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Abstract. Mortars from Bogota, Villa de Leyva
and Barichara were compared chemically and
microbiologically. We analyzed the samples using atomic
absorption and emission spectrometry, Foutier-transform
infrared spectroscopy, X-ray diffraction, scanning
electron microscopy and energy dispersive spectroscopy.
Oxides of silicon, aluminum, calcium, iron, magnesium,
gypsum, weddellite, despujolsite, quartz, berlinite,
carbonate, mica, feldspars, silicates, nitrate salts, sulfites,
and organic compounds were identified. In addition,
irregular particles between 10, 50 an 100 pm were
found, as well organic fibers of 20 um. Was performed
a CFU count using a dilution method to identify fungal
microorganisms and found following genera Aspergillus,
Penicillinm, Alternaria, Fusarium, Mucor and Syncephalastrum.
The mortar sample taken in Bogotd presented the
highest number of CFU/mL and the highest percentage
of relative humidity. The concentration of fungi in this
sample, unlike those from Villa de Leyva and Barichara,
caused degradation in most of the metals identified.
This chemical and microbiological comparison proposes
an effective plan of action to eliminate and prevent
biodeterioration in support of the conservation of
heritage constructions.
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Comparaciéon quimica y microbiolégica del biodeterioro
en construcciones patrimoniales en Colombia. Resumen.
Se compararon quimica y microbiolégicamente morteros
de Bogotd, Villa de Leyva y Barichara. Las muestras sec
analizaron por espectrometria de absorcion y emisién atoémica,
espectroscopia infrarroja con transformada de Fourier,
difraccién de Rayos X, microscopia electrénica de barrido y
espectroscopia por dispersion de energfa. Se encontraron 6xidos
de silicio, aluminio, calcio, hierro, magnesio, yeso, weddellita,
despuljosita, cuarzo, betlinita, carbonatos, mica, feldespatos,
silicatos, sales de nitratos, sulfitos y compuestos organicos.
A su vez, se hallaron particulas irregulares entre 10, 50 y 100
um y fibras de tipo organico de 20 pm. Se realizé el conteo de
unidades formadoras de colonias por el método de diluciones
para identificar microorganismos fungicos. Se identificaron los
siguientes géneros Aspergillus, Penicillinm, Alternaria, Fusarium,
Mucory Syncephalastrum. La muestra de Bogotd present6 el mayor
numero de UFC/mL y el mayor porcentaje de humedad relativa.
La concentracién de hongos en esta muestra, a diferencia de
las de Villa de Leyva y de Barichara, causé la degradacion de la
mayoria de los metales identificados. Esta comparaciéon quimica
y microbiolégica propone un plan eficaz de intervencion para
eliminar y prevenir el biodeterioro en apoyo a la conservacion de
obras patrimoniales.

Resumo. As amostras foram analisadas por espectrometria de
emissdo e espectroscopia de absor¢do atdomica, infravermelho
com transformada de Foutier, difracio de raios X, microscopia
eletronica de varredura e espectroscopia de energia dispersiva.
Foram identificados 6xidos de silicio, aluminio, calcio, ferro,
magnésio, gesso, weddellita, despuljosita, quartzo, berlinita,
carbonato, mica, feldspato, silicatos, sais de nitratos, sulfitos, e
compostos organicos. Particulas irregulares entre os 10, 50 e 100
um foram encontradas bem como fibras de tipo organico de
20 um. Realizou-se uma contagem CFU usando um método de
diluigdo para identificar microorganismos fungicos e encontrou-
se fungos dos géneros Aspergillus, Penicillinm, Alternaria, Fusarinm,
Mucor e Syncephalastrum. A amostra de Bogota apresentou o maior
numero de UFC/mL e umidade relativa do ar. A maior presenca
de fungos desta amostra, ao contrario das amostras da Villa de
Leyva e Barichara, causou degradacdo na maioria dos metais
identificados. Esta comparagdo quimica e microbiolégica pode
sugerir um plano de agdo eficaz para a eliminagéo e prevengio da
biodegradacio e assim preservar obras patrimoniais.

vial - No Derivative Works.
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Introduction

A mortar is made up of a mixture of lime, dirt,
vegetable juices, rubbers, honey, bees wax and
natural fibers (Ventola et al. 2011) coated with lime
and natural pigments or ochre (Corradine 1989,
Lépez 2009) comprised of an aggregate and a binder,
its nature is varied and in some cases specific to each
region (Garg et al. 1995). These plasters are used to
coat different types of constructions to protect the
walls from the effects of weather or other extrinsic
factors that may cause deterioration (Nuhoglu
et al. 2006). They have been used extensively in
Colombian architecture in both indoor and outdoor
applications, in masonry exposed to dry air as well as
in buildings near salt water (Corradine 1989).

