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Abstract

Over the last decade, microbial induced calcium carbonate precipitation (MICCP) has been used in several types of research due to its potential in
applications for the areas of construction materials and geotechnics. Biotechnology into the area of building materials, has enabled the development of
the so-called biomaterials of construction produced through biomineralization. Most of the biocementation studies to make biosandstones, biobricks or
to promote bio self-healing on concrete present bacteria as the microorganisms responsible for the CaCOs induction process. Fungi are potentially better
for the biocementation process because they have more biomass and some develop filaments that can be used as microfibers on materials. Thus, the
present work proposes the development of a methodology to analyse the potential use of two urease-positive fungi (Penicillium chrysogenum MUM 9743
and Neurospora crassa MUM 9208) to produce biosandstone. The microstructure and chemical constituents of biocrystals formed due to MICCP were
observed under Scanning Electron Microscopy (SEM). SEM showed fungal mycelia as bio-based fibre in biosandstone and clusters of probable calcite
crystals on and around mycelia. Despite the resistance obtained was up to 50-66 kPa until now, both fungi were able to promote biocementation of sand.

More research is needed to increase the material resistance up to 1-2 MPa that is required for these building materials.
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1 Introduction

Some living organisms are capable to perform
biomineralization, which is the synthesis of minerals as a
result of biological activity. Calcium carbonate (CaCOs) is the
most common product of biomineralization processes and
calcite precipitation is considered the most frequent
phenomenon of mineral formation by the action of
microorganisms in nature [1-3].

Most biomineralization processes are carried out through
biologically induced mineralization. In this type of process, the
microorganism changes its local microenvironment to create
suitable  physical-chemical conditions for  mineral
precipitation [1,4].

The microbiologically induced CaCOs precipitation (MICCP)
results from several metabolic processes, the main ones
being photosynthesis, denitrification, sulphate reduction,
metabolic conversion of calcium salts, and ureolysis (urea
hydrolysis). However, CaCOs precipitation via urease is the
most widely used method [5].

The CaCO;formed by the action of ureolytic bacteria can be
used as binders (biocement) in a process known as
biocementation [6,7]. Biocement is produced by MICCP in the
voids between the particles of a granular material, through
the flow of a liquid medium containing microorganisms, urea

as a solution of substrate and calcium ions [6]. In this process,
the carbonates must be deposited uniformly in the inter-
granular spaces for proper bonding. When biocementation is
carried out in conjunction with other binders, such as lime or
Portland cement, the high alkalinity of these materials
represents an additional challenge in these applications,
where microorganisms with a high tolerance to alkalinity
must be used [8].

Biocement may present a more environmentally friendly
alternative than conventional cement because it does not
generate CO, in its manufacturing process being also
consumed through the metabolic conversion of calcium salts
in CaCOs mineralization. For this reason, MICCP is an effective
method for the removal of CO, from the environment [9],
[10]. However, MICCP may not be considered completely
environmental friendly, due to ammonium formation during
the ureolysis process, which can be toxic to human health and
soil microorganisms at high concentrations [1,11,12].

Nevertheless, this problem in the production of biosandstone
could be minimized by applying the circular economy
concept, the by-product ammonium solution formed can be
collected during the cementation process and then stripped
and converted using sulfuric acid to ammonium sulfate, which
can be used as a soil fertilizer [13]. Following cementation
process to remove the aqueous ammonia solution and the
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ammonia adsorbed by the sand grains, Lee et. al, [14] and San
Pablo et. al [15] used rinse solutions to remove ammonia
from MICCP treated soils, this strategy removed greater than
95.7% ammonium from aqueous solutions without significant
effects on cementation integrity. The results indicate that the
use of this methodology can reduce the amount of ammonia
to acceptable levels.

