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After the coronavirus outbreak, a tremendous amount of personal protective equipment has been produced and
used by the health service and every human. Proper medical waste management becomes an important problem,
which must be solved with a minimal environmental impact. The presented manuscript introduces the recycling
process, during which personal protection masks are transformed into polypropylene fibers being an addition to a
concrete mixture. The designed recycling procedure provides the entire disinfection of probably contaminated
medical wastes, is straightforward, and potentially enables one to modify the properties of the final product. The
applied dosage referred to 1 mask per 1 L of concrete. The final product of face masks processing was studied
using Fourier-transform infrared spectroscopy, thermogravimetric analysis, surface free energy, contact angle
measurements, and melt flow index. The analysis indicated that polypropylene is its main component. Two
concrete mixtures were composed, i.e., with the addition of processed masks and the reference one. The
following properties were determined to compare the modified concrete with the reference one: compressive and
tensile strength, frost resistance, water transport properties, resistance to high temperature. The obtained results
indicated that the addition of processed masks slightly increased the compressive strength (by about 5%) and
decreased the tensile strength (by about 3%). Simultaneously, it was reported that the addition did not affect
material properties related to concrete durability as frost resistance, water permeability, and fire performance.
The results evinced, that the addition of processed facemasks into concrete did not deteriorate its properties.
Therefore, it is a possible way of the protective masks processing and reusing with the high recycling capacity.
Further study should be conducted to optimize the dosing and to modify the properties of PP strings to improve
hardened concrete properties.

1. Introduction

The demand for natural resources is now the biggest in human his-
tory and grows every year. The construction industry belongs to the
economy branches which consume mostly natural resources and
significantly impact the environment. Therefore, the use of recycling
wastes becomes one of the crucial activities in the sustainable devel-
opment towards the circular economy. The European Commission stated
the several milestones [1,2], which must be reached by the member-
states before 2030: e.g., recycling 65% of municipal wastes, 75% of
packing wastes, etc. The production of plastic in 2019 was estimated at
around 370 million tons [3]. About 27% of this enormous mass was
discarded as a landfill, the rest was recycled for production and energy
recovery. Having in mind the resources reduction and plastic waste
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production, some attempts were made to utilize the plastic as an addi-
tion [4] or a substitution of aggregate in concrete [5]. The influence of
partial replacement of an aggregate with polypropylene, polyvinyl
chloride, and high-density polyethylene on concrete properties was
examined by Belmokaddem et. al. [6]. They observed that indepen-
dently of the applied type of wastes, the compressive strength of a
hardened material was decreased. The most pronounced reduction, up
to 88%, was found for high-density polyethylene. The effect of the
addition of plastic wastes processed from PET bottles in two-way rein-
forced slabs was examined by Hama [7]. The main conclusion driven for
structural concrete says that the replacement of an aggregate with
plastic should not exceed 30% of its volume. The reduction of me-
chanical properties is caused by the hydrophobicity of most types of
plastic wastes, which leads to a poor bond between the addition and the
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cement matrix and enhances porosity within the contact zone between
materials [4]. Moreover, it was observed that plastic wastes entrap air,
which increases the overall porosity in concrete [8,9]. On the other
hand, recycled plastic wastes can also improve selected properties of
cement-based material, e.g. reduce its plastic shrinkage [10] or enhance
the performance in fire [11,12]. The latter case is possible due to the
decomposition of polypropylene, which is a common compound of
plastic wastes, beginning around 200 °C. It helps to relax the internal
vapor pressure and delays the explosive spalling, which gives some
additional time for evacuation. In the literature there are described
various types of wastes, which can be successfully used as a component
of concrete, i.e. mining wastes [13,14], concrete and masonry recycled
aggregate [15-17], rubber tires [18,19] and many others. The applica-
tion of fibers made of electronic wastes [20] or recycled glass fiber
reinforced polymer (GFRP) [21] can provide an improvement of the
flexural strength of the concrete.

For around two years mankind has had to face the global COVID-19
pandemic disease [22]. The SARS-CoV-2 virus was firstly reported in
Wuhan in December 2019, then it has spread to almost all countries in
the world [23]. The rapid increase in the infected patients and the highly
transmissible nature of the virus led to a tremendous boost in the con-
sumption of personal protective equipment (PPE). It has contributed to a
major increase in the production of healthcare solid wastes [23,24].
According to the report “Face Mask Market - Global Outlook & Forecast
2021-2026” published in October 2021 [25], the face mask market is
expected to reach USD 8.04 billion in 2023; hence, the handling capacity
for the healthcare wastes must be increased urgently. According to the
report published in 2021 by European Environment Agency [26], the
global usage of disposable face masks was already in millions of tones
before the outbreak of the pandemic. Many scientists try to determine
the face mask consumption in selected regions, which drastically
increased since 2020. For instance, Boroujeni et al. [27] estimated that
5351 520 disposable masks are used in Victoria, Australia per day.
Considering the whole area of Peru, Torres and De-la-Torre assessed that
the daily usage equals 14 983 383 masks [28]. In the denser inhabited
areas, such as India or China, hundreds of millions of waste masks are
produced everyday [29]. The presented data evinces that the extremely
high usage of disposable masks provides steady access to personal pro-
tection equipment wastes. According to the results published in the
report “Face Mask Market - Global Outlook & Forecast 2021-2026”
[25], the face mask market is expected to reach 8.04 billion USD in 2023
and 8.88 billion USD by 2026. Hence, the situation seems not to change
in near future, which creates tremendous opportunities regarding the
production of concrete with the addition of processed masks.

