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« Despite the reduction in physical performance, mortars obtained CSII classification.
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This study aimed to develop a mortar based on hydraulic lime and micro cork granules with antifungal
properties. For this purpose, five different compositions were developed, where the amount of cork gran-
ules was different and physical and mechanical characterisations were performed. It was observed that
the incorporation of micro cork granules causes significant differences in properties such as workability,

compressive strength and flexural strength. Some changes in mortars were circumvented by varying the
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dosage of superplasticizer. The antifungal properties of micro cork granules - added mortars were
observed. The results obtained can be considered as a starting point for a transition from current antifun-
gal protections to a new antifungal technique using cork industrial waste materials.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

According to the Portuguese Cork Association, Portugal in 2015
was the leading cork producer with 49% of world production. From
these, 25% of its exports are used in construction and decoration
materials [1]. This interest is due to the cork properties: high
resistance to abrasion, non-toxicity, hypoallergenicity, elasticity,
compressibility, thermic, acoustic, viscoelasticity and non-
permeability to gases and liquids [2,3]. Cork is also recyclable
and biodegradable which in the current world context contributes
for a more sustainable and ecological construction [4]. Annually
the world cork industry processes more than 280,000 tons of cork,
however about 25% of the raw material is rejected, mainly as cork
dust [5]. At all stages of the industrial process cork dust with frag-
ments between 10 and 500 um and a very small fraction of

* Corresponding author at: Departamento de Engenharia Civil, Universidade do
Minho, Campus de Azurém, 4800-058 Guimardes, Portugal.
E-mail addresses: ajaj@sapo.pt (A. Jerénimo), celia.soares@ceb.uminho.pt
(C. Soares), aguiar@civil.uminho.pt (B. Aguiar), nelson@ie.uminho.pt (N. Lima).

https://doi.org/10.1016/j.conbuildmat.2020.119368
0950-0618/© 2020 Elsevier Ltd. All rights reserved.

micrometre minerals is generated [6,7]. At present, the cork indus-
try takes advantage of these residues, mainly through direct energy
recovery and biomass as a renewable energy source seems to be a
promising option for improving the environmental situation [8,9],
but there are no elements and data on the overall impacts that
these end-wastes generate [10].

Other industries have been developing methods for the re-
utilization of cork dust to add-value to this by-product and be clo-
ser to the circular economy paradigm. The antioxidant capacity
presented by some existing compounds in cork has attracted the
pharmaceutical industry which considers promising the develop-
ment of new pharmaceutical therapies that may be less expensive
and/or less toxic than synthetic compounds [11]. Other examples
are the sorption material developed for the removal of pharmaceu-
ticals from aqueous solutions and the use of cork as antimicrobial
material [12-14]. The potential antimicrobial capacity of cork is
relevant in the area of construction. Microorganism contamination
on the surface of mortar and concrete is recurrent despite the high
alkalinity of these materials. The development of microorganisms
such as bacteria and fungi is due to the neutralization (or carbon-
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ation) process of the materials when exposed to humidity for a
prolonged period of time [15]. The prevention of fungal growth
has been effective using fungicidal admixtures in the casting stage
of mortar and concrete [16,17], however, these antifungal products
can be washed out to the environment jeopardizing the fungi
diversity.

The use of a bioproduct such as cork with focus in the sustain-
ability of the planet has created the need to search for the develop-
ment of new methods to meet this demand. With this in mind, the
main aim of the present work was to develop micro cork granules
mortars with antifungal capacity to use in construction that might
lead to the creation of a new type of cementous composites.

