical greening system, Ecol. Eng.
100 (2017) 268-276, https://doi.org/10.1016/j.ecoleng.2016.12.032.

D. Xiong, J. Flexas, From one side to two sides: the effects of stomatal distribution
on photosynthesis, New Phytol. 228 (2020) 1754-1766, https://doi.org/10.1111/
nph.16801.

M.D.C. Redondo-Bermtidez, I.T. Gulenc, R.W. Cameron, B.J. Inkson, Green barriers'
for air pollutant capture: leaf micromorphology as a mechanism to explain plants
capacity to capture particulate matter, Environ Pollut. 288 (2021), https://doi.org/
10.1016/j.envpol.2021.117809.

A. Saran, M.J. Mendez, D.G. Much, V. Imperato, S. Thijs, J. Vangronsveld, L.

J. Merini, Quantification of airborne particulate matter and trace element
deposition on Hedera helix and Senecio cineraria leaves, Plants 13 (2024), https://
doi.org/10.3390/plants13172519.

T. Nguyen, X. Yu, Z. Zhang, M. Liu, X. Liu, Relationship between types of urban
forest and PM2.5 capture at three growth stages of leaves, J. Environ. Sci. 27
(2015) 33-41, https://doi.org/10.1016/j.jes.2014.04.019.

E. Terzaghi, E. Wild, G. Zacchello, B.E.L. Cerabolini, K.C. Jones, A. Di Guardo,
Forest filter effect: role of leaves in capturing/releasing air particulate matter and
its associated PAHs, Atmos. Environ. 74 (2013) 378-384, https://doi.org/
10.1016/j.atmosenv.2013.04.013.

B. Miralles-Pérez, C. Andrés Camacho, A.J. Fernandez-Espinosa, S. Rossini-Oliva,
Particulate matter and potentially toxic element content in urban ornamental plant
species to assess pollutants trapping capacity, J. Environ. Manage. 374 (2025),
https://doi.org/10.1016/j.jenvman.2025.124058.

J. Shi, G. Zhang, H. An, W. Yin, X. Xia, Quantifying the particulate matter
accumulation on leaf surfaces of urban plants in Beijing. China, Atmos. Pollut. Res.
8 (2017) 836-842, https://doi.org/10.1016/j.apr.2017.01.011.

H. Wang, W. Hu, S. Luo, M. Liu, J. Chen, O. Chen, C. Liu, L. Pan, Size distribution
and elemental composition of airborne particulate matter on four plant species in
vertical greenery systems, Build. Environ. 245 (2023), https://doi.org/10.1016/j.
buildenv.2023.110888.

J.C. Fussell, M. Franklin, D.C. Green, M. Gustafsson, R.M. Harrison, W. Hicks, F.
J. Kelly, F. Kishta, M.R. Miller, 1.S. Mudway, F. Oroumiyeh, L. Selley, M. Wang,
Y. Zhu, A review of road traffic-derived non-exhaust particles: emissions,
physicochemical characteristics, health risks, and mitigation measures, Environ.
Sci. Technol. 56 (2022) 6813-6835, https://doi.org/10.1021/acs.est.2c01072.

S. Panda, S.S. Nagendra, Chemical and morphological characterization of
respirable suspended particulate matter (PM10) and associated health risk at a
critically polluted industrial cluster, Atmos. Pollut. Res. 9 (2018) 791-803, https://
doi.org/10.1016/j.apr.2018.01.011.

J. Zhang, L. Wu, Y. Zhang, F. Li, X. Fang, H. Mao, Elemental composition and risk
assessment of heavy metals in the PM10 fractions of road dust and roadside soil,
Particuol 44 (2019) 146-152, https://doi.org/10.1016/j.partic.2018.09.003.

T. Grigoratos, G. Martini, Brake wear particle emissions: a review, Environ. Sci.
Pollut. Res. 22 (2015) 2491-2504, https://doi.org/10.1007/s11356-014-3696-8.
R.M. Harrison, J. Allan, D. Carruthers, M.R. Heal, A.C. Lewis, B. Marner,

T. Murrells, A. Williams, Non-exhaust vehicle emissions of particulate matter and
VOC from road traffic: a review, Atmos. Environ. 262 (2021), https://doi.org/
10.1016/j.atmosenv.2021.118592.