As stated in [30] the COVID-19 pandemic solid wastes might be
divided into the following categories: chemical wastes, infectious
wastes, pathological wastes, radioactive wastes, sharp wastes, and
pharmaceutical wastes. In the manuscript, the attention is focused on
the second group, i.e., PPE such as boots, masks, gloves, face shields,
whose usage dramatically increased during the pandemic. Such wastes
can contain infective pathogens, which is why the recycling process
should include a stage providing effective disinfection. Storing such
wastes for nine days and using disinfectants [31,32] can be used to
inactivate the virus, which reduces the risk of further infection.

In the presented manuscript one introduced and discussed the
technology which allows to disinfect and recycle the possibly infected
masks used for personal protection during the COVID-19 pandemic and
apply them as an addition to the ordinary concrete mixture. Such an
opportunity was firstly noticed by the authors of the review article [33].
So far, according to the best of authors’, the application of the protection
masks in this context was experimentally investigated and described
solely by Douglas [34] and Kilmartin-Lynch, Saberian et al. [35,36]. In
both cases face masks were cut up and, in the shape of shreds, added to
concrete with four different dosages. In [35,36] hardened concretes
were investigated with regard to basic mechanical properties
(compressive strength, tensile strength, and Young’s modulus). It was
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observed that if the dosage does not exceed 0.20% of concrete volume
the addition has a positive influence on the examined parameters.
Contrary to the abovementioned articles, in the presented manuscript
one proposed a more advanced recycling process, in which medical
wastes were processed at elevated temperature and pressure into the
shape of fibers and subsequently added into a concrete mixture. The
applied dosage was 1 mask per 1 L of concrete, which equals the addi-
tion of 2 kg of processed material per 1 cubic meter of a mixture. The
treatment of the masks with elevated temperature and pressure leads to
the formation of homogenous polypropylene (PP). The recycling pro-
cedure provided complete disinfection of used masks and potentially
enabled one to modify selected properties of a final product. The final
polypropylene fibers were investigated using a vast range of experi-
mental methods, i.e.: Fourier-transform infrared spectroscopy, ther-
mogravimetric analysis, surface free energy, and contact angle
measurements and rheology. The performed measurements delivered
information considering the composition of the product material, the
melting temperature, and the properties of the surface, which influence
the polypropylene-cement paste interaction during hardening. The
experimental analysis of the newly developed concrete was focused not
only on basic mechanical properties of the material (compressive
strength, tensile strength) but also on its transport properties (capillary
adsorption, water permeability) and its stability in an aggressive envi-
ronment (frost resistance and spalling test). It was revealed that the
addition of PPE masks has various influences on different properties, e.
g., it increased the compressive strength and simultaneously slightly
deteriorated tensile strength or capillary absorption.

The conventional PP fibers, which do not come from the recycling of
PPE masks, are commonly applied as an addition to concrete to i.e., limit
the plastic shrinkage of a fresh material or improve its performance
during fire [37,38]. The proposed procedure of medical wastes recy-
cling, despite its simplicity, enables one to modify specific properties of
the final product. Hence, the masks processed into the shape of fibers
can be potentially added to concrete not only to manage the pandemic
wastes but also to improve the performance of the final material. The
presented results constitute the first stage of an extensive analysis con-
cerning the application of processed medical waste as a dispersed con-
crete reinforcement.

2. Materials and methods

The main material under investigation is concrete composed with the
addition of polypropylene fibers recycled from PPE masks. In the first
part of the section, the masks recycling process and the properties of the
obtained material are provided. In the remaining part of the section, the
composition and the description of the experimental research for the
concrete are presented.

