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Abstract: Building activity is a significant source of atmospheric contamination by ultrafine dust.
Cognizant of this fact, those active in the use and recycling of construction materials must be aware of
the risks associated with exposure to nanoparticles (NPs) and ultra-fine particles (UFPs), as well as the
associated health impacts. This work analyzed NPs and UFPs generated in a small building-material
recycling company using high-resolution electron microscopes and X-ray Diffraction. A self-made
passive sampler (LSPS) that can obtain particulate samples without physical and morphological
changes, especially where there is a suspension of particulate material, was used in this study. A total
of 96 particulate samples, using the LSPS for three months in four seasons, were collected during
the study. Thus, the dry deposition of the particles, which are considered highly harmful to human
health, was found in each of the four seasons of the year. It is suggested that for future research,
the toxicological evaluations of the particulates in the construction industry should be investigated
through the consideration of measures to control and mitigate the health risks of workers regarding
exposure to NPs and UFPs.
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1. Introduction

The need to breathe contaminant-free air is essential for long-term health benefits.
This need has been compromised, especially with the beginning of the industrial revolution,
and therefore it is not only a matter of concern in countries such as China, the US, and
India, as many studies point out [1-4]. Today, indeed, about 90% of the global population
breathes contaminated air, causing more than seven million deaths annually worldwide [5].
Although there are some studies on the atmospheric contamination of outdoor air in
areas of civil construction, there are no studies concerning indoor air in construction
waste recycling companies, even though the study of atmospheric contaminants is highly
relevant to indoor atmospheres [6-8]. For this reason, new assessments are necessary to
provide more scientific information about the occurrence, composition, morphology, and
distribution of contaminants in areas of construction material recycling which take place in
indoor air, as well as the exposure of workers and populations as a result of such activity.

Currently, fast global development, population progress, and industrialized expansion
have raised many ecological questions about waste administration [9-14]. Building and
demolition rejects (BDR) comprise the greatest portion of solid rejects globally. Because it
is associated with other activities, the efficiency of building production has not advanced
much [15]. In European countries, building and demolition actions produce around 900 Mt
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of BDR every year [16]. Construction and BDR structure can differ according to basis and
locality, but passive compounds such as aggregates, concretes, mortars, and ceramics are
frequently the major components [3,17,18]. Preceding works have also shown that these
compounds are the principal constituents of BDR produced in many territories, such as in
the Americas, Africa, Asia, and Europe [19-23].

While building activity is one of the main contributors to atmospheric pollution,
scientific studies of the generation of ultra-fine particles (UFPs) and nanoparticles (NPs),
and their liberation during construction processes, are still at an initial phase [24,25].
Current studies show that UFPs and NPs have dissimilar effects compared to dangerous
PM; particles [7,26,27]. This work investigates the diverse sizes of particles produced from
small building recycling companies.

Despite the adoption of recycling, or at least attempts to recycle construction waste,
problems are present in all parts of the world [16,28]. The authors of the present study
understand that little is known about the subject of exposure to NPs and UPFs generated
at different stages of the recycling of different construction waste materials, and it is rarely
studied [18,29]. The study of particles, as well as of exposure to particulates produced in
the activity of recycling construction material, is of great importance to the reduction of
risks to the health of workers and the population around such activity [30-32]. The analysis
and chemical definition of the particles generated in the activity of this study is a complex
challenge due to the considerable heterogeneity of the materials in question [18,29,33-35].

Building materials can undergo substantial changes due to atmospheric contamina-
tion [18,29,36-38], and could be the source of atmospheric pollutants [18,26,29]. In view of
this scenario, the objective of this study is to evaluate the NPs and UFPs present during
the activities of a small company that recycles construction waste for the manufacture of
concrete blocks and materials for earthwork. As a result [26,29], this work will contribute
to the knowledge that helps small companies to develop their activities in such a manner
as to mitigate the related health risks of the people who are vulnerable to exposure to
the particulates.