J.M. Wang, C.H. Jeong, N. Hilker, R.M. Healy, U. Sofowote, J. Debosz, Y. Su,

A. Munoz, G.J. Evans, Quantifying metal emissions from vehicular traffic using real
world emission factors, Environ. Pollut. 268 (2021), https://doi.org/10.1016/j.
envpol.2020.115805.

W. Hicks, S. Beevers, A.H. Tremper, G. Stewart, M. Priestman, F.J. Kelly,

M. Lanoisellé, D. Lowry, D.C. Green, Quantification of non-exhaust particulate


https://doi.org/10.1016/j.chemosphere.2023.139799
https://doi.org/10.1016/j.chemosphere.2023.139799
https://doi.org/10.1186/s12989-022-00507-5
https://doi.org/10.1186/s12989-022-00507-5
https://doi.org/10.5194/acp-19-11031-2019
https://doi.org/10.1007/s00128-021-03202-x
https://doi.org/10.1038/s43247-024-01308-8
https://doi.org/10.1007/s11270-020-04813-6
https://doi.org/10.1007/s11270-020-04813-6
https://doi.org/10.1016/j.envpol.2019.06.124
https://doi.org/10.1016/j.atmosenv.2017.05.014
https://doi.org/10.1016/j.atmosenv.2017.05.014
https://doi.org/10.1016/j.scitotenv.2023.167808
https://doi.org/10.1016/j.scitotenv.2024.170950
https://doi.org/10.1016/j.ufug.2021.127014
https://doi.org/10.1016/j.scitotenv.2020.137347
https://doi.org/10.1016/j.ufug.2018.01.001
https://doi.org/10.1016/j.ufug.2018.01.001
https://doi.org/10.1007/s11157-023-09644-5
https://doi.org/10.1016/j.nbsj.2025.100280
https://doi.org/10.1016/j.nbsj.2025.100280
https://doi.org/10.1016/j.plaphy.2018.02.029
https://doi.org/10.1016/j.buildenv.2011.12.004
https://standards.cencenelec.eu/ords/f?p=CEN:105
https://standards.cencenelec.eu/ords/f?p=CEN:105
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1080/15226514.2011.552929
https://doi.org/10.1080/15226514.2011.552929
https://doi.org/10.3390/ijerph17165717
https://doi.org/10.1016/j.chemosphere.2023.139921
https://doi.org/10.1016/j.chemosphere.2023.139921
https://doi.org/10.1080/713746659
https://doi.org/10.1016/j.fuel.2007.07.011
https://doi.org/10.1016/j.fuel.2007.07.011
https://doi.org/10.1007/s11356-019-05160-8
https://doi.org/10.1007/s11356-019-05160-8
https://doi.org/10.1016/j.ufug.2017.07.005
https://doi.org/10.3390/atmos16070783
https://doi.org/10.3390/atmos16070783
https://doi.org/10.3390/atmos10120801
https://doi.org/10.30564/re.v5i2.5710
https://doi.org/10.1007/s11356-022-23439-1
https://doi.org/10.1007/s11356-022-23439-1
https://doi.org/10.1080/15226514.2019.1696744
https://doi.org/10.1016/j.ecoleng.2016.12.032
https://doi.org/10.1111/nph.16801
https://doi.org/10.1111/nph.16801
https://doi.org/10.1016/j.envpol.2021.117809
https://doi.org/10.1016/j.envpol.2021.117809
https://doi.org/10.3390/plants13172519
https://doi.org/10.3390/plants13172519
https://doi.org/10.1016/j.jes.2014.04.019
https://doi.org/10.1016/j.atmosenv.2013.04.013
https://doi.org/10.1016/j.atmosenv.2013.04.013
https://doi.org/10.1016/j.jenvman.2025.124058
https://doi.org/10.1016/j.apr.2017.01.011
https://doi.org/10.1016/j.buildenv.2023.110888
https://doi.org/10.1016/j.buildenv.2023.110888
https://doi.org/10.1021/acs.est.2c01072
https://doi.org/10.1016/j.apr.2018.01.011
https://doi.org/10.1016/j.apr.2018.01.011
https://doi.org/10.1016/j.partic.2018.09.003
https://doi.org/10.1007/s11356-014-3696-8
https://doi.org/10.1016/j.atmosenv.2021.118592
https://doi.org/10.1016/j.atmosenv.2021.118592
https://doi.org/10.1016/j.envpol.2020.115805
https://doi.org/10.1016/j.envpol.2020.115805