2. Materials and methods
2.1. Materials

To perform this study, the following materials were used: 1) a
binder of hydraulic lime (NHL5), with a density of 1400 kg/m>
and particles size <200 um; 2) river sand, with a density of
2569 kg/m> and mean particle size of 0.762 mm; 3) superplasti-
cizer (SP) based on polyacrylate, with a density of 1050 kg/m?; 4)
the micro cork granules MF8, with a density of 300 kg/m? and
mean diameter of 51.75 pwm. The micro cork sample analysis
obtained by laser diffraction (LD) showed granulometric values
of: D [4.3] = 56.51 um, D [3.2] = 40.21 pm, D[90] = 98.54 um and
D[10] = 23.79 pm. In Fig. 1 we can see the image Energy dispersion
X-ray spectroscopy (EDS) of the micro cork granules sample in (+)
point and in table 1 its chemical characterization

2.2. Composition and fabrication

Five distinct formulations of mortars were developed (Table 2)
with different percentages of micro cork granules (2, 4, 6 and 8%). A
BO reference composition, i.e., no addition of micro cork granules,
was used as control. Specimens used for the determination of com-
pressive and flexural strength were mixed and manufactured
according to EN 1015-11 [18]. For each studied composition, three
prismatic specimens were moulded with dimensions of
40 x 40 x 160 mm>,

2.3. Methods for lime mortar characterisation

Workability test of the hydraulic lime mortars was performed
following the guidelines of the European standard EN 1015-3

Fig. 1. Energy dispersion X-ray spectroscopy (EDS) of the micro cork granules
sample in (+) point.

[19]. Pore size and distribution were analysed by intrusion of mer-
cury and helium gas using the Mercury Intrusion Porosimetry
(MIP) instrument (Quantachrome, Florida, USA). The pressure used
ranged between 0.2396 and 413 MPa and allowed the measure-
ment of the pore size from 10.64 pm to 3.5 nm. In the analysis,
an advanced/retreating contact angle of mercury of 140° and a sur-
face tension of 0.480 N/m were used. The specimens were cured in
the laboratory at room temperature, hermetically sealed up to
28 days. The evaluation of resistance to the flexion and compres-
sion was made based on the European standard EN 1015-11 [18].
For the flexural strength 15 samples (3 per mortar) were used
and for the compression strength 30 samples (6 per mortar) were
used. For flexural behaviour, samples were tested as described by
Jerénimo et al. [20].

2.4. Fungal isolation and identification

Twelve samples from walls and ceilings of different construc-
tion sites were collected for the isolation of fungi. The sampled
material was plated directly in Dichloran Rose Bengal Chloram-
phenicol Agar (DRBC agar, Oxoid, Altrincham, UK) and incubated
for 3-5 days. Considering the low water activity of the samples,
the isolation was directed to specific filamentous fungi known to
grow in these structures [21]. The isolates were transferred to
Potato Dextrose Agar (PDA, Oxoid) and maintained for further
studies. Morphological identification was performed by preparing
slides for light optical microscopic observations using tissue
removed from 7 day old colonies grown on PDA and mounted in
lactophenol cotton blue. Morphologies were observed using an
optical microscope (Leica DM5000B, Germany). For the assay pur-
pose a single isolate was submitted to molecular biology. DNA
extraction was performed using a “FastDNA® SPIN Kit” (MP
Biomedicals, Santa Ana, USA) according to the manufacturer’s
handbook. Gene amplification of beta tubulin gene (BenA) was per-
formed using the method described in Ouhibi et al. [22]. The fungal
isolate chosen to perform the antifungal assay was deposited in
Micoteca da Universidade do Minho (MUM) culture collection with
the unique number strain MUM 19.43.

2.5. Accelerated fungal growth

For accelerated fungal growth brick samples were prepared
according to [20]. After 28 days in the laboratory all samples,
except one to be used as negative control, were sprayed with a
spore solution of approximately 3 x 10° conidia/cm?. The samples
were placed in a climate chamber with constant relative humidity
of 85% at 25 °C. Three plates with Malt Extract Agar (MEA: malt
extract 20 g/L; mycological peptone 1 g/L; glucose 20 g/L; agar,
15 g/L) were placed in the chamber as positive test and sprayed.
To further accelerate the growth of the fungal isolate one of the
samples was sprayed with Malt Extract Broth (MEB: malt extract
20 g/L; mycological peptone 1 g/L; glucose 20 g/L) as a nutritional
source for the fungal development. For this, an area of 10 cm? of
the samples was selected and sprayed with 4.2 mL of MEB. The
assay in the climate chamber (Relative humidity, RH 85%) lasted
49 days and the samples were then observed by scanning elec-
tronic microscopy (SEM).