Construction waste recycling activities have been gaining momentum in Brazil, espe-
cially due to the financial stimulus offered by the government and by non-governmental
organizations. This important activity is crucial in all countries of the world, since the
tendency of people to live in cities increases every year. For the recycling of construction
materials to be carried out, it is necessary to have greater governmental powers over
civil construction companies so that they do not deposit their waste in landfills or use it
in earthworks without proper treatment to separate the materials that contaminate the
atmosphere, soils, and water, as reported by Oliveira et al. [29]. The present study explores
the exposure to NPs and UFPs produced by construction waste recycling activities, with an
emphasis on the human health risks as well as on the examination of the particles.

In the present study, a collaboration was made with a small recycling company from
Porto Alegre city (Rio Grande do Sul State, Brazil). The steps which comprise the activity
of this company are as follows: (1) The construction of buildings is most often performed
manually and without personal protection equipment (Figure 1A); (2) When obtaining a
full container, the construction residues are transported in trucks (Figure 1B) and open
buckets (Figure 1C); which is incorrect, as these should be covered to avoid the dispersion
of particulate materials; (3) When they arrive at the recycling company, the construction
residues are dumped in the warehouse yards (Figure 1D), where the greatest generation
of suspension of the less dense material was noted; (4) The initial recycling stage begins
with crushing (Figure 1E), after which the material undergoes magnetic separation to
remove the metals, followed by jigs (Figure 1F) where the materials of different densities
and sizes are separated; (5) The metallic material is sent for recycling by medium-sized
companies, while the materials obtained by jigs are used in the manufacture of concrete
blocks (Figure 1G), which generates the second largest particulate suspension, especially
of the less dense materials, such as plaster and coal-derived fly ash (used in all cement
manufacturing in southern Brazil). (6) Although it is not part of the recycling process,
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LSPSs were also installed in the commercial office of the small company (Figure 1B,I), as
much dust was deposited on shelves and doors.

Figure 1. Summary of the main activities involved in the recycling of waste construction materials.
(A) Manual deposition without personal protective equipment; (B,C) Accumulation of waste in trucks
and buckets; (D) Warehouse yards/disposal and accumulation of rejects in the recycling company’s
yards for further treatment; (E) Grinding of rejects; (F) Separation of the materials contained in the
rejects via jigs; (G,H) Examples of concrete blocks built with recycled material; (I) Illustration of an
office bookcase that, although not part of the recycling process, was included in the study due to the
large accumulation of sedimented particulate.

Since several studies with sensors in construction areas are highly difficult and com-
plex [39-41], we opted for the use of a self-made passive sampler (LSPS). This sampler
was used in several studies to evaluate NPs and UFPs in construction areas such as Brazil,
on European islands [8,26] and in the Caribbean region [42], among many other places.
The LSPS proved to be a viable sampler, especially when studying the particles that peo-
ple tend to breathe, since they are fixed on the walls at an average height between 1.30
and 1.50 m (approximate height of the nose and mouth). In addition, the LSPS has the
advantage of being different from traditional air quality equipment that only picks up
particles for a few hours. In this study, LSPSs were installed in pairs in four areas of the
small construction waste recycling company, to obtain a sample of the different stages of
the processes involved. Since the first area was in the stage of receiving material from civil
construction (Figure 1D), the second area was crushing (Figure 1E), the third area was
the manufacture of concrete blocks (Figure 1G,H), and the fourth area was the accounting
office (Figure 1I)—which has closed doors most of the time, as can be seen in Figure 11—the
accumulation of UFPs and NPs is intense because the cleaning routine is not effective. In
addition, LSPSs were exposed for three months, thus accumulating particulates from each
of the seasons of 2019. This made it possible to make a real assessment of the environment
in terms of human exposure.