A. Campiotti et al.

[50]

[51]

[52]

[531

matter traffic emissions and the impact of COVID-19 lockdown at London
Marylebone road, Atmos 12 (2021), https://doi.org/10.3390/atmos12020190.
K.V. Abhijith, P. Kumar, Field investigations for evaluating green infrastructure
effects on air quality in open-road conditions, Atmos. Environ. 201 (2019)
132-147, https://doi.org/10.1016/j.atmosenv.2018.12.036.

P. Fermo, S. Masiero, M. Rosa, G. Labella, V. Comite, Chlorophytum comosum: a
bio-indicator for assessing the accumulation of heavy metals present in the aerosol
particulate matter (PM), Appl. Sci. 11 (2021), https://doi.org/10.3390/
app11104348.

R. Ossola, D. Farmer, The chemical landscape of leaf surfaces and its interaction
with the atmosphere, Chem. Rev. 124 (9) (2024) 5764-5794, https://doi.org/
10.1021/acs.chemrev.3c00763.

B.K. Jang, K. Park, S.Y. Lee, H. Lee, S.H. Yeon, B. Ji, C.H. Lee, J.S. Cho, Screening of
particulate matter reduction ability of 21 indigenous Korean evergreen species for

15

[54]

[55]

[56]

[57]

Building and Environment 306 (2026) 115347

indoor use, Int. J. Environ. Res. Public Health 18 (2021), https://doi.org/10.3390/
ijerph18189803.

J.J. Kim, T. Hann, S.J. Lee, Effect of flow and humidity on indoor deposition of
particulate matter, Environ Pollut. 255 (2019), https://doi.org/10.1016/j.
envpol.2019.113263.

M. Budaniya, A.C. Rai, Effectiveness of plants for passive removal of particulate
matter is low in the indoor environment, Build. Environ. 222 (2022), https://doi.
org/10.1016/j.buildenv.2022.109384.

T. Pettit, P.J. Irga, F.R. Torpy, The botanical biofiltration of elevated air pollution
concentrations associated the black summer wildfire natural disaster, J. Hazard.
Mater. Lett. 1 (2020), https://doi.org/10.1016/j.hazl.2020.100003.

P.J. Irga, N.J. Paull, P. Abdo, An assessment of the atmospheric particle removal
efficiency of an in-room botanical biofilter system, Build. Environ. 115 (2017)
281-290, https://doi.org/10.1016/j.buildenv.2017.01.035.


https://doi.org/10.3390/atmos12020190
https://doi.org/10.1016/j.atmosenv.2018.12.036
https://doi.org/10.3390/app11104348
https://doi.org/10.3390/app11104348
https://doi.org/10.1021/acs.chemrev.3c00763
https://doi.org/10.1021/acs.chemrev.3c00763
https://doi.org/10.3390/ijerph18189803
https://doi.org/10.3390/ijerph18189803
https://doi.org/10.1016/j.envpol.2019.113263
https://doi.org/10.1016/j.envpol.2019.113263
https://doi.org/10.1016/j.buildenv.2022.109384
https://doi.org/10.1016/j.buildenv.2022.109384
https://doi.org/10.1016/j.hazl.2020.100003
https://doi.org/10.1016/j.buildenv.2017.01.035

	Beyond leaf traits: context dependent particulate matter accumulation across outdoor, indoor and active green walls
	1 Introduction
	2 Material and methods
	2.1 Case studies
	2.2 Air PM monitoring
	2.3 Leaf sampling
	2.4 Leaf macro and micromorphology
	2.5 PM load determination on leaf surface
	2.6 PM chemical composition characterization
	2.7 Synthetic PM preparation and injection
	2.8 Statistical analysis

	3 Results and discussion
	3.1 Leaf morphological analysis
	3.2 PM accumulation differences across species
	3.3 PM chemical composition characterization
	3.4 Air quality improvement by GW under controlled environmental conditions (AGW)

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Supplementary materials
	Data availability
	References