2.6. Scanning electron microscopy

Samples were characterized using a desktop Scanning Electron
Microscope (SEM) (Phenom ProX, Netherlands). All results were
acquired using the ProSuite software v.3.0. Non-conductive and
uncoated samples were added to aluminium pin stubs with electri-
cally conductive carbon adhesive tape (PELCO Tabs™) on a Phenom
Charge Reduction Holder (CRH) at 5Kv and a spot size of 3.3.
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Table 1
Chemical identification of the cork sample at the (+) point.

Element n° Symbol Name Atomic concentration (%) Weight (%)
6 C Carbon 77.36 71.48
8 0} Oxygen 22.25 27.39
19 K Potassium 0.24 0.71
17 cl Clorine 0.08 0.23
20 Ca Calcium 0.05 0.14
15 P Phosphor 0.02 0.05

Table 2

Formulation of mortars (kg/m?) used during the present study.
Sample Binder Sand SP Cork Water
BO0o% cork 500.00 1407.52 1.00 0.00 292.56
Bloy cork 500.00 1316.24 1.50 10.00 292.56
B243% cork 500.00 1224.95 2.00 20.00 292.56
B36% cork 500.00 1133.67 2.50 30.00 292.56
Bdgy cork 500.00 1042.38 3.00 40.00 292.56

SP- superplasticizer.

3. Results and discussion

3.1. Workability Bl B2 B3 B4

Workability tests, important for the handling of the developed
mortars, were realized based on the method of the table of spread-
ing, specified by the European standard EN 1015-3 [19]. The result- -0.767%

ing test values were only considered for values between 160 and
180 mm. With increasing percentage of micro cork granules, the
workability of the mortar decreased due to the granules fineness.
Ramos et al. [23] had the same result for mortars with different
percentage of cork ash. In order to keep the workability within
the defined values it was used a SP. Thus, in Fig. 2 we can positively
correlate (r? = 1) the percentage of SP with the percentage of micro
cork granules. Fig. 3 shows the change in samples weight with the
increase of the cork aggregate.

3.2. Porosimetry

In Fig. 4, it is observed that in sample B3 with 6% cork the lar-
gest percentage of pores is between diameters 1 and 10 um
(60%) and 40% of the pores are smaller. In samples BOgy cork and
B4sy cork the smallest percentage of pores is between diameters 1
and 10 um (30%) and 70% of the pores are smaller. In sample
B24% cork» 100% of the pores are between diameters 1 and 10 pm

0.7%

y=0.05x +0.2

0.6% R =/ 0:6%
0.5%

£ 0.4% 04%
& 0.3% -«K
0.2% -/u“'n/-
0.1%
0.0%
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Micro cork granules (%)

Fig. 2. Percentage of superplasticizer as a function of the percentage of micro cork
granules.

-0.834%
-0.910%
-0.998%

Fig. 3. Weigh variation in relation to sample BO.

and in sample B1,y ¢k the smallest percentage of pores is between
diameters 1 and 10 um (2.5%) and 97.5% of pores are smaller. In
Fig. 5 we verified that the majority of the samples under study
have the amounts of larger pores between 2 and 3 um in diameter
and smaller pores between 0.1 and 1 um. However, there was an
evident difference in the pore size evolution which might be
explained by the manual mixing of the micro cork within the mor-
tar. Using a different methodology such as water dispersion of the
particles might improve the homogeneity.

Previous studies that have tested the addition of expanded cork
granules to mortars [24,25] concluded that the expanded cork has
an impact on the properties of the mortars, increasing their poros-
ity through the cork granules expansion. However, there is not
much information about the addition of micro cork granules. The
use of these micro particles decreases the percentage of larger
pores but as seen in Fig. 5, it is also observed that the growing
introduction of micro cork granules increases the percentage of
smaller pores with 0.1 to 1 um in diameter.