2. Materials and Methods

In each sampled LSPS (Figure 2), 150 particles were studied, making it possible to
identify the type of chemical elements present in the samples, although the method does
not generate quantitative data of the identified chemical elements. The method used
was based on analysis by FE-SEM (Field Emission Scanning Electron Microscope), with
dimensioning of 15 (10-20 um), 30 (5-10 um), 30 (1-5 pum), and 30 (100-1000 nm) particles,
considering the use of High-resolution transmission electron microscopy (HR-TEM), into
45 particles (less of 100 nm). For this study, a copper-Cu grid of HR-TEM in the LSPS was
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used to perform the collection of ultrafine particulates. It was also added for the analysis
of NPs by HR-TEM. It should be noted that it was not necessary to prepare the collected
samples to perform the AM (advanced microscopy) and XRD (X-ray powder diffraction)
analyses [8,26,42], which in turn does not cause any change to the molecular structure of
the analyzed particles [43—48].

Figure 2. Illustrative photos of LSPS.

The analysis of the collected material was carried out with the X-ray diffractometer
NAPLOCK and X-ray Bruker (D8 DISCOVER) to identify the mineral and amorphous
phases of the sampled chemical elements [49]. Under the conditions of this study, the
Cu Ko monochromatic radiation, with a fixed slit of 12 mm and a current of 20 mA
of 40 kV, was considered. Analysis of the samples followed a speed of 0.3° 26/min
(5-65°). The Several ultrafine-nanoparticles (UNPs) containing mixed chemical compounds
were submitted to X-ray diffraction analysis [50], as well as advanced electron beams
using 200 kV of HR-TEM (High Resolution Transmission Electron Microscope). High-
precision equipment of atomic arrangement in the samples was also considered, with
the fast transformation of FFT (Fourier), MBD (micro-beam diffraction), SAED (electron
diffraction), STEM (scanning transmission electron microscopy), and EDS (spectroscopy
dispersive X-rays), modeled in Oxford Instruments INCA 4.09 software. Consequently, the
chemical elements were analyzed with a high-resolution pattern based on atomic numbers.
AM/EDS reveals that PM compounds have varied geochemical formations [51]. Before
the samplings were carried out, the specimen holder was completely cleaned using a
plasma composed system (Gatan Model 950), which consists of a technologically advanced
system, allowing that the collected samples were not contaminated by the equipment
and containers used during the analysis of the particulate materials studied. The images
containing the representation of chemical elements were identified by SE2 (secondary
detector) in a high vacuum (1 x 10~? bar); aperture accurate to 20 um; a distance of 5 mm,
containing necessary magnifications (1000, 2500 and 5000 ). The EDS was treated in
SE2 (secondary detector), maintaining the N2 gas variable pressure mode ranging from
1to133Pa(1Pa=1x 107> bar), with the energy of 20 kV, 8.5 mm of distance, and 60 pm
of opening [51-53]. The HR-TEM was used, containing the EDS and XRD, with Cu-K«
radiation (A = 1.54 A). To perform the spectroscopy, the Raman method was used to order
the molecules of the analyzed particles [54,55].

3. Results and Discussion

Exposure to particulate matter in the construction industry raises concerns among
building recycling experts and about the ecosystem in general [56,57]. Recycling activity
in buildings is one of the major causes of atmospheric contamination [17]. Therefore,
examining the generation and release of NPs and UFPs at the industrial level is essential
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for mitigating the associated health risks of exposure to particulates. It is very important to
study UFPs in different sizes, especially using low-cost sensors [41], since it is necessary to
apply methods such as the use of adhesives [39].

The occurrence of NP and UFP in the building recycling sites is considered as some-
thing common, in contradiction with which a wide sensitivity is required to carry out
efficient regulatory procedures. The understanding of the dangers to human health pro-
duced by exposure to NPs needs to be increased, especially in construction experts, in
order to decrease the health effects of NPs. To manage and improve these facts, focused
control actions need to be developed and used correctly [56,57]. In the current context, it
is already known that the majority of the global population will move to urban areas for
financial reasons, thus increasing the need for new construction, which results in more
construction waste [17]. In this way, not only should construction be better managed, and
should avoid the generation of waste, but also companies that recycle construction waste
must have better logistics for the transportation, storage, and recycling of the multiple
compounds contained in construction waste [57].