2.1. PPE masks-recycled polypropylene

Before the proper processing, all the metal parts and ear straps of the
masks were detached manually. Then, the product was cut into smaller-
sized strips to provide easier dosing. At the first stage of processing a
@25 single-screw extruder was used. The material was processed at
200 °C with a screw speed of 50 rpm. The diameter of the applied
mouthpiece was 2 cm. The extrudate was rolled manually. The scheme
of the extrusion process is presented in Fig. 1. Subsequently, form plate-
like samples of the recycled material were formed. To that end, the
portion of approximately 14 g of the extrudate was placed between the
plates of a steel mould heated to 190 °C. Surfaces of the mould were
previously covered with Teflon foil to ensure the minimal adhesion of
the pressed sample. The layers of material were stacked inside a steel
mould, which was subsequently placed between two plates of an elec-
trically heated hydraulic press. The sample was formed at 190 °C under
a pressure of approximately 130 bar for 10 min. The material was
deaerated 5 times (when the set pressure was reached). In the next step,
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Fig. 1. Scheme of the extrusion process.

the plate-like samples were cut into smaller pieces and extruded
(opening of #20) at 200 °C with a screw speed of 50 rpm. Subsequently,
the processed stripe was cut into 5-mm fibers. Samples of unprocessed
and processed material, see Fig. 2., were examined with varied methods
regarding their chemical structure, thermal resistance, surface proper-
ties, and rheology characterization. The strings added to concrete were
about 0.5 cm long, their diameter equal to 0.5 mm.

At the first stage of recycling the elevated temperature of 200 °C was
applied, which led to the inactivation of the virus [31]. Additionally, for
safety, it would be reasonable to assume that there is a possibility that
some virus particles are still active after the mentioned processing stage.
Hence, each person belonging to the staff responsible for the recycling of
the disposable masks needs to wear full protective equipment consisting
of hazardous materials suit, boots, and gloves during the entire process.

In order to obtain the properties of recycled PPE masks the following
tests were carried out:

Fourier-transform infrared spectroscopy (FT-IR),
thermogravimetric analysis (TGA),

surface free energy and contact angle measurements,
rheology and melt flow index.

Fourier-transform infrared spectroscopy has been employed in order

E i

™ i

BB S

B i

i 1

i qu
B i = 7
| P a T | B

B N 234
i

) i

74 L§

=
b

\i

Fig. 2. Unprocessed mask and fibers obtained during the recycling process.

to determine chemical moieties present in the analysed material. Both,
unprocessed PPE masks and the final product were investigated. The FT-
IR absorbance spectra were determined within the 4000-400 cm™!
range (64 scans, resolution of 4 cm}, absorption mode). The experi-
ment has been performed using the Thermo Scientific Nicolet 6700 FT-
IR spectrometer (Thermo Fischer Scientific Instruments, Waltham, MA,
USA) equipped with a diamond Smart Orbit ATR sampling accessory.

According to the obtained results, see Fig. 3, some chemical groups
typical for polypropylene (PP) could be observed. Absorption bands at
2950 em ™), 2917 em ™!, 2866 cm™!, and 2837 cm™! are assigned to,
respectively, CHs nonsymmetric, CHy nonsymmetric, CH symmetric,
and C-H symmetric stretching vibrations [39]. Next, the peaks at 1458
em™! and 1370 cm ™! are attributed to CH3 nonsymmetric and sym-
metric changing angle vibrations [40], whereas the peak visible at 841
cm ! is characteristic to isomeric propylene [41]. Further assignment of
the absorption bands visible in the samples’ spectra is presented in
Table 1.

During the processing of the disposable masks, the polymer matrix
could have degraded. Therefore, FT-IR spectra were carefully analysed
regarding the signs of possible oxidation and scission of polymer chains.

According to literature Ambrogi et al. [44] referred that during the
PP degradation some major peaks attributable to carbonyl groups
appear in the region between 1780 and 1725 cm ™. Similarly, Yu et al.
[38] found that weathering of PP-based materials leads to the formation
of a broad absorption band between 1800 and 1670 cm™! which
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Fig. 3. Fourier-transform infrared spectra for unprocessed/processed material.
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Table 1

Tabularized values of shifts between the selected peaks visible in FT-IR spectra of samples with the assignment to some chemical moieties.

Wavenumber assigned to the certain peak [cm ']

2917

Sample

806

841

972

997

1102

1167

1375

1450

2838

2866

2950

C-C chain
vibrations

C-CH;

CHj; rocking
vibration

CHj; rocking
vibration

CHj; rocking
vibration

CH3 symmetry
changing angle

vibrations
[38,39]

CHj3 nonsymmetric
changing angle

vibrations
[39,42]

CH symmetric

stretching

CH symmetric
stretching

CH,

CH;

Assignment

stretching

stretching
(isotactic)

nonsymmetric
stretching
[39,42]

nonsymmetric
stretching

[39,42]

[43] [42] [43]

[43]

[40]

[43]

[39,42]

[39,42]

Ref.
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corresponds to lactones, esters, and ketones. Accordingly, Lu et al. [45]
also confirmed that photo- and thermo-oxidative aging of polypropylene
leads to the creation of carbonyl groups. Yet, no significant variations in
the region 1800-1600 cm ! could be observed, Fig. 3. Therefore, it
might be concluded that the processing of disposable masks did not
contribute to material oxidation.