Studies on biocementation around the world use
preferentially calcite precipitation by bacterial induction and
the biocement could widely be applied in many fields. It could
be used to modify the properties of soil [16,17,18], to produce
new constructions materials [19,20], to improve the
mechanical properties (strength, stiffness, cohesion, friction),
decrease the permeability of porous materials [20,8] and
reinforce or repair construction materials such as cement-
based materials or concrete [21-23].

Regarding filamentous fungi there is almost no research, so
far, on biocementation using this type of microorganisms.
According to our best knowledge, only one work was found
[24]. In addition to the potential CaCO; precipitation by
urease-positive fungi, their mycelial structures, and higher
biomass when compared to bacteria, indicates that this type
of microorganisms can serve as a biological fibre to improve
the compressive strength of biosandstones [25].

Therefore, this work proposes the use of two urease-positive
fungi, Penicillium chrysogenum MUM 9743 and Neurospora
crassa MUM 9208, to promote biocementation of sand. The
main goal of this study was to access if filamentous fungi
could create the right conditions for the production of
biosandstone, opening the possibility to being used in other
applications such as biorepair agents of cracks in concrete
structures.

2 Materials and Methods
2.1 Fungal strains

Two fungal urease-positive strains, Penicillium chrysogenum
MUM 9743 and Neurospora crassa MUM 9208, were

Table 1. Characteristics of sand.

obtained from Micoteca da Universidade do Minho (MUM)
culture collection.

2.2 Sand

Siliceous natural sand with commercial name of S40/45, from
Rio Maior, Portugal, was used to produce biosandstone. Table
1 gives the physical and chemical characteristics particle size
distribution of the sand.

2.3 Cementation medium

Urea-calcium medium was used to promote calcite
precipitation. The cementation medium consisted of
Modified Martin broth (MMB) (20 g/L glucose, 5 g/L peptone,
2 g/L of yeast extract, 1 g/L of K,PO4 and 0.5 g/L of MgSO,, pH
6.5) supplemented with 2% (w/v) urea and 40 mM CaCl,,

2.4 Urease activity

Christensen's agar medium (1 g/L glucose, 1 g/L peptone, 12
mg/L of phenol red, 2 g/L disodium phosphate, 2 g/L sodium
chloride, 15 g/L agar and 20 g/L urea) was used for the
determination of the presence or absence of the urease
enzyme by visual identification of the medium colour, from
yellow to pink, when pH increases due to ammonia
production by substrate degradation [26].

The urease activity of fungal strains was determined
according to the methodology suggested by Shingha et al.
[27], where 20 mL of modified Christensen agar medium was
poured into 90 mm diameter Petri dishes under aseptic
conditions. A mycelial disc of 5 mm diameter of each fungus
was placed on the centre of the modified Christensen agar
medium, keeping the mycelium surface attached to the
medium surface. Cultures were inoculated at 25 °C in the
dark.

Physical Specifications

pH 7

Hardness Mohs 7

Whiteness L*82.5

Non compacted bulk density 1.58g/ml

Particle density 2.62 Mg/m3

Refractive index 1.55

Moisture 3-5%

Chemical Specification (%)

SiO2 Al,03 Fe,03 Ca0 MgO Na.0 K20 TiO2 P20s MnO
99.4 | 0.05 0.025 0.02 0.06 0.02 0.02 0.02 0.01 0.00
Particle Size Distribution

Sieves (mm) Passing (%)

1.4 100.0

1.00 100.0

0.500 84.0

0.250 6.0

0.125 0

<0.125 0
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Urease activity was evaluated semi-quantitatively as follows:
strong activity (colour in Christensen medium changed to
deep pink), moderate activity (pink), weak activity (light pink),
and no urease activity (no change of colour). Samples were
observed on the third and sixth days after inoculation to
evaluate the colour intensity and the speed of the enzymatic
activity. The enzymatic activity was classified as fast for any
medium change after three days or moderate if the change
occurred after six days, regardless the relative intensity of the
colour developed in the time course.