The abundance, as well as the chemical composition of UFPs and NPs generated
and suspended in the area of construction material recycling vary from one stage to
another. When they arrived at the company, the construction residues were dumped
(Figure 1D, warehouse yards), generating a lot of suspended particulate material. Ac-
cording to the results obtained in this study, this activity suspends especially amorphous
particles (Figure 3A), clays (Figure 3B,C), and quartz. Considering that quartz was present
as particles larger than 10 um, as well as some clays, this should not be as concerning as
the toxicity of the amorphous NPs and some UFP clays (Figure 3C). Regarding amorphous
PFUs, a more detailed evaluation is necessary, as they have porous characteristics, which
can lead to the storage of NPs containing potentially dangerous elements. Most of the time,
when approaching the lens of the microscopes, such NPs have become dispersed; this fact
indicates that they are not fixed to UFPs but are only sedimented and/or precipitated and
can move easily.

15000—
10000—

5000—

gl
o T
0 5 10
Energy (keV)

Figure 3. Principal particles and minerals detected in the warehouse yards. (A) Amorphous com-
pounds; (B) Chlorite; (C) Illite and EDS containing trace elements.

Of all the stages of the recycling of construction material studied, crushing (Figure 1E)
and jigging (Figure 1F) were the ones that visually suspended most particles. Both the
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FE-SEM stubs and the HR-TEM Cu-grids in the crushing and jigging areas were the ones
that contained more particles of different sizes compared to the other recycling stages.
Therefore, this step not only presents a greater risk to the health of workers and the resident
population around such a company, but also presents a greater possibility for this study
to evaluate the morphology, composition, and sizes of the suspended particles. As in the
warehouse yards stage (Figure 1D), the crushing step (Figure 1E) and jigging (Figure 1F)
also contained many amorphous particles, including carbonates such as calcite, clays
such as kaolinite and muscovite, barite, gibbsite, and quartz NPs, and UFPs. However,
in crushing and jigging materials it was also possible to detect heavier minerals such
as goethite, hematite, magnetite, monazite, xenotime, zircon, and multiple amorphous
phases containing heavy elements such as Cd, Cr, Hg, Ni, Pb, and V. The emission of
heavy minerals such as iron hydro/oxides, zircon, and phosphates is mainly due to the
strong and abundant agitation of the construction residues in the crushing and jigging
stages (Figure 1EF, respectively). This does not mean that such dense minerals remain in
suspension for a long time, however, as more than 80% of the particles that contained such
minerals were NPs less than 50 nm, the risk to health, especially of workers in such stages,
is greater than in the other stages, where there is no emission of such heavy minerals. It
should be noted that many iron nanominerals contained potentially toxic elements such as
As, Se, Sb, and W. It is suggested for further studies to carry out sampling to determine the
quantity of contaminants present in the analyzed materials, which may vary from region
to region, according to the abundance of the elements As, Se, Sb, and W. This corroborates
the results reported for Brazilian coal-combustion fly ashes [2]. Considering that in the
state of Rio Grande do Sul, where the recycling company is located, more than 90% of the
manufactured cement uses coal-combustion fly ashes, it is believed that such elements, as
well as rare phosphates and Fe-NPs, are derived from coal ashes. This hypothesis is based
on the fact that several studies of Brazilian coals and coal by-products have detected these
elements and minerals [46,50-55].

In the areas of preparation of concrete blocks (Figure 1G,H) and in the office (Figure 1I),
numerous NPs of TiO2 were detected (Figure 4). However, rutile was not detected, which
does not necessarily mean that it is not present in the construction residues, but does mean
that it is less abundant than anatase and Ti-amorphous NPs [58,59]. In all Ti-particles
studied there was an association with amorphous phases containing Al, Si, K, O, and
Mg, and on some occasions they were also associated with quartz and hematite. It is
understood that the mixer especially produced many NP emissions. As the concrete block
manufacturing area is less than 500-m away from the office, it is believed that this stage is
the main source of NPs inside the office.