The total porosity of the samples acquired by MIP (Fig. 6) was
obtained by the sum of the total interparticle porosity (porosity
between particles) and the total intraparticle porosity (porosity
within individual particles). With BOgy ok as reference we
expected that, with the increase of micro cork concentrations
and subsequent filling of the gaps between bigger particles, the
total porosity would decrease. With the first addition of micro cork
in sample Bl,y o the interparticle porosity decreased but the
intraparticle, due to the natural cork porosity, increased given a
value slightly higher than in sample BOgy cork. From this value the
tendency was followed by samples B2 4y cork and B4gy cor. However,
we observed that sample B3gy ok did not followed the trend.
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Fig. 5. Amount of mercury increased in mortars at 180 days.
0 - due to the increase in fine particles and their difficulty in mixing
in the mortar. BOoy cork and B1ay corx Samples had a very close pore
35 - structure and overall we can say that they were much less porous
30 1 N ] than B2y cork and B3gy cor Samples.
M M The values of theoretical porosity (obtained by helium
25 i i i . . . .
B Total interparticle porosity porosimetry) were much higher in all samples (Table 3). This result
X 20 1 B Total intraparticle porosity was also obtained by Zhao et al [26] and explained due to the smal-
15 1 B Total porosity ler molecule size of helium allowing this gas to reach previously
ETheoretical porosity inaccessible pores. As the theoretical porosity increases, the mortar
10 is more homogeneous because the interparticle porosity is very
5 1 low.
0
BO B1 B2 B3 B4 3.3. Flexural and compression behaviour

Fig. 6. Porosity of mortar at 180 days.

During the assays it was clear that with the manual incorporation
of higher concentrations of these particles, as it would be done in a
construction site, samples homogeneity was not easily achieved

The reduced strength of cork ash mortars and the strength loss
is greater with increasing percentage replacement has already
been studied [23]. According to Fig. 7, it was possible to observe
that with the incorporation of micro cork granules there was a
decrease in compressive strength. There is also a decrease in flex-
ural strength (Fig. 8), which is justified by the theoretical increase
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Results of porosity of mortar at 180 days.

Sample Average porosity diameter (nm) Interparticle porosity (%) Intraparticle porosity (%) Total Porosity (%) Theoretical porosity (%)
BOog cork 58.20 1.48 18.89 2037 23.02
Blag cork 91.74 0.12 23.26 2338 27.31
B24% cork 25.10 0.78 18.83 19.61 31.66
B36 cork 196.90 2.19 25.05 27.24 32.01
B4y cork 458.70 1.00 10.95 11.95 34.04
in porosity. It is also noted that despite the decrease in resistance
B12y cork and B24y cork mortars, additive with micro cork granules, 0500 .
still have compressive strengths of 3.03 and 1.78 MPa, respectively. 0.450 N
In accordance with EN 998-1 [27], we can classify the mortars = 0.400 \
according to their compressive strength, which ranges between CSI g 0350 \
(04 to 2.5 MPa) and CSIV (>6.0 MPa). On Table 4 we can see that £ 0300
the incorporation of micro cork granules decreased the compres- %"0'250 \
sive strength of mortars and only By corc and B24y corc Mortars ‘_3 0.200 \
are classified as CSII (1.5 to 5.0 MPa). The decrease of the compres- g 0'150 \
sive strength with the addition of materials to the mortars is not =
uncommon and is very material dependent. Cunha et al [28] had 0.100
a similar result with the incorporation of phase change materials 0.050
(PCM). In this case when we supplemented the mortars with micro 0.000
cork granules it was found that the intraparticle porosity increased BO-0%cor.  B1-2%cor.  B2-4%cor.  B3-6%cor.  B4-8% cor.
which shows the difficulty in mixing fine particles. Although the
main objective of this study was to focus on the antifungal proper- Fig. 8. Flexural behaviour of mortar at 28 days.
ties of the mortars, it was possible to verify that, despite the phys-
ical properties results, they were still in the applicability zone, Table 4
which is a very positive factor. Classification of mortars according to the compressive strength.
Sample Compressive strength (MPa) Classification
3.4. Fungal isolation and identification
BOO% cork 4.08 CSII
Bl2x cork 3.03 sl
It was possible to isolate 15 filamentous fungi which were mor- B245 cork 1.78 csit
phologically identified as belonging to 5 different genera (Alternar- B36x cork 113 Csl
ia, Aspergillus, Cladosporium, Penicillium, Stachybotrys). The isolate Bdgs cork 0.81 csl