One of the greatest problems facing heritage
construction is biodeterioration; this is an adverse
change in the properties of the material caused
by the microorganisms activity (Garg et al. 1995,
Herrera and Videla 2004, Gaylarde et al. 2006
and Nuhoglu et al. 2006). Traditional techniques
of monument restoration, to combat the effects of
biodeterioration, are ineffective since there is no
compatibility between the finish and the support
element (dirt). Also, there are no established methods
of analysis to determine the composition of the
mortars and no interdisciplinary studies to identify
the pathologies that affect them (Lee 2009). Thus,
research becomes necessary to identify the chemicals
and microorganisms that cause biodeterioration to
implement restoration and preservation solutions
in heritage buildings of architectural interest
(Corradine 1989, Lopez 2009).

The study of biology applied to restoration is
relatively new and its field of interest is broad and
multidisciplinary, where biodeterioration becomes
foremost since it encompasses several factors such
as microorganisms, substrate characteristics and
environmental conditions (Caneva et al. 2000).

In general, the deterioration of buildings of
architectural interest is a result of direct exposure
to environmental elements such as sun, wind, rain
and air pollution (Herrera et al. 2004, Herrera and
Videla 2004). However, biodeterioration requires
environmental factors such as rainfall, humidity and
the availability of a substrate to be assimilated by
the microorganisms (Garg et al. 1995, Herrera and

Videla 2004, Nuhoglu et al. 2006). One example is
fungal biofilms, which obstruct the material’s pores
hindering water evaporates. Because water is being
collected and not evaporated, it causes the mortar
to separate into “crusts” (Heitz et al. 1990, Hirsh et
al. 1995, Sand 1997, Sanjurjo-Sdnchez et al. 2010).

The nature of mortar and its wealth of organic
elements make it a readily colonizable habitat for
autotrophic (producers) microorganisms, which then
facilitate the arrival and settlement of heterotrophs
(consumers and destroyers) such as fungi (Nuhoglu et
al. 2006). Producers do not directly use the materials
to satisfy their metabolic requirements (except
mineral salts), they indirectly degrade the substrate
for consumers that use the organic matter for their
sustenance, thus deteriorating the mortar (Caneva
et al. 2000). The most essential macronutrients for
consumers are K, Ca, S, Mg and P and N salts.
The most important micronutrients are Mn, Fe,
Zn and Si (Garg et al. 1995, Herrera and Videla
2004, Rampazzi et al. 2004). The biodeterioration
of mortars by these microorganisms, according to
the type of damage, can be divided into two classes:
chemical and physical damage. The first is when
the effect is mediated by enzymes and/or secondary
metabolites (Garg et al. 1995, Sand 1997) and
the second is caused by the mechanical trauma
of penetration, colonization and growth of the
microorganisms in the mortar substrate (Garg et al.
1995, Gaylarde et al. 2006, Sterflinger 2010).

Chemical and microbiological analyses may help
develop an effective plan of action for the elimination
and prevention of biodeterioration. It can be helpful
for restorers and curators, as it contributes to the
understanding of the biology behind the process
and sheds light on the applications of microbiology
and chemistry in the conservation of heritage
constructions. Therefore, this study compared the
chemical and microbiological biodeterioration of
mortars in three cities of Colombia, Bogotd, Villa de
Leyva and Barichara.

Materials and methods
Area of study: The buildings sampled are in three

major cities of Colombia: Bogotd (Cundinamarca),
Villa de Leyva (Boyacd) and Barichara (Santander).
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We selected heritage constructions of different types
and uses, located in different climates and altitudes
where the samples could be easily extracted from
the mortar. The first building selected was La Casa
de Hacienda El Otofio (national monument) in
Bogotd, which is part of a larger expanse of land
called the “Hacienda el Otono” (Figure 1). Lopez
(2009) reveals it dates back to the seventeenth
century (1675) when it belonged to the Jesuit
Community. The site once extended from: the
existing 170th Street, to the south; to the limits of
Chia, in the north; the Autopista Norte (northern
highway), to the west; and the Bogotd River, to the
east (Lopez 2009).

Fig 1. Location and current state of the buildings. (a)
Barichara (Santander). (b) Villa de Leyva (Boyacd),
Claustro de San Francisco. (c) Bogotd D.C. (Bogotd
D.C.), Casa de Hacienda El Otofio.

The second building was the Claustro de San
Francisco, located in the town of Villa de Leyva, in
the Province of Ricaurte, Department of Boyacd. The
cloister, according to Barichara (2011) dates back to
1613, when the founding of the Convent of San
Francisco was approved during a town hall meeting