200 nm

Figure 4. Nanoparticulated aggregate containing Si-Al-K-O-amorphous phases associated with
anatase and Ti-NPs, with an FFT-containing magnification for an isolated anatase particle.
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During periods of rain and higher humidity, it was possible to notice a greater occur-
rence of gypsum and some complex hydrated phases of sulfates of Ca, Mg, Mn, Fe, and AL
These phases were highly sensitive to the high vacuum of electron microscopes (Figure 5A
illustrates the degradation of pickeringite during FE-SEM analyses), which indicates that,
naturally, they can also be susceptible to transformations such as dehydration. As the
identification through electron microscopes of such hydrated phases was complicated, the
phases of larger size (e.g., gypsum, Figure 5B) were studied by magnifying glasses.

0,5 mm

Figure 5. Hydrated phases formed with greater abundance during rainy and/or higher humidity
periods. (A) Analysis of pickeringite by FE-SEM; (B) Photo of gypsum using magnifying glasses
attached to a Nikon digital camera.

Owerview and Proposals for Future Studies

This study was developed due to the need for methods to evaluate the deposition
of NPs and UFPs over a long period of months. The data obtained in this study show
especially the occupational risks associated with the recycling of construction waste. The
inhalation of NPs and UFPs can increase the likelihood of respiratory diseases, in addition
to generating premature deaths [26,29]. Given this scenario, it is of great importance to
minimize the emission of NPs and UFPs in small recyclers. After all, if the government can
help with donations and loans to buy equipment, it should not be a significant problem to
help obtain glasses and masks and educate the workforce on the necessity of keeping the
debris generally moist and washed at least twice a day. With such measures, occupational
risk will be reduced without compromising the income or health of the families who work
in this important activity, making it more sustainable [26,29].

Despite the great need to recycle residual construction material, the occupational risk
in this activity increases when NPs and UFPs reach the respiratory system of workers and
residents around recycling facilities. This occurs not only where the particles are produced,
but also in the direction of the prevailing wind, since it can disperse and re-suspend
the particles emitted in the different stages of recycling. In order to better understand
the dispersion of the particulates, several factors must be evaluated, thus supporting
future research work. The results of the present study signal the need for the continuous
monitoring of NPs and UFPs at various stages of small-scale recycling of waste from
construction materials, taking into account the major emission factors. Furthermore, there
is a need for a composition analysis of the particulates over an extended period to ascertain
the health implications of inhaling and ingestion of such particulates.

4. Conclusions

Indoor atmosphere contamination and its consequences have become a great concern
to several nations due to the increase in construction activities. Studies on personal
exposure to UFPs and NPs can assist in mitigating the associated health risks of exposure
to indoor contaminants such as particulate materials. In this study, a systematic approach
was used to assess the chemical, mineralogical, and morphological composition of NPs
and UFPs produced in a construction waste recycling company. A total of 96 particulate
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samples were collected for 3 months in four seasons using LSPSs at different construction
stages of a construction waste recycling company. The exposure to particulates varies
according to the stages of the recycling process, with the most serious being the crushing
of the residues as soon as they are received, and the subsequent mixing of the materials
obtained after recycling for the production of concrete blocks.

As for the limitations of the present work, these can be referred to as the complexity of
carrying out the granulometric distribution of the sampled particles. The limited scientific
contribution to the variation of particulate emission in several construction materials was
also a limiting factor. Therefore, additional studies are needed to mitigate the emission of
NPs and UFPS, and also to monitor whether such mitigations are effective. It would also
be important to carry out toxicological studies before and after each mitigation measure for
the particulate material suspended in the study environment. Thus, it will be possible to
improve the quality of life of the workers at the construction material recyclers, and also of
the people who live around this activity.
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