2.5 CaCO; biopreciptation

Fungal discs (d = 5 mm) grown on potato dextrose agar (PDA,
potato extract 4 g/L, dextrose 20g/L and 15 g/L agar) were
transferred to plates with Modified Martin agar (MBA),
supplemented with 2% (w/v) urea, 40 mM CaCl,, and grown
at 25 oC for seven days. A control plate without fungal strain
was incubated at the same conditions. Samples (5 x 5 mm) of
each strain were fixed on double-sided carbon adhesive tape
(PELCO Tabs TM) on standards aluminium stubs and were
dried in an incubator for 3 days at 50 °C.

Materials mounted on stubs were coated with 2.5 nm of gold.
The morphology and chemical constituents of crystals formed
by the fungal strains were measured Scanning Electron
Microscopy by (Phenom Prox SEM) and Energy Dispersive
(EDS) via Phenom Prox EDS with 15 kV. Three samples of each
biosandstone formed were observed.

2.6 Biocementation of sand

Fungal biomass of P. crhrysogenum MUM 9743 and N. crassa
MUM 9208 from 7 days old cultures grown in PDA, at 25 °C,
were harvested and homogenized with 5 mL of
supplemented MMB. The obtained biomass suspensions
were transferred onto Erlenmeyer’'s with 70 mL of
supplemented MMB and left to grow at 25 °C for three days
under shaking conditions. The resulting products were mixed
with sterilized sand and polymeric sterile tubes, were packed
uniformly with it. The tubes were positioned vertically and a
tube without fungal biomass was maintained in the same
conditions as abiotic control.

The sand tubes were incubated at 25 °C and moisturised until
saturation with 10 mL supplemented MMB every 48 h during
14 days. At the end of the experiment, the tubes were dried
at 50 °C for five days and the samples were observed under
SEMY/EDS to analyse the fungal grown on the samples.

2.7 Compressive test

The samples had their compressive strengths determined
using a compression rate of 0.5 mm/min, for this, they were
cut in parallel face cylinders respecting the height ratio twice
the diameter.

3 Results and discussion
3.1 Urease activity

The urease activity was observed every 3 days as described in
the methodology, regarding the developing colour of the
culture plates. Both studied strains (P. chrysogenum MUM
9743 and N. crassa MUM 9208) presented strong and rapid

urease activity and biomass production. Therefore, they were
able to induce calcium carbonate precipitation by ureolytic
process.

The colour change of the medium from yellow (pH 6.5) to
deep pink (Fig. 1) indicates the ureolytic activity of the fungi,
through the use of the phenol red pH indicator, which has a
deep pink colour at pH above 8.3.

3.2 CaCoOs; biopreciptation

When cultivated on supplemented MMA, the fungal strains
grew well not showing changes in their macromorphologies.

No precipitated crystals were observed in the control plate.
Both samples showed fungal morphology with hyphae that
penetrate in the medium and presented relevant aerial
mycelium. Crystals, tightly associated with hyphae and
precipitated by the fungal strains grown in supplemented
MMA, were observed by SEM (Fig. 2). Figure 2a and b show
hyphae of P. chrysogenum MUM 9743 and N. crassa MUM
9208 forming crystals of CaCOs, respectively.

Figure 1. Urease Activity after 3 days of incubation (a) Control, (b) P.
chrysogenum MUM 9743 and (b) N. crassa MUM 9208.

Biominerals formed in the presence of P. chrysogenum MUM
9743 presented clusters of larger crystals than those formed
in the presence of N. crassa MUM 9208. The Fig. 2a shows a
typical crystal formed in the samples with P. chrysogenum
MUM 9743 showed a mineral with 35.4 um diameter. The
average diameter present on samples to P. chrysogenum
MUM 9743 was 39.6 um and it was possible observed 3
clusters of crystals. Neurospora crassa MUM 9208 show
crystals with a maximum diameter of 26.3 um with 18.3 um
as diameter average. In addition to the formed crystals and to



C. Martuscelli et al., RILEM Technical Letters (2020) 5: 157-162

160

the same experimental conditions, P. chrysogenum MUM
9743 exhibits much more biomass than N. crassa MUM 9208.

Figure 2. Scanning Electron Micrographs of CaCOs crystals
precipitated by fungal strains grown in supplemented MMA. (a) P.
chrysogenum MUM 9743 and (b) N. crassa MUM 9208.

[ 1
255,191 counts in 60 seconds

[] 1 ]
105,178 counts in 60 seconds

The minerals induced by both strains (Figa and c) were
analysed by Energy Dispersive Spectroscopy (EDS). EDS
results showed that CaCOs; and oxygen were the main
elements present in the formed precipitates from both fungal
strains (Fig. 3b and d). In addition, results from crystal
morphologies were very similar to the ones obtained by Fang
etal.[24] and Li et al, [28], who suggested the bioprecipitation
of CaCO; by strains belonging to the same species tested in
this study.

3.3 Fungal biosandstone

The fungal strains were used to test their ability to precipitate
CaCO0s and promote sand biocementation.

The control sample, without fungal biomass, was completely
broken after being removed from the polymeric mould (Fig.
4a). The urease-positive fungi used in the work were able to
promote sand cementation (Fig. 4b and c) making solid
materials, biosandstones in 14 days.

3.4 Compressive Strength

The compressive strength and density of the biosandstone
formed through biocementation of sand by P. chrysogenum
MUM 9743 was 66.5 kPa, 2.05 g/cm?®and that by N. crassa
MUM 9208 was 50 kPa, 1.75 g/cm®.

The increase in density presented by the biosandstone
formed by P. chrysogenum when compared to the density of
the biosandstone formed by N. crassa is due to the higher
production of CaCO;, which is also responsible for the
difference between the compressive strength of the formed
biosandstones.

Figure 3. Energy Dispersive Spectroscopy of minerals formed in supplemented MMA after incubation with fungi strains. (a,b) P. chrysogenum

MUM 9743 and (c,d) N. crassa MUM 9208.
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Figure 5. Scanning Electron Micrographs of growth within biosandstones. (a) P. crysogenum MUM 974 with magnification of 2000x and (b) N.

crassa MUM 9208 with magnification of 3000x.

The growth presented by the strains within the material was
different (Fig. 5). P. chrysogenum MUM 9743 has shown
higher growth (Fig. 5a) which may have led to different
resistance results of the formed materials, as the fungal
mycelia behaved like microfibers promoting increased
mechanical resistance.

The compressive strength results found for P. chrysogenum
MUM 9743 for 14 days were similar to those observed by
adding 4% cement to the soft soil [29] and to those resulting
from bacterial sand cementation (Sporosarcina pasteurii) for
7 days [20]. Although the sand consolidation strengths
applying our fungi at 14 days are lower than bacteria, which
can be due to a slower biocement development when fungi
are used in comparison with bacteria. Thus, maybe higher
time span is required for an efficient biocement when fungi
are used.

4 Conclusions

The fungal strains, P. chrysogenum MUM 9743 and N. crassa
MUM 9208, used in this study were able to induce the
precipitation of CaCO; and promote the biocementation of
sand forming biosandstones. Thus, this work has
demonstrated the potential of the urease-positive fungi to
produce as yet weak (50-66 kPa) biosandstones using a
natural microbial process.

In the present study, the compressive strength found for the
biosandstone produced was far lower compared to the
strength of conventional materials. However, studies with the
use of fungi in the biocementation processes are quite scarce
and recent, so the methodologies for the use of these

microorganisms need to be established and optimized so that
better results can be achieved in the development of
ecoefficient building materials and for a better understanding
of the biocementation process by fungi.

It is concluded that multidisciplinary studies like this one
involving the areas of construction materials and mycology
can be a good strategy for the development of ecologically
more sustainable building materials.
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