The thermal degradation process of the analysed materials was
investigated in the range from 25 to 900 °C. The selected program was
divided into two steps: 1. pyrolysis in argon atmosphere (temperature
range: 25-600 °C, heating rate: 0.5 °C/min; argon flow of 60 cm®/min),
2. combustion in synthetic air (temperature range: 600-900 °C, heating
rate: 20 °C/min; airflow of 60 cm®/min). In the experiment, the Mettler
Toledo TGA/DSC 1 STARe System equipped with a Gas Controller GC10
(Greifensee, Switzerland) was employed.

The results of the thermal analysis are presented in Fig. 4. The
beginning of the material decomposition is usually associated with the
onset temperature of the process [46]. In the obtained material the onset
temperature equalled around 200 °C. In Fig. 4 one can identify one
dominated peak, which shows the homogeneity of the material. The
slight deviations from a rectilinear relation observed around 280 °C
could be connected with a degradation of the sample during the extru-
sion process and possible polymer chain scission [47].

Surface free energy has been determined based on contact angle
measurements performed for three liquids: distilled water, ethylene
glycol, 1,4-diiodomethane for plate-like sample. The test was conducted
on plate-like samples obtained before the final extrusion. Droplets of 1 pl
volume were placed on the sample surface and the contact angle was
measured. To that end, OCA 15EC goniometer by DataPhysics In-
struments GmbH® (Filderstadt, Germany) equipped with a single direct
dosing system (0.01-1 ml B. Braun® syringe; Hassen, Germany) was
employed. The results are presented in Fig. 5. Surface free energy and its
components have been calculated in accordance with the
Owens-Wendt-Rabel-Kaelble (OWRK) method [48]:

E=Ep+Ep
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Fig. 4. Thermal degradation detected for processed material. The red line re-
fers to differential mass and the blue line to cumulative mass.
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Fig. 5. Exemplary contact angles for droplets of water, diiodomethane, and ethylene glycol for the processed material.
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where:

E - total surface free energy [mJ/mZ],

Ep — polar part of surface free energy [mJ/m?],

Ep - dispersive part of surface free energy [mJ/mz],

oy, — total liquid surface tension [mN/m],

ob, 0P — respectively: polar and dispersive part of liquid surface
tension [mN/m],

0%, 00 — respectively: polar and dispersive part of solid surface ten-
sion [mN/m],

© - contact angle [o].

Based on the obtained results, see Fig. 5 and Table 2, the processed
PP is highly hydrophobic as water droplet exhibits a contact angle > 90°.
Moreover, the polar component of surface free energy is close to 0 mJ/
m? which means the PP sample was not significantly oxidized during the
processing. These observations correspond with the data presented in
the literature [41,49,50]. Chyliniska et. al [41] reported that for pristine
isotactic PP (Moplen HP 456 J, Basell Orlen Polyolefines, Plock, Poland)
total surface free energy (E) equals 28.10 mJ/m? and its polar compo-
nent (Ep) is about 2.76 mJ/m> On the other hand, Kwon et al. [49]
regerred that E, of PP might achieve the value of approximately 0 mJ/
m*.

The Melt Flow Index was determined for granulated extrudate in
accordance with the ASTM D 1238 E standard using the Melt Flow Index
Tester capillary plastometer (MeltFloW @on plus model; KARG Indus-
trietecnik). After heating the cylinder to the temperature of 190 °C, the
appropriate amount of the tested material in the form of granules was
placed inside the capillary and pressed with a piston under a load of
2.16 kg (preheating before the measurement last 240 s). To assess the
flowability of the material, two parameters were determined, namely,
mass (MFR) and volumetric (MVR) flow rate. MFR is a mass of ther-
moplastic material flowing through a circular nozzle under standardized
conditions and is expressed in g/10 min, whereas the MVR index refers
to the volume of the sample (in cm®/10 min). The rheological parame-
ters are presented in Table 2. Melt flow index (MFI) of the recycled
material is quite high and its value equals (26.5 + 0.8) g/10 min.
Comparing to the literature, the melt flow experiment for PP is often
performed at 230 °C with a loading of 2.16 kg [51]. Then, its value
varies from 2.4 to 50 g/10 min depending on the PP type, e.g., Malen F-
401 (Orlen Plock, Poland) — MFI = 2.4-3.2 g/10 min, Malen S-702
(Orlen Plock, Poland) — MFI = 11-16 g/10 min, PP HY-202 (Solvay) —

Table 2

MFI = 50 g/10 min. Gathering the information presented above, the
material being a subject of this research easily flows while heated and it
could be processed with simple methods at lower temperatures than
required for pristine PP.

2.2. Concrete

The investigated concrete was composed of ordinary Portland
cement CEM [ 42.5R provided by CEMEX S.A.B. de C.V. For the chemical
composition of the applied binder see Table 3. The applied water-to-
cement ratio was equal to 0.37 and the addition of superplasticizer
(Chryso PREMIA 253) was 0.7% of cement mass. It is well reported, that
the contact zone between conventional PP fibers and cement matrix is
characterized by the increased porosity [52,53]. This stems from the fact
that polypropylene strings’ surface is hydrophobic. This could lead to
the creation of air voids in the vicinity of fibers. Nevertheless, this effect
is usually limited by the application of a larger amount of cement paste
or more fluid consistency regulated by an additional portion of super-
plasticizer [54-56]. For the concrete composition see Table 4. In the
further analysis, the reference concrete was denoted as CR, whereas the
one composed with fibers addition — as CF.

To examine the influence of PPE-mask recycled polypropylene
strings on the properties of concrete the following experimental test
were carried out:

nominal compressive strength,

compressive strength after 100 freezing-thawing cycles,
capillary rise,

water permeability,

spalling.

Table 3
Chemical composition of OPC CEM I 42,5R.

Chemical composition (%mass)

Ignition loss 2.8
Insoluble residue 0.46
SO3 2.76
chloride content (C17) 0.066
NayO 0.18
MgO 1.45
CaO 63.89
SiO, 19.96
ALOs3 5.21
Fe,03 2.68
CaoO free 1.87

Properties of the processed material: total surface free energy (E) with its dispersive (Eq) and polar (E,) components, average values of measured contact angles for
distilled water, dilodomethane, and ethylene glycol, as well as mass (MFI) and volume (MVR) flow indexes.

E [mJ/m*] Eq [mJ/m?] E, [mJ/m’] Distilled water [°]

Diiodomethane [°]

Ethylene glycol [°] MFI [g/10 min] MVR [cm®/10 min]

30+1 30+1 0.01 + 0.03 107 +1

62+1

78 +1 26.5+ 0.8 2244+ 0.7
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Table 4

Concrete composition.
Mix ingredients CR[kg/m3] CF[kg/m3]
Cement CEM I 42.5R 425 425
Water 157 157
Coarse aggregate, 8-16 mm 524 524
Medium aggregate, 2-8 mm 648 648
Sand, 0-2 mm 576 576
Superplasticizer 2,97 2,97
Processed masks - 2
w/c 0.37 0.37
Workability, slump test [57], [mm] 155 159

The proposed experimental program was intended to cover the me-
chanical properties as well as the durability of the concrete, which is
related to water transport properties. In order to assure the homogeneity
of the samples of each concrete (CF and CR) 60 L of fresh concrete
containing fibers were prepared in one mixture. This was used to form
the following elements:

e 24 cubic samples (100 x 100 x 100 mm3) — 6 for nominal
compressive strength test, 6 for tensile strength test, 12 for
compressive strength regarding freezing-thawing cycles,

e 3 cubic samples (150 x 150 x 150 mm?®) — for water permeability
test,

e 12 small cylindrical samples (80 mm in diameter, 100 mm in height).

The same set of samples was prepared from reference concrete CR
with no fibers addition. All samples were stored in water for 28 days
before any experiment began.

The compressive strength was determined according to the standard
EN 12390-3 [58]. The test was conducted on six 28-day old cubic
samples (100 x 100 x 100 mm?®) of both CF and CR concrete. Samples
were loaded with the rate of 0.6 kN/s until destruction.

2.3. Frost resistance

In order to assess the influence of cyclic freezing on material dura-
bility, the compressive strength was also determined for samples sub-
jected to 100 freezing-thawing cycles. To that end, after 28 days of
maturing, six fully saturated cubic samples (100 x 100 x 100 mm?) of
each type were placed in a climatic chamber. The freezing scan was
carried out at —20 °C for 4 h, while the thawing was performed in water
at + 20 °C and was continued for at least 4 h [59]. As soon as all the
freezing-thawing cycles are finished, all the samples are removed from
water and the compressive strength test was conducted. To provide an
appropriate comparison six cubic samples stored in water were also
examined as reference material.

2.4. Tensile strength

In the presented research the parameter was investigated according
to the EN 12390-6 [60] on six cubic samples for each type of material
(100 x 100 x 100 mm?®). An analyzed sample was placed inside the
hydraulic press between two fate distance pieces. Subsequently, the
specimen was loaded with a pace of 0.6 MPa/s until the damage. The
tensile strength was determined based on the destructive force. In some
cases, the application of fibers can affect the tensile strength of concrete
or reduce the shrinkage during hydration due to the presence of a con-
tact zone between reinforcement and paste [61].

2.5. Water permeability and capillary rise
To verify the influence of PP strings on water transport properties of

concrete the water permeability and the capillary rise tests were per-
formed on both CF and CR samples. The former experiment was
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conducted according to the standard procedure described in EN
12390-8 [62]. After 28 days of maturing three cubic specimens (150 x
150 x 150 mm®) of each type were stored in air for 30 days. Subse-
quently, samples were subjected through their lateral surfaces to the
waterfront under the pressure of 5 bars for 72 h. After this time cubes
were split in a half and the depth of the waterfront was measured.

The capillary rise test was conducted by means of the conventional
method presented in DIN 52,617 [63]. The air-dried samples were
placed in water so that their surface reached up to 0.5 cm of cubic
height. The amount of absorbed water was controlled through the mass
change in time intervals for 375 h.

2.6. Spalling test

In order to investigate the influence of PP fibers on the fire perfor-
mance of concrete, the spalling test was conducted on both types of
material (CF and CR). Various methodologies for spalling analysis are
described in the literature [37,54,64]. In the presented manuscript one
adopted the procedure described in [54], where the test was conducted
on cylindrical samples of dimensions 50/100 mm. To provide a repre-
sentative volume of material and to eliminate the possible influence of
cylinder curvature on the obtained results, one decided to increase the
diameter of cylinders to 80 mm. Samples in the shape of small cylinders
(approx. 80/100 mm) were placed in a muffle oven and calcined ac-
cording to the standard heating curve described in ISO 834 [65] up to
the temperature of 1000 °C. The exposure to the elevated temperature
lasted 3 h. Subsequently, the samples remained in the furnace and
cooled down for 24 h. Finally, the mass loss of each sample was
determined.

3. Results

In the first stage of this section, the attention is focused on the me-
chanical properties of the analysed materials, i.e. compressive and ten-
sile strength. Subsequently, one described the investigation of transport
properties of hardened concrete, which enables one to conclude about
the stability of the final material. In the presented research the attention
was focused on water transport properties.

3.1. Compressive strength after 28 days

Compressive strength for concrete CR and CF equals 67.25 MPa and
70.82 MPa respectively, see Table 5. It indicates that the addition of
fibers from the recycling of PPE masks does not deteriorate, but even
slightly increased (by about 5%) the compressive strength, which is the
most crucial parameter of concrete. Additionally, the variation of
compressive strength values determined for CF is lower when compared
to CR. The effect of compressive strength increase due to the addition of
PP fibers was previously observed in the literature, e.g. [53]. The au-
thors explained that it resulted from the interaction between fibers and
the advancing cracks. On the other hand, the authors of [66], who

Table 5
Compressive strength of investigated materials.
CR CF
Sample No. Crushing Compressive Crushing Compressive
force[kN] strength [MPa] force[kN] strength [MPa]
1 651.28 65.13 687.53 68.75
2 672.48 67.25 702.35 70.24
3 651.06 65.11 727.43 72.74
4 661.53 66.15 695.48 69.55
5 700.58 70.06 713.68 71.37
6 697.88 69.79 722.59 72.26
Mean value  672.47 67.25 708.18 70.82
Standard 22.19 2.22 15.69 1.57
deviation
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applied the same dosage of conventional PP fibers as in the present
manuscript, did not observe any significant change in compressive
strength. Probably the final effect of PP fibers on the compressive
strength of hardened concrete depends on the shape and dimensions of
applied fibers. Nevertheless, the observed results along with those re-
ported in the literature for concrete containing PP fibers differ so slightly
from the reference material, that one should assume that the addition
does not affect the compressive strength of the final material in a sig-
nificant way.

3.2. Frost resistance

The determination of compressive strength on samples subjected to
100 freezing-thawing cycles enables one to conclude about the material
stability under frost action. The obtained results are shown in Table 6.
The strengths obtained for both materials were similar and equal 72.48
MPa and 75.90 MPa for CR and CF concretes respectively. Comparing
those values to the compressive strength of the reference samples stored
in water (71.39 MPa for CR and 72.84 MPa for CF), one can observe a
slight increase for both materials. However, the concrete reinforced with
PP fibers evinced slightly better performance, which was consistent with
results previously reported in the literature. The authors of [67]
observed an increase in compressive strength for concrete with the
addition of 0.45 g of PP fibers per m® after 50 freezing-thawing cycles
comparing to reference material. This observation probably resulted
from a random distribution of fibers, which leaded to restraining the
expansion of the material caused by the increase in volume of water
during the freezing [67]. Standard deviations for both types of concrete
raised nearly two times. Such an increase of results variation is natural
for samples subjected to accelerated corrosion tests. Generally, one can
assume that there is not any material deterioration observed after 100
freezing-thawing cycles, which is specific for concretes with a low w/c
ratio. This indicated that the application of fibers from PPE-mask recy-
cling did not affect the stability of the material subjected to frost action.

3.3. Tensile strength

The tensile strength of the analysed materials was determined ac-
cording to the standard procedure described in [68]. The obtained re-
sults are presented in Table 7. The values determined for both types of
concrete are similar. The tensile strength equals 8.07 MPa and 7.80 MPa
for CR and CF respectively. The slight decrease in the case of concrete
composed with fibers probably seems to be contrary to results obtained
for conventional polypropylene dispersed reinforcement [37,53,61],
where usually an increase in the parameter was reported. One considers
that in the case of conventional PP fibers, the positive influence results
from the bridging effect across the arising split, which strongly depends
on the effective dispersion of PP reinforcement. The inconsistency be-
tween obtained results and those reported in the literature may stem

Table 6
Compressive strength of samples subjected to 100 freezing-thawing cycles and
for reference material.

CR CF
Sample No. subjected to frost reference  subjected to frost reference

action action

Compressive strength [MPa]
1 74.53 69.15 77.71 72.71
2 73.88 72.43 75.31 69.93
3 73.72 73.17 80.44 72.39
4 64.07 70.27 75.05 72.82
5 72.92 69.99 71.73 71.97
6 75.77 73.3 75.16 73.24
Mean value 72.48 71.39 75.90 72.18
Standard 4.23 1.80 2.93 1.18

deviation
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Table 7
Tensile strength of investigated materials.
CR CF

Sample No. Tensile strength[MPa] Tensile strength[MPa]
1 7.66 8.19
2 7.64 7.6
3 8.19 7.37
4 8.79 7.51
5 8.07 8.32
6 8.07 7.8
Mean value 8.07 7.80
Standard deviation 0.42 0.38

from the fact that the applied fibers were of larger diameters comparing
to those applied so far. Additionally, the hydrophobic character of fibers,
see section 3.1., might cause slight deterioration of adhesive connection
between two materials. Nevertheless, the tensile strength decrease
equals only 3.35%, hence one can assume that the application of fibers
does not affect the parameter in a significant way.

The capillary suction of the hardened concrete was investigated
using the conventional gravimetric method [68]. The obtained results,
which constitute the average of three samples for each type of material
are presented in Fig. 6. The mass increase of particular samples was
monitored for 375 h. The relations determined for both types of concrete
(CR and CF) are similar. In the first stage of the experiment (approx. 40
h), one can observe fast water absorption. Subsequently, the capillary
suction slows down, and samples’ masses reach a relatively stable level.
The final water uptake equals 0.43 kg/m? and 0.53 kg/m? for CR and CF
concrete. Hence, the application of fibers led to approx. 20% increase in
absorbed water mass. A similar effect was observed by the authors of
[69] and [70]. The acceleration of water uptake was the consequence of
the increased porosity in the connection zone between fibers and cement
paste, which resulted from the hydrophobic nature of PP fibers surface
[52,61,71]. According to Yuan and Jia [69] the higher content of PP
fibers, the higher water uptake due to an increase in inhomogeneity of
material internal structure.

3.4. Water permeability

Contrary to the capillary rise, in the case of the water permeability
test, the liquid affects a sample under external pressure. Four cubic
samples of each concrete type were subjected through their lateral sides
to the waterfront under the pressure of 0.5 MPa. After 72 h specimens
were split in a half and the depth of the waterfront was measured.
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Fig. 6. Results of capillary rise test for CR and CF concrete.
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According to the standard EN 12390-8:2019 [62], the distance should
be measured in the point, where the water penetration is the deepest. It
is usually located in the middle of the sample’s surface exposed to
elevated water pressure. The results are contained in Table 8. In Fig. 7
there is presented the picture of exemplary samples of each considered
material. The average value of waterfront depth equals 12.00 mm and
12.25 mm for CR and CF concrete respectively. The results differ by
about 2%, hence one can assume, that the presence of PP fibers did not
affect the water permeability of hardened concrete.

3.5. Spalling

Explosive spalling results from the abrupt increase in water vapor
pressure within the pore system of the material exposed to fire. The
addition of conventional PP fibers is one of the most effective measures
to prevent spalling degradation [37,72]. Disintegration of poly-
propylene begins at 200 °C, see Fig. 4. Due to its thermal decay in areas
previously occupied by PP fibers, new pores are created. Such an addi-
tional space provides relaxation of the increasing vapor pressure, which
limits spalling of concrete [37]. To verify the influence of the applied
fibers on the explosive spalling, the small cylinders (approx. 80/100
mm) composed of CR and CF concretes were subjected to the standard
heating curve according to ISO 834 [36]. After calcination, the exfoli-
ated material was measured and referred to the initial mass of a sample.
The results are presented in Table 9. The average value of the peeled
material equals 0.24% and 0.21% with regard to the initial sample mass
for CR and CF concrete respectively. In Fig. 8 one presents the exemplary
samples composed of both types of materials. After calcination, all of the
investigated samples were covered with a visible system of connected
cracks. Nevertheless, the structure of each sample remained dense, and
only a minimal amount of material exfoliated independently of the
concrete type (fibers modified or reference). The authors of [54] re-
ported significant deterioration of reference material and a great
improvement of fire performance in the case of concrete containing PP
fibers. This could result from a smaller sample size (50/100 mm). Han
et al. [37] conducted an extensive study concerning spalling phenome-
non in samples containing various dosages of polypropylene fibers and
remaining under lateral confinement. In every analyzed case, the dete-
rioration of reference material was significantly larger comparing to
reinforced material. However, the authors applied cement of lower
compressive strength than that, which was used in the presented
research. Based on the obtained results one can assume, that there was
no significant difference in the behavior of reference samples and those
composed with the addition of the recycled fiber. Both materials did not
evince any significant degradation after exposition to fire conditions.
Nevertheless, the influence of PP fibers from disposable masks on the
fire performance of concrete needs to be further analyzed, which will
require the optimization of the experiment parameters.