MUM 19.43 was molecularly identified as Cladosporium halotoler-
ans and the BenA sequence was deposited on the GenBank under
the accession number MN839644. In a review Verdier [29] stated
that, with the exception of Alternaria, these are the most frequently
isolated genera regardless of the technique, the environmental
condition or the type of material. The criteria to choose the Cla-
dosporium strain for the assay was related to the fact that is a com-
mon environmental species, produces a high amount of spores and
has a potential effect in human health when growing indoors [30].

3.5. Accelerated fungal growth

The optimal conditions inside the climate chamber for the fun-
gal development was confirmed after 3 days where visible growth
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B0-0% cor. B1-2% cor. B2-4% cor. B3-6% cor. B4-8% cor.

Fig. 7. Compressive behaviour of mortar at 28 days.

in the MEA plates was observed. There are many factors that influ-
ence the fungal growth, such as water, oxygen and nutrients [30].
The RH 85% of the climate chamber allowed the fungi to have all
the conditions to grow. Fig. 9 shows the evolution of the strain
MUM 19.43 growth in all samples at a 3000x magnification. In
the sample BOgy cork, We found that the fungal mycelium was prac-
tically spread over the sample area, in sample B2y co there was
more than 50% of the surface occupied by the strain. In samples
B36% cork and B4gy corc the C. halotolerans developed more easily
and in sample B1,y cork the strain was poorly developed. Similarly,
to further accelerate the growth of the strain of C. halotolerans,
during the 49 days essay, a sample was sprayed with MEB as a
nutritional source for the fungal development. In the sample
B12%cork ¢ halotolerans (Fig. 10) at 118 days, it was found that the fun-
gal development remained low. Previous studies with different
micro additives showed that there was significantly improvement
of the antifungal properties of mortars [22,31] but this fact could
only be observed in the sample B1,y cork-

According to Stanaszek-Tomal [32] pores can form a pore space
in the material which can be filled with air, water and other sub-
stances that will promote the fungal development. Similarly,
Hoang et al [33] referred that in contact with humidity porous
materials can become supplies of water for microorganisms pro-
moting their growth. The reason why only sample B1,y ok Was
able to prevent fungal growth may be related to the decrease of
the interparticle porosity, which was the lowest measured in all
samples, reducing the area for hyphal expansion and also the
retention of essential air and water.
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Fig. 9. Images of the samples viewed under the scanning electron microscope at 49 days (SEM — 3000x magnification).

Fig. 10. Development of the C. halotolerans (MUM 19.43) viewed under the scanning electron microscope at 118 days (1000x magnification).

4. Conclusions

The work analysed the physical properties as well as the anti-
fungal properties of the mortars with micro cork granules. The fol-
lowing conclusions may be formulated:

- The addition of micro cork granules reduces the physical perfor-
mance and for values above 2% there was an increase in the the-
oretical porosity of the mortars;

Although impairing the compressive strength of mortars, the

samples Blay cork and B24y ok Mortars reached the classifica-

tion CSII;

The increase of intraparticle porosity shows the difficulty in

mixing fine particles;

- The decreased interparticle porosity may explain the best anti-
fungal performance found in the Blyy o Sample at both
49 days and 118 days as well as the best physical and mechan-
ical performances;

This study intends to contribute to the development of sustain-
able antifungal mortars, with good balance between physical and
mechanical behaviour, fulfilling the application demands. In addi-
tion, this study opens the opportunity to add-value to the by-
product micro cork granules contributing to foster the circular
economy approach.
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