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The World Health Organization reports that every year several million people die

prematurely due to air pollution. Poor air quality is a by-product of unsustainable policies

in transportation, energy, industry, and waste management in the world’s most crowded

cities. Particulate matter (PM) is one of the major element of polluted air. PM can be

composed by organic and inorganic species. In particular, heavy metals present in PM

include, lead (Pb), mercury (Hg), cadmium, (Cd), zinc (Zn), nickel (Ni), arsenic (As), and

molybdenum (Mo). Currently, vegetation is the only existing sustainable method to reduce

anthropogenic PM concentrations in urban environments. In particular, the PM-retention

ability of vegetation depends on the surface properties, related to the plant species,

leaf and branch density, and leaf micromorphology. In this work, a new hybrid material

called SUNSPACE (SUstaiNable materials Synthesized from by-Products and Alginates

for Clean air and better Environment) is proposed for air PM entrapment. Candle burning

tests are performed to compare SUNSPACE with Hedera Helix L. leafs with respect to

their efficacy of reducing coarse and fine PM. The temporal variation of PM10 and PM2.5

in presence of the trapping materials, shows that Hedera Helix L. surface saturates

more rapidly. In addition, the capability of SUNSPACE in ultrafine PM trapping is also

demonstrated by using titanium dioxide nanoparticles with 25 nm diameter. Scanning

electron microscope (SEM) and Transmission electron microscope (TEM) images of

SUNSPACE after entrapment tests highlight the presence of collected nanoparticles until

to about 0.04mm in depth from the sample surface. N2 physisorption measurements

allow to demonstrate the possibility to SUNSPACE regeneration by washing.

Keywords: SUNSPACE, azure chemistry, porous material, leaf, air particulate matter (PM) capture, nanoparticles

INTRODUCTION

Particulate matter (PM) has been contributing to air pollution for decades if not centuries.
Atmospheric pollutants, due to both natural and anthropogenic sources, are seldom confined to
urban and industrial centers where they are predominately produced but they are often brought
thousands of kilometers away, also impacting regions far from their source. Moreover, it is
fundamental to highlight that not only primary aerosols, that are PM directly emitted into the
atmosphere, but also secondary aerosols exist. Secondary aerosols, as for example sulfate and
nitrate, are formed in the atmosphere by chemical reactions on the primary aerosols (Crippa et al.,
2013).
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PM can be made of organic and inorganic species. In
particular, heavy metals present in PM include, but are not
limited to lead (Pb), mercury (Hg), cadmium, (Cd), zinc (Zn),
nickel (Ni), arsenic (As), and molybdenum (Mo). Heavy metals
are typically released into the atmosphere from industrial
processes. They have been accumulating since humans first
started smelting metals in significant quantities during the
Bronze Age c. 5,000 years ago (Zereini and Wiseman, 2010).

Other processes that contribute to the diffusion of toxic metals
into the atmosphere include the combustion of fossil fuels, the
manufacturing and application of fertilizers, cement production,
and wood combustion (Nriagu and Pacyna, 1988).

PM2.5 (aerodynamic diameter ≤2.5µm) and/or PM10

(aerodynamic diameter≤10µm) levels exceed current standards
and/or recommended values in many countries and they are
alarmingly high in several big cities, particularly in some
developing countries. The solution to PM increase represents
a tremendous scientific challenge as well as an economic one.
Indeed, the reduction of vehicular or industrial PM emissions
is not always an economical viable solution in highly urbanized
areas.

Therefore, political authorities will have to improve strategies
to mitigate PM concentrations in cities: there is a critical need for
air quality policy and emissions regulations that minimize PM
exposure and health risks as much as possible.

Porous materials with large pore volume can provide spatial
confinement to trap small size PM that represent the most
problematic issue of air dispersed particles. Literature reports
a variety of porous materials, such as metal-organic matrices,
porous carbon materials, silica, and many others usable for
nanoparticle inclusion (Zhu and Xu, 2016).

Silica, which has excellent thermal stability, is one of the most
abundant crustal material. Silica powders, in terms of micro-
silica, provide a promising support for the immobilization of
particles with low dimensions (<10µm) (Wan and Zhao, 2007).
In addition, several sources of waste silica (as rice husk ash (Bosio
et al., 2014) and silica fume (Benassi et al., 2017; Rodella et al.,
2017; Pasquali et al., 2018) may be used to produce sustainable
porous materials (Bontempi, 2017a,b).

In this context, a new porous material, called SUNSPACE
(SUstaiNable materials Synthesized from by-Products and
Alginates for Clean air and better Environment) (Zanoletti et al.,
2018a) (Zanoletti et al., 2018b), has been recently realized and
proposed as the first viable technical solution for the reduction of
aero-dispersed PM. The idea is to propose a low-cost material,
that can be integrable with the already existing buildings and
infrastructures, with low impact.

The first characterization (Zanoletti et al., 2018b) showed that
the new porous material can also adsorb pollutants present in
water, then it could be also used to degrade some contaminants.
In addition, if the new material is covered by a thin layer
of titanium dioxide, it can also act as a catalyst for photo-
degradation.

Figure 1 summarizes the possible SUNSPACE applications,
based on the selected synthesis form (massive, coating, thin
layer). As shown in Figure 1, SUNSPACE can be used as a
coating (as a plaster on a wall or roof tiles) to reduce the PM

FIGURE 1 | Possible SUNSPACE applications, based on the selected

synthesis form (massive, coating, thin layer).

in urban areas. Indeed, to optimize air trapping efficiency, it is
fundamental to promote SUNSPACE diffusion on all the available
building surfaces.

This new technology andmaterial lay the foundation for a new
vision of chemistry, proposing environmental remediation, with
great attention to the sustainability of the employed synthesized
material, recently proposed as “Azure Chemistry” (Zanoletti
et al., 2018a).

Actually, tree planting represents the most efficient and
sustainable method to reduce PM in urban areas. Indeed, dust
containing heavy metals are deposited on surfaces, including
plant foliage. Several studies report on foliar uptake of heavy
metal from atmospheric PM deposition (Gajbhiye et al., 2016).

Leaves can act as PM traps, thus improving air quality due to
their texture and large contact area (Freer-Smith et al., 1997).

Some papers have quantified the amount of PM removal from
urban air by vegetation. For example, it was shown that on a
larger scale, trees can annually remove approximately 300 tons
of air pollutants (Cavanagh, 2008). Only in the USA, urban trees
and shrubs remove about 215,000 tons PM10 per year (Nowak
et al., 2006). In Beijing, China, trees in the city center removed
772 tons of PM10 in 1 year (Yang et al., 2004). Thus, tree planting
can be considered a viable and sustainable pollution mitigation
measure in a variety of urban settings (Chen et al., 2017).

However, there are several limitations and barriers to achieve
air PM trapping by urban greening only, including (but
not limited to): prevailing soil conditions, space utilization,
architectural design, sub-surface infrastructure, availability of
sunlight and the size of some trees compared to the adjacent
buildings (Johnston and Newton, 2004).

In addition, leaves cannot survive in winter. Finally, the
effectiveness of vegetation as a long-term alternative to other
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PM reduction media is still under debate. Indeed, most of the
particles are retained on the plant surface and subsequently
removed from the canopies by resuspension to the atmosphere
(Chen et al., 2017).

For these reasons, the leaves activity should be improved
by the use of additional low-cost media, and in this context a
complementary viable solution can be SUNSPACE.

In this paper, the ability of the new porous material in fine PM
trapping is presented in comparison to aHedera Helix L. leaf one
of the most studied leaf on this purpose. In particular, Hedera
Helix L. has shown relatively high PM densities accumulation
in all size fractions due to the important role of the surface wax
(Rodrigues et al., 2015; Weerakkody et al., 2017).

Several papers in literature report the foliage capability of
PM trapping (Weerakkody et al., 2017), but at the best of our
knowledge, no comparison with filters or other material designed
on this purpose can be found.

In this paper the SUNSPACE capability in coarse (PM2.5−10)
and fine (PM2.5) PM entrapment is evaluated by means of candle
burning tests, with respect toHedera Helix L. Candle burning was
chosen as a pollution source, due to the prevalence of fine (and
ultrafine) PM emission and some studies have shown that candles
can be sources of heavy metals, such as Pb, Zn, and Ni (Pedersen
et al., 2017).

In addition, the SUNSPACE capability in ultrafine PM (PM
with diameter <0.1µm) entrapment is here demonstrated by
electron microscopy analysis after exposure to titanium dioxide
nanoparticles considered as a positive control for our system
material. In this case, they were used to investigate the particles
penetration depth in the porous material.

Titanium dioxide (JRCNM1005a) was selected due to the
industrial interest in producing it for many different advanced
nano-technological applications (Environment Directorate,
2016).

The aim of this work is to show that SUNSPACE, specifically
designed for PM entrapment, is comparable to leaves in fine PM
capture efficacy, and ultrafine PM entrapment is also possible. As
a consequence, SUNSPACE is proposed as a synergic component,
to be coupled for example with vegetation, to improve the air
quality in urban environments.

EXPERIMENTAL SECTION

Materials and Characterization
Calcium iodate (Ca(IO3)2, CAS number: 7789-80-2), sodium
alginate (SA, CAS number: 9005-38-3), sodium bicarbonate
(NaHCO3, CAS number 14455-8, ≥99.8% w/w) were purchased
from Sigma Aldrich. Titanium dioxide (JRCNM1005a—old
OECD nomenclature: NM-105) was supplied by the JRC
Nanomaterials Repositor (Rasmussen et al., 2014; Environment
Directorate, 2016).

For samples preparation, food grade sodium bicarbonate was
bought in a local store. Silica fume was provided by Metalleghe
SPA, Brescia, Italy, as an industrial by-product derived from
ferrosilicon and silicon metal alloy processing.

MilliQ water (Millipore DirectQ-5 purification system) was
used for the preparation of various solutions.

For TEM analysis 1 mg/mL suspension of silica fume was
prepared in MilliQ water and 3 µL of 1/2 dilution was deposited
on Formvar Carbon coated 200 mesh copper grids (Agar
Scientific, USA) and dehydrated overnight in desiccator before
TEM (JEOL-JEM 2100; JEOL, Italy) analysis at 120 kV.

SUNSPACE material was sonicated for 10min in 1mL MilliQ
water and 3 µL deposited on grid and analyzed or embedded
in epoxy resin solution (Sigma Aldrich, Italy) and sample cut
in ultrathin sections (50–70 nm) by Leica UCT ultramicrotome
(Leica, Italy).

The elements identification was done in TEM mode at 120
kV by Energy Dispersive X-ray analysis (EDX) using X-Flash
Detector 5030 (Brüker, Italy) coupled with the microscope.

Quantitative analysis was automatically obtained by
Cliff-Lorimer model (Cu-C-deconvoluted TEM mode)
using QUANTAX 200 software (Brüker, Italy). Nitrogen
(N2) physisorption (Micromeritics ASAP 2020 analyzer)
measurements at the liquid nitrogen temperature were used
to investigate the textural properties of the materials. Prior
measurements 500mg of each sample were degassed at 100◦C
overnight.

Porous Material Synthesis
The raw materials and the synthesis technique for SUNSPACE
were settled on the basis of multi-criteria decision analysis,
recently published (Zanoletti et al., 2018a).

Porous material was synthesized by mixing vigorously 25mL
of milliQ water with 0.6 g of sodium alginate, as a gelling agent.
Afterwards 1 g of calcium iodate was added to the solution and
energetically mixed until the gel is formed. Then 17.88 g of
silica fume (corresponding to 72% w/w of solid content) was
added and finally 5 g of sodium bicarbonate. The slurry obtained
was inserted in a mold and put on a heating plate for 1 h at
70/80◦C. At this temperature sodium bicarbonate decomposed
and released CO2 giving the space for pore formation. Then
the material was left at room temperature for 1 week for
consolidation. After synthesis the samples were rinsed with
milliQ water to remove iodine salts, that could occlude the
SUNSPACE pores (Zanoletti et al., 2018b). This is defined the
pristine porous material.

For comparison in PM trapping a Hedera Helix L. leaf was
selected and rinsed with milliQ water before the experiments.

Candle Burning Tests
The fine PM trapping tests were realized in a box (made in
polyethylene terephthalate, with a volume of about 10 L) designed
to contain the emission source (a candle), a particles counting
(AirVisual for PM10 and PM2.5), and a material that could
accumulate PM (SUNSPACE or a Hedera Helix L. leaf).

All the experiments were performed on the same
environmental conditions (temperature of about 23◦C,
pressure of about 1 atm), to compare the obtained results.
The experimental set-up, used in this work, was the outcome of
several tests. Different conditions were tested, before to obtain
the best experiment setup.

The same PM source was used to evaluate the PM removal
of a leaf and SUNSPACE: all tests were made by using the same
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candle typology to obtain the PM emission repeatability. In each
test, a candle was lighted for 10 s, extinguished by covering it
with an aluminum sheet for 5 s, before to insert it in the box.
Over the PM source a trapping material (SUNSPACE andHedera
Helix L. leaf) was placed at about 10 cm from the emitting source.
The trapping material surface was about 35 cm2. The particle
counting quantified the PM10 (coarse PM) and PM2.5 (fine PM)
concentration in the box, due to the emitting source. The PMdata
were recorded for 15min.

The first test was made with only the emitting source (without
any trapping material). The tests with the two trapping materials
were repeated twice (Test 1 and Test 2) to verify the capability of
the materials to accumulate PM.

Titanium Dioxide Trapping Test and
Electron Microscopy Analysis
A cylindrical pristine SUNSPACE sample (thickness of 0.5 cm
and a diameter of 2 cm and weight 1.2 g) was exposed to 10mg

of titanium dioxide powder directly deposited on SUNSPACE
porous material and manually shaken for 10 s in a closed plastic
bag.

After exposure, a piece of SUNSPACE sample was cut in the
central part and washed in 1mL MilliQ water for 5min. The
rinsed sample was sonicated for 10min in 1mLMilliQ water and
3µL deposited on Formvar Carbon coated 200mesh copper grids
(Agar Scientific, USA) and dehydrated overnight in a desiccator
before TEM (JEOL-JEM 2100; JEOL, Italy) analysis at 120 kV.

This sample preparation was selected instead of the
embedding in epoxy resin to increase the probability to
find titanium dioxide nanoparticles.

The elements identification was done in STEMmodemapping
the sample at 120 kV by Energy Dispersive X-ray analysis (EDX)
using X-Flash Detector 5030 (Brüker, Italy) coupled with the
microscope.

SEM measurements were performed by a FEI NOVA 600
(FEI, currently Thermofisher, Eindhoven, The Netherlands),

FIGURE 2 | TEM images (120 kV) of silica fume sample (A,B) SUNSPACE prepared by sonication (C,D) SUNSPACE ultrathin slices (E,F), and EDX spectra of Silica

Fume and SUNSPACE (G). Silica fume shows particles of diameter of 20–500 nm. Once embedded in epoxy resin and cut in ultrathin slices, SUNSPACE sample

shows pores of 200–600 nm diameter (arrows). Elemental analysis of SUNSPACE shows presence of Iodium and Calcium not measured in silica fume sample.

FIGURE 3 | (A,B) SEM images of SUNSPACE, reported at different magnifications and 3 (C) SEM image of the Hedera Helix L. leaf surface.
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Dual Beam, using an acceleration voltage ranging from
5 to 25 KeV and acquiring secondary electrons. The
images of the surface were performed at different tilting
angles (0 and 45◦). Images and elemental analysis of the
cross section of the sample were performed at 0◦ tilting
angle.

Energy-Dispersive X-ray Spectroscopy (EDS) were
carried out in-situ using an EDAX analyzer (AMETEK
BV, The Netherlands) with element spectral resolution and
sensitivity down to the carbon element. Elemental analysis
maps were obtained by acquiring first a secondary electron
map at 10 KeV and the X-ray elemental spectrum of the
scanned region. Then the elemental map was generated
fixing the energy at the different detected elements and
scanning the intensity of the generated X-rays over the
field-of-view.

After TiO2 exposition, a piece of SUNSPACE was washed in
MilliQ water, to remove the trapped nanoparticles, and to make
N2 physisorption measurements.

FIGURE 4 | PM10 (A) and PM2.5 (B) concentrations emitted by the candle

burning source in the experimental box and detected when a trapping material

(Hedera Helix L. leaf or SUNSPACE) is used (test 1). The trapping test was

repeated for both trapping materials (test 2).

DISCUSSION

Silica fume is an industrial by-product, originated by the
production of metallic silicon or ferrosilicon in the alloys
industry (Sanjuán et al., 2015).

As recently shown (Zanoletti et al., 2018a,b), the porous
material called SUNSPACE is obtained by modified silica
fume, that can adsorb different anions (Lei et al., 2016). The
combination of negatively charged alginate groups with the
positively charged silica surface, lead to a stable material. In
particular, it was supposed that modified SiO2 surface, due to
the Ca2+ ions addition (deriving from calcium iodate or calcium
chloride), could interact with the –[COO−] groups of sodium
alginate to promote the formation of new bonds (Zanoletti
et al., 2018b). In the present paper, calcium iodate was selected
because it forms a soluble salt with sodium, and it can be easily
highlighted by chemical analysis.

TEM images of the starting silica and the obtained pristine
SUNSPACE material are reported in Figure 2. Silicon dioxide
powder consists of spherical-like particles with diameters
generally ranging from 20 to 500 nm, according to the literature
(Zhou et al., 2016). Some larger particles (with a diameter of
about 2µm) may be also found occasionally. Elemental analysis
shows presence of Ca and I in SUNSPACE material and not in
silica fume, as expected. Moreover, the decreased amount of Si
and the increased amount of O in SUNSPACE, compare with
the silica fume, is due to the functional groups derived from
alginate, contributing to the formation of the new material (see
Figure 2G).

TEM images reported in Figure 2 also show the silica
fume morphology highlighting the difference in silica particles
aggregation, before and after the synthesis of SUNSPACE. It
is evident that, although the porous sample was sonicated
to obtain a suitable material for TEM analysis, SUNSPACE
particles aggregation agrees with the proposed structural model
(Zanoletti et al., 2018b), also confirmed by elemental analysis.
It also appears that the material synthesis has preserved the
spherical morphology of starting silica particles, that aggregate
with a good packing, where finest particles fill the voids between
the largest ones. Ultrathin slice of SUNSPACE clearly shows
pores of 200–600 nm diameter generated by sodium bicarbonate
decomposition.

SEM images of pristine SUNSPACE, at different
magnifications, are reported in Figure 3, where the porosity is
highlighted, with pores with dimensions of someµm. These pore
sizes are ideal for fine PM entrapment. In a very recent paper
(Zanoletti et al., 2018b) it was also reported that SUNSPACE
not only contains macropores, but also mesopores. In particular,
ink-bottle shaped pores are present with dimensions in the range
of nanometers, as suggested by the hysteresis loops observed in
the N2 physisorption isotherms (Zanoletti et al., 2018b).

However, it is not simple to visualize these pores, that are
hypothesized to play a fundamental role in capturing fine and
ultrafine PM.

The high magnification SEM image reported in Figure 3B,
highlights the high aggregation of material particles, in accord
with TEM results. In this image it is possible to see some dark
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FIGURE 5 | TEM (120 kV) images of SUNSPACE sample exposed to JRCNM1005a titanium dioxide nanoparticles (arrows) (A,B). Elemental analysis in STEM mode

at 120 kV (C–E). Titanium dioxide nanoparticles (green) interact and are co-localized (circle) with SUNSPACE material (silicium, red) only.

areas, that may be attributed to pores with dimensions lower than
1µm.

Air PM can be trapped by SUNSPACE when it passes
close to its surface. It is evident that a rough and porous
surface increases the probability of deposition compared with the
smooth, manufactured surfaces generally present in urban areas.
For example, 10–30 times faster deposition has been found for
ultrafine particles on synthetic grass compared with glass and
cement surfaces (Roupsard et al., 2013).

The process of removing particles or gases from the
atmosphere through the delivery of mass to the surface by non-
precipitation is defined as “dry deposition.” Dry deposition of air
PM on vegetation, extensively studied for leaves, takes place via
sedimentation under gravity, impaction (via turbulent transfer),
interception, and diffusion (Wang et al., 2006).

PM removal by foliage is mainly driven by the interactions
between particles and the leaf surface depending on the
morphology such as shape, size, and orientation (Weerakkody
et al., 2017).

Epicuticular wax is present on the leaf surface with different
morphologies, such as tubules, platelets, rodlets, threads, and
thin films or thicker crusts (Barthlott et al., 1998). The SEM
image of the Hedera Helix L. surface structure, used in this
study, is reported in Figure 3C. It is observed that Hedera Helix
L. epicuticular wax is made of long tubules, with a diameter
generally less than 2µm. This is consistent with literature
results, reporting the prominent structures of Hedera Helix
L. epicuticular wax with respect to other leaves (Weerakkody
et al., 2017). The voids between these structures have the right
dimension for fine PM trapping.

To verify coarse and fine PM trapping capability of
SUNSPACE, in comparison to a Hedera Helix L. leaf, some

FIGURE 6 | (A,B) SEM images of SUNSPACE sample after titania

nanoparticles capture, at different magnification. The circle (B) highlights the

iodine salts presence.

tests were performed in static conditions, as described in the
experimental section. Indeed, wind speed, wind turbulence,
humidity, and rainfall, all have a considerable influence on PM
deposition on vegetation (Litschike and Kuttler, 2008). Static
conditions are obtained in a box, where it was possible tomonitor
the PM concentration by a particles counter, neglecting all the
contributions of atmospheric conditions.

Figure 4 reports the concentration of PM10 (A) and PM2.5

(B) that are emitted by the particle source and the accumulation
capability of SUNSPACE and the Hedera Helix L. The amount of
PM generated by the emission source is shown in Figure 4. The
candle emits both PM10 and PM2.5, with concentrations of about
900 µg/m3 and at least 580 µg/m3 respectively.

It is also possible to follow the change in PM concentration,
during the time. When the emitting source is extinguished,
air PM deposits in the box, by dry deposition mechanism,
mainly depending on particles mass. The two curves (PM2.5 and
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PM10) behavior seems quite similar. The comparison of emitted
particles concentration shows that about 65% of particles consist
in PM2.5. From the same dataset the dry velocity of the PM
reduction is calculated about 0.59 µg/(s·m3) and 0.36 µg/(s·m3)
for PM10 and PM2.5, respectively. As expected, particles with high
sizes deposited at a higher velocity in comparison to particles
with lower dimensions. As reported in literature, coarse particles
(with diameters > 2.5µm) are generally removed in a few hours
from the atmosphere through dry and wet deposition. On the
contrary, fine (and ultrafine) particles may persist for longer
times (Brauer et al., 1989).

During Test 1 a trapping material (SUNSPACE and Hedera
Helix L. leaf) was considered, as described in the experimental
section. During Test 2, the same experiment was repeated with
the same material used in Test 1 (for both materials).

Figure 4 shows that during Tests 1 and 2 the concentration
of the PM detected in the box is always lower with respect to
the amount of PM10 and PM2.5 emitted by the candle alone (in
the preliminary experiment). Then, Test 1 allows to conclude
that both SUNSPACE and Hedera Helix L. leaf have the capacity
of trapping PM. In addition, during Test 1, the concentration
of PM10 and PM2.5 detected in the box are almost the same
considering the two different trapping materials, during all the
acquisition time. It is possible to conclude that, in respect to the
emitted PM, the two trapping materials appear to capture about

the same amount of PM. Indeed, PM10 and PM2.5 concentration
decreases about 3.4 and 2.9 times, respectively for both materials,
in comparison to the preliminary test (where no trapping
material was used). This test shows that PM particles can be
accumulated by SUNSPACE, just as they are trapped by the leaf,
that is currently considered the most effective method to reduce
PM in urban area.

This can be attributed to new material surface morphology,
with pores able to trap fine particles.

On the contrary Test 2 shows different capability in
PM accumulation by SUNSPACE and Hedera Helix L. leaf.
Figure 4 highlights that the concentration of PM10 and
PM2.5 detected in the box are different, with regard to
experiments made in Test 1. In particular, the concentration
of PM is always higher in presence of Hedera Helix L. than
SUNSPACE.

Then, data collected on Test 2 show that despite of the
reduction in entrapment capability of both materials with time,
possibly because of pore (partial) saturation, SUNSPACE seems
to be more efficient compared to Hedera Helix L. Indeed,
literature reports that the foliar PM accumulation does not
necessarily increase with time (Chen et al., 2017), because the
maximum loading capacity of leaves can be reached and the
leaf surface may rapidly saturate (Liu et al., 2013). It is also
reported that leaves PM accumulation is a dynamic process:

FIGURE 7 | (A) SEM image of the cross-section of the sample, at a depth of 0.28mm (B) corresponding elemental composition map with color code. Titanium signal

is represented by magenta (C) corresponding EDS spectra at 0.02mm from surface, 0.04mm from surface and 0.1mm from surface.

FIGURE 8 | (A) 30000X SEM image of the cross-section of the SUNSPACE sample, at a depth of 0.045mm from the surface (B) corresponding elemental

composition map with color code. Titanium signal is represented by magenta (C) EDS spectrum of the volume with high Titanium content.
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leaves may capture PM for some time, then an event (as
for example wind) can promote the release back into the
air (Chen et al., 2017).

On the contrary, mainly due to the ink-bottle shaped pores
(Zanoletti et al., 2018b), it was shown that new porous material
can accumulate till to about 24 (±6) g/m2 of air PM, with
dimensions lower than 2.5µm (Zanoletti et al., 2018a).

It is evident that the highly rough and porous surface
of SUNSPACE is suitable for PM trapping. Indeed, similar
considerations are reported in literature for foliage: an increased
roughness due to leaf hairs, scales, glands, furrows, and veins,
is known to increase the PM accumulation (Blanusa et al.,
2015). The best performance of SUNSPACE can be attributed
to the ink-bottle pores shape and their distribution through
the material depth. This represents a fundamental difference
between leaves and SUNSPACE, where not only the surface
is involved in the PM capture, but also the bulk, due to the
pores able to entrap small particles. It was recently shown
(Zanoletti et al., 2018a) that SUNSPACE sample can be washed
(for example by distilled water), to remove the trapped particles.
This allowed to suppose that material regeneration can be
easily obtained by rainfall washing, as it occurs in nature for
leaves. However work is in progress to better understand this
point.

To test the capability in ultrafine particles trapping, and
to verify the particles penetration depth into SUNSPACE,
a sample is put in contact with titania nanoparticles (see
the experimental section). The idea was not only to verify
the already demonstrated (Zanoletti et al., 2018a) trapping
capability but also to better understand the possibility to entrap
particles with diameters in the range of few nanometers and
the thickness of the material involved in their capture. In
particular, the use of an incense burning source produced the
porous material coating by ultrafine emitted particles, with no
possibility to investigate the nanoparticle penetration into the
pores (Zanoletti et al., 2018a).

In this work, the use of titanium dioxide nanoparticles would
allow to discriminate the porous material and nanoparticles in
SEM and TEM analysis.

A SUNSPACE sample, previously put into contact with titania
nanoparticles, was analyzed by TEM and SEM.

TEM images reported in Figure 5 clearly allow to distinguish
titania nanoparticles (see the arrows), having 25 nm mean size
diameter, significantly lower than that of SUNSPACE particles.
A comparison between TEM images reported in Figures 2, 5
further emphasizes the different contributions. It is fundamental
to remember that TEM sample preparation needs sample
destruction to increase the probability to find nano-materials,
then also pores can be broken during the preparation. However,
TEM images show that titania nanoparticles can be always found
in the proximity of silica and often co-localized (Figure 5C).
In particular, the image reported in Figure 5B seems to show
that titania fill the SUNSPACE voids, strongly suggesting the
capability of the material in trapping. Chemical analysis was also
made by EDXmaps of Si and Ti, reported in Figures 5C–E clearly
allow to discriminate SUNSPACE and the titania nanoparticles.

Figure 6 shows the SEM images of the same samples analyzed
by TEM (Figure 5) in cross-section at different magnifications.
The sponge-like structure of the material is even more evident
with the presence of some needle-like structures (highlighted
by a red circle), that were attributed to iodine salts (Zanoletti
et al., 2018b), formed during SUNSPACE synthesis, that can be
removed by rinsed sample after the synthesis.

Rinsing the sample, indeed, proved to remove soluble iodine
salts, that crystallize in the structure voids. In particular, it was
shown that salts removal increases the SUNSPACE porosity,
by dissolution of the needle-like structures (Zanoletti et al.,
2018b) filling the materials pores. In the present case, the rinsed
procedure was not completely effective for the removal of all the
soluble salts.

Cross-sectional sample observation is fundamental to verify
the titania nanoparticles infiltration in the pores. Indeed, due

FIGURE 9 | Result from N2 physisorption at the liquid temperature: physisorption isotherms (A) and BJH pore size distributions calculated from the desorption

branches (B).
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to the very low dimensions of nanoparticles, morphological
evidence of titania presence is extremely hard to highlight by
SEM and TEM. As a consequence, it is also fundamental to use
chemical analysis to search for Ti presence. Different elements
were detected, such as Si, C, Na, I, and Ti.

Figure 7 shows a SEM image taken in cross-section
(Figure 7A), and corresponding EDS analysis elements map
(Figure 7B).

Sodium and iodine (see Figure 7B) can be associated to
synthesis residuals. Indeed, it was shown (Zanoletti et al.,
2018b) that a sodium iodate hydrate phase was obtained by the
dissolution of sodium ions from alginate and the presence in
the solution of iodate ions from calcium iodate used as a cross-
linker. Moreover, sodium may be attributed to the residue of
sodium bicarbonate, used as pores forming agent. Ti can be
also found in the sample cross section, due to the nanoparticles
penetration along the material pores. Figure 7C shows EDS
spectra collected at 0.02, 0.04, and 0.1mm from the SUNSPACE
surface. In particular, the Ti peak is highlighted. It results that
titanium dioxide accumulate on the sample surface and on pores
located at about 0.04mm from the sample surface.

The analysis of single elements distribution (not reported
here) shows that Ti and I are often correlated. This is impressive,
because this correlation demonstrates that titania nanoparticles
are located in pores were originally iodine salts were present.
Indeed, iodine presence could be associated to the sodium
iodate hydrate phase (that is generally dissolved by rinsing the
sample, to remove synthesis residuals). As a consequence, it is
possible to suppose SUNSPACE pores are originated not only
by sodium bicarbonate decomposition, but also by SUNSPACE
rinsing, because of the removal of soluble salts. Then, it is
possible to conclude that after the washing procedure the pores
are available for particles trapping. To better highlight the Ti
spatial localization along the SUNSPACE, Figure 8 reports a SEM
image collected at 30000X, in cross section, with corresponding
spatial distribution of Si and Ti (Figure 8B). Ti appears to be
concentrated at a depth of about 0.045mm from the surface, as
also confirmed by the EDS spectrum (Figure 8C), collected on
the volume with high Ti signal, showing the high Ti contribution.
This allows to conclude that the high capability in fine and
ultrafine PM trapping of the SUNSPACE can be also attributed
to pores present along the sample depth.

The textural properties of the analyzed material (pristine, after
TiO2 trapping and washed) were analyzed by N2 physisorption at
the liquid nitrogen temperature (see Figure 9). All the samples
present a Type IV isotherms, typical of mesoporous materials
(Figure 9A) (Sing et al., 1985), exhibiting specific surface areas
around 12 m2/g. For all the samples, pore size distributions
calculated following the method of Barrett, Joyner, and Halenda
(BJH method) (Sing et al., 1985) from the desorption branch
of the isotherms show relative maxima at lower values with
respect to those calculated from the correspondent adsorption
branch. This is in agreement with formation of ink-bottle
shaped pores (Zanoletti et al., 2018b), as revealed also by SEM
analysis (Figures 7, 8). The pore size distributions calculated
from the adsorption branches show maxima above 200 nm for
all the samples, indicating that the internal part of pores is not

significantly modified by the presence of TiO2 nanoparticles.
On the contrary significant differences were found considering
the pores distribution calculated from desorption branches
(Figure 9B). In particular, the pristine material presents a
maximum around 65 nm and a total pore volume of 0.096 cm3/g.
After TiO2 trapping, a new relative maximum appears, resulting
in a bimodal distribution of pores. A reduction of pore volume is
observed (0.083 cm3/g). These results can be related to the partial
occlusion of the pores apertures resulting from the nanoparticles
accumulation. Notably, such differences cannot be highlighted by
SEM and TEM analysis. Finally, after washing of the material, the
textural properties of the pristine materials are recovered (one
single maximum around 65 nm and a total pore volume of 0.108
cm3/g).

Data on PM abatement of SUNSPACE under real
environmental conditions are under evaluation.

CONCLUSIONS

This paper shows the efficacy in coarse and fine PM trapping of
a new porous material, called SUNSPACE, synthesized with the
aim to reduce dispersed PM in urban areas. The capability in
PM2.5 and PM10 capture emitted from a candle burning is shown,
also in comparison to a Hedera Helix L. leaf.

To investigate the possibility to sequestrate also ultrafine PM,
and to investigate the nanoparticles penetration depth into the
SUNSPACE, titania particles with a mean size diameter of 25 nm
were used.

The SUNSPACE morphology, investigated by means of
TEM and SEM analyses, revealed a porous structure. Chemical
analysis of the material demonstrated its capability to entrap
nanoparticles till to about 0.04mm in sample depth.Washing test
showed that the material can be also regenerated.

The potentialities of the new material to reduce air pollution,
by its use as a coating on all cities surfaces (for example on walls,
roofs and so on) appear very promising.

On the basis of the present results it can be suggested to use
SUNSPACE to reduce PM dispersed in the air.

AUTHOR CONTRIBUTIONS

EB, RS, JP, and LD conceived and designed the experiments.
AZ and EB performed the material synthesis. AZ, FB, and AF
performed the experiments. EB and LB contributed reagents,
materials, analysis tools. AV and JP provided SEM and TEM
characterization. TM performed Nitrogen (N2) physisorption
experiments. EB, AZ, FB, JP, and AV wrote the paper. All
authors discussed the results and contributed to the final
manuscript.

ACKNOWLEDGMENTS

This work was carried out in the framework of the project:
New material based on alginates from airborne particulates,
Basalto, supported by INSTM and Regione Lombardia. The
research leading to these results resulted from access to the

Frontiers in Chemistry | www.frontiersin.org 9 October 2018 | Volume 6 | Article 534

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Zanoletti et al. Porous Material for PM Capture

Nanobiotechnology Laboratory under the Framework for open
access to the Joint Research Centre Research Infrastructures of
the European Commission. Authors thank Douglas Gilliland,

Pascal Colpo, Giulio Cotogno, Giacomo Ceccone, and Robin
Bruno Capomaccio for their useful comments about data
analysis.

REFERENCES

Barthlott, W., Neinhuis, C., Cutler, D., Ditsch, F., Meusel, I., Theisen,
I., et al. (1998). Classification and terminology of plant epicuticular
waxes. Bot. J. Linn. Soc. 126, 237–260. doi: 10.1111/j.1095-8339.1998.tb
02529.x

Benassi, L., Dalipi, R., Consigli, V., Pasquali, M., Borgese, L., Depero, L. E.,
et al. (2017). Integrated management of ash from industrial and domestic
combustion: a new sustainable approach for reducing greenhouse gas
emissions from energy conversion. Environ. Sci. Pollut. Res. 24, 14834–14846.
doi: 10.1007/s11356-017-9037-y

Blanusa, T., Fantozzi, F., Monaci, F., and Bargagli, R. (2015). Leaf trapping
and retention of particles by holm oak and other common tree species in
Mediterranean urban environments. Urban For. Urban Green 14, 1095–1101.
doi: 10.1016/j.ufug.2015.10.004

Bontempi, E. (2017a). A new approach for evaluating the sustainability of raw
materials substitution based on embodied energy and the CO2footprint. J.
Clean. Prod. 162, 162–169. doi: 10.1016/j.jclepro.2017.06.028

Bontempi, E. (2017b). Raw Materials Substitution Sustainability. Springer.
Bosio, A., Zacco, A., Borgese, L., Rodella, N., Colombi, P., Benassi, L., et al. (2014).

A sustainable technology for Pb and Zn stabilization based on the use of only
waste materials: a green chemistry approach to avoid chemicals and promote
CO2 sequestration. Chem. Eng. J. 253, 377–384. doi: 10.1016/j.cej.2014.
04.080

Brauer, M., Koutrakis, P., and Spengler, J. D. (1989). Personal exposures
to acidic aerosols and gases. Environ. Sci. Technol. 23, 1408–1412.
doi: 10.1021/es00069a013

Cavanagh, J. (2008). Influence of urban trees on air quality in Christchurch;
preliminary estimates LC0708/097e. Landcare Res.

Chen, L., Liu, C., Zhang, L., Zou, R., and Zhang, Z. (2017). Variation in tree species
ability to capture and retain airborne fine particulate matter (PM2.5). Sci. Rep.
7, 1–11. doi: 10.1038/s41598-017-03360-1

Crippa, M., Canonaco, F., Slowik, J. G., El Haddad, I., Decarlo, P. F., Mohr,
C., et al. (2013). Primary and secondary organic aerosol origin by combined
gas-particle phase source apportionment. Atmos. Chem. Phys. 13, 8411–8426.
doi: 10.5194/acp-13-8411-2013

Environment Directorate (2016). Joint Meeting of the Chemicals Committee and

the Working Party on Chemicals, Pesticides and Biotechnology.
Freer-Smith, P. H., Holloway, S., and Goodman, A. (1997). The uptake

of particulates by an urban woodland: site description and particulate
composition. Environ. Pollut. 95, 27–35. doi: 10.1016/S0269-7491(96)0
0119-4

Gajbhiye, T., Pandey, S. K., Kim, K. H., Szulejko, J. E., and Prasad, S. (2016).
Airborne foliar transfer of PM bound heavy metals in Cassia siamea: a less
common route of heavy metal accumulation. Sci. Total Environ. 573, 123–130.
doi: 10.1016/j.scitotenv.2016.08.099

Johnston, J., and Newton, J. (2004). Building Green. A Guide to Using Plants on

Roofs,Walls and Pavements. 121. Available online at: http://books.google.co.uk/
books?id=KnxRAAAAMAAJ.

Lei, D. Y., Guo, L. P., Sun, W., Liu, J., Shu, X., and Guo, X. L. (2016).
A new dispersing method on silica fume and its influence on the
performance of cement-based materials. Constr. Build. Mater. 115, 716–726.
doi: 10.1016/j.conbuildmat.2016.04.023

Litschike, T., and Kuttler, W. (2008). On the reduction of urban particle
concentration by vegetation - a review. Meteorol. Zeitschr. 17, 229–240.
doi: 10.1127/0941-2948/2008/0284

Liu, L., Guan, D., Peart, M. R., Wang, G., Zhang, H., and Li, Z. (2013). The
dust retention capacities of urban vegetation-a case study of Guangzhou,
South China. Environ. Sci. Pollut. Res. 20, 6601–6610. doi: 10.1007/s11356-01
3-1648-3

Nowak, D. J., Crane, D. E., and Stevens, J. C. (2006). Air pollution removal by urban
trees and shrubs in the United States. Urban For. Urban Green 4, 115–123.
doi: 10.1016/j.ufug.2006.01.007

Nriagu, J. O., and Pacyna, J. M. (1988). Quantitative assessment of worldwide
contamination of air, water and soils by trace metals. Nature 333, 134–139.
doi: 10.1038/333134a0

Pasquali, M., Zanoletti, A., Benassi, L., Federici, S., Depero, L. E., and
Bontempi, E. (2018). Stabilized biomass ash as a sustainable substitute
for commercial P-fertilizers. L. Degrad. Dev. 29, 2199–2207. doi: 10.1002/
ldr.2915

Pedersen, P. B., Frederiksen, M., and Larsen, P. B. (2017). Survey and

Risk Assessment of Particle and Heavy Metal Emissions from Candles.
Available online at: https://www2.mst.dk/Udgiv/publications/2017/04/978-87-
93529-82-3.pdf.

Rasmussen, K., Mast, J., Temmerman, P-J., De, V.erleysen, E., Waegeneers, N.,
and Steen, F., Van, et al. (2014). Titanium Dioxide, NM-100, NM-101, NM-102,

NM-103, NM-104, NM-105: Characterisation and Physico- Chemical Properties.
Institute for Health and Consumer Protection (Joint Research Center).

Rodella, N., Bosio, A., Dalipi, R., Zacco, A., Borgese, L., Depero, L.
E., et al. (2017). Waste silica sources as heavy metal stabilizers for
municipal solid waste incineration fly ash. Arab. J. Chem. 10, S3676–S3681.
doi: 10.1016/j.arabjc.2014.04.006

Rodrigues, R. R., Pineda, P. R., Barney, N. J., Nilsen, T. E., Barrett, E. J.,
and Mark, A. W. (2015). Plant invasions associated with change in root-
zone microbial community structure and diversity. PLoS ONE 10:e0141424.
doi: 10.1371/journal.pone.0141424

Roupsard, P., Amielh, M., Maro, D., Coppalle, A., Branger, H., Connan,
O., et al. (2013). Measurement in a wind tunnel of dry deposition
velocities of submicron aerosol with associated turbulence onto rough and
smooth urban surfaces. J. Aerosol Sci. 55, 12–24. doi: 10.1016/j.jaerosci.2012.
07.006

Sanjuán, M. Á., Argiz, C., Gálvez, J. C., and Moragues, A. (2015). Effect
of silica fume fineness on the improvement of Portland cement strength
performance. Constr. Build. Mater. 96, 55–64. doi: 10.1016/j.conbuildmat.2015.
07.092

Sing, K. S. W., Everett, D. H., Haul, R. A. W., Moscou, L., Pierotti, R. S.,
Rouquerol, J., et al. (1985). International Union of Pure Commission on
Colloid and Surface Chemistry including Catalysis-Reporting physisorption
data for gas/solid systems with special reference to the determination of surface
area and porosity. Pure Appl. Chem. 57, 603–619. doi: 10.1351/pac1985570
40603

Wan, Y., and Zhao, D. (2007). On the controllable soft-templating approach
to mesoporous silicates. Chem. Rev. 107, 2821–2860. doi: 10.1021/cr0
68020s

Wang, L., Liu, L. Y., Gao, S. Y., Hasi, E., and Wang, Z. (2006). Physicochemical
characteristics of ambient particles settling upon leaf surfaces of urban
plants in Beijing. J. Environ. Sci. 18, 921–926. doi: 10.1016/S1001-0742(06)6
0015-6

Weerakkody, U., Dover, J. W., Mitchell, P., and Reiling, K. (2017).
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, 173–186. doi: 10.1016/j.ufug.2017.
07.005

Yang, J., McBride, J., Zhou, J., and Sun, Z. (2004). The urban forest in Beijing
and its role in air pollution reduction. Urban For. Urban Green 3, 65–78.
doi: 10.1016/j.ufug.2004.09.001

Zanoletti, A., Bilo, F., Depero, L. E., Zappa, D., and Bontempi, E. (2018a).
The first sustainable material designed for air particulate matter capture:
an introduction to Azure Chemistry. J. Environ. Manage. 218, 355–362.
doi: 10.1016/j.jenvman.2018.04.081

Frontiers in Chemistry | www.frontiersin.org 10 October 2018 | Volume 6 | Article 534

https://doi.org/10.1111/j.1095-8339.1998.tb02529.x
https://doi.org/10.1007/s11356-017-9037-y
https://doi.org/10.1016/j.ufug.2015.10.004
https://doi.org/10.1016/j.jclepro.2017.06.028
https://doi.org/10.1016/j.cej.2014.04.080
https://doi.org/10.1021/es00069a013
https://doi.org/10.1038/s41598-017-03360-1
https://doi.org/10.5194/acp-13-8411-2013
https://doi.org/10.1016/S0269-7491(96)00119-4
https://doi.org/10.1016/j.scitotenv.2016.08.099
http://books.google.co.uk/books?id=KnxRAAAAMAAJ
http://books.google.co.uk/books?id=KnxRAAAAMAAJ
https://doi.org/10.1016/j.conbuildmat.2016.04.023
https://doi.org/10.1127/0941-2948/2008/0284
https://doi.org/10.1007/s11356-013-1648-3
https://doi.org/10.1016/j.ufug.2006.01.007
https://doi.org/10.1038/333134a0
https://doi.org/10.1002/ldr.2915
https://www2.mst.dk/Udgiv/publications/2017/04/978-87-93529-82-3.pdf
https://www2.mst.dk/Udgiv/publications/2017/04/978-87-93529-82-3.pdf
https://doi.org/10.1016/j.arabjc.2014.04.006
https://doi.org/10.1371/journal.pone.0141424
https://doi.org/10.1016/j.jaerosci.2012.07.006
https://doi.org/10.1016/j.conbuildmat.2015.07.092
https://doi.org/10.1351/pac198557040603
https://doi.org/10.1021/cr068020s
https://doi.org/10.1016/S1001-0742(06)60015-6
https://doi.org/10.1016/j.ufug.2017.07.005
https://doi.org/10.1016/j.ufug.2004.09.001
https://doi.org/10.1016/j.jenvman.2018.04.081
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Zanoletti et al. Porous Material for PM Capture

Zanoletti, A., Vassura, I., Venturini, E., Monai, M., Montini, T., Federici,
S., et al. (2018b). A new porous hybrid material derived from silica
fume and alginate for sustainable pollutants reduction. Front. Chem. 6:60.
doi: 10.3389/fchem.2018.00060

Zereini, F., and Wiseman, C. L. S. (2010). Urban Airborne Particulate Matter.
Origin, Chemistry, Fate and Health Impacts. Springer.

Zhou, C., Yan, C., Zhao, J., Wang, H., Zhou, Q., and Luo, W. (2016). Rapid
synthesis ofmorphology-controlledmesoporous silica nanoparticles from silica
fume. J. Taiwan Inst. Chem. Eng. 62, 307–312. doi: 10.1016/j.jtice.2016.01.031

Zhu, Q. L., and Xu, Q. (2016). Immobilization of ultrafine metal nanoparticles to
high-surface-area materials and their catalytic applications. Chem 1, 220–245.
doi: 10.1016/j.chempr.2016.07.005

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Zanoletti, Bilo, Borgese, Depero, Fahimi, Ponti, Valsesia, La Spina,

Montini and Bontempi. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s)

and the copyright owner(s) are credited and that the original publication in

this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Chemistry | www.frontiersin.org 11 October 2018 | Volume 6 | Article 534

https://doi.org/10.3389/fchem.2018.00060
https://doi.org/10.1016/j.jtice.2016.01.031
https://doi.org/10.1016/j.chempr.2016.07.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	SUNSPACE, A Porous Material to Reduce Air Particulate Matter (PM)
	Introduction
	Experimental section
	Materials and Characterization
	Porous Material Synthesis
	Candle Burning Tests
	Titanium Dioxide Trapping Test and Electron Microscopy Analysis

	Discussion
	Conclusions
	Author Contributions
	Acknowledgments
	References