4. Conclusions
The coronavirus disease is one of the most difficult challenges

mankind has had to face recently. The pandemic caused an unexpected
boost for the usage of personal protective equipment, from which the

Table 8
The results of the water permeability test for CR and CF concrete.
CR CF
Sample Depth of waterfront penetration Depth of waterfront penetration
No. [mm] [mm]
1 13 12
2 10 15
3 11 9
4 14 13
Mean 12.00 12.25

value
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Fig. 7. Exemplary samples after the water permeability test.

Table 9
The results of the spalling test for CR and CF concrete.
Sample initial exfoliated exfoliatedmaterial, exfoliated
No. mass, material, [%] materal -
[g] [g] mean value,
[%]
CR 1 367.68 0.97 0.26 0.24
2 371.98 117 0.31
3 358.15 0.46 0.13
4 348.91 0.88 0.25
CF 1 356.65 0.59 0.17 0.21
2 372.98 0.99 0.27
3 385.14 113 0.29
4 353.78 0.46 0.13

O
Py

Fig. 8. Exemplary samples after water the spalling test.

mask is the most popular. It led to a massive increase in the production
of medical wastes. Proper recycling would limit the impact on the
environment and further infections. The proposed recycling procedure is
safe, straightforward and transforms waste face masks into poly-
propylene strings, which can serve as an addition to concrete. The
proposed dosage equals a portion of fibers from 1 mask per 1 L of a
concrete mixture (2 g of PP/1 L of concrete mixture). The carried-out
extended experimental analysis aiming at comparing the properties of
concrete containing PP fibers to the reference material enabled one to
draw the following conclusions:

1. The application parameters of the recycling process (190 °C, 130 bar)
provided complete inactivation of virus and transformed used face
masks into homogeneous polypropylene strings.

2. The addition of polypropylene fibers to concrete improved its 28-day
compressive strength approx. 5%. Meanwhile, there was observed a
slight reduction of the tensile strength (by about 3%). It remains
contrary to observations reported for commercial PP fibers, which
usually lead to an increase in tensile strength [53]. However, the



M. Koniorczyk et al.

CR

diameter of conventional fibers cross-section is several orders of
magnitude smaller than the mask-processed strings. This indicates
that the dimensions of recycled PP fibers may be further optimized.
Nevertheless, the differences between the mechanical parameters of
modified and reference concrete remained very small. Hence, one
can assume that the application of the proposed PP fibers did not
deteriorate the investigated parameters.

. Concerning capillary rise, the concrete containing PP fibers absorbed

water slightly faster than the reference one, which probably resulted
from increased porosity within the contact zone between strings and
cement matrix. Such an effect is also widely reported for conven-
tionally applied PP fibers [69,70]. On the other hand, the modifi-
cation did not deteriorate the water-resistance under external
hydraulic pressure.

. The analysis of frost resistance of concrete indicated that after 100

freezing-thawing cycles, the compressive strength of concrete
modified with PP fibers was slightly higher than that of the reference
one. Hence, it might be concluded that the introduced processed
masks did not influence the frost resistance, at least in the absence of
deicing salts.

. The results of the spalling test indicated that there was no significant

difference in the mass loss after exposure to fire of reference concrete
and those containing the recycled fibers. Nevertheless, the recycled
addition requires further analysis to verify a positive influence on the
fire performance of concrete.

. The applied technology allows to improve the recycling capacity of

the medical wastes — 1 m® of concrete would consume 1000 masks. It
was proved that the application of polypropylene strings obtained
from the protective masks did not deteriorate the properties of
concrete, contrarily, some were improved. Nevertheless, many
problems remain unsolved, i.e., what is the optimal dosage of the
masks, how durable the modified concrete is in the other aggressive
environment (sulfate, chloride), etc. Further, it was shown that the
tensile strength of the modified concrete is reduced when compared
with the reference one. One is prompted to examine how these ob-
stacles can be overcome, by adding the fly ash, or further processing
of the polypropylene strings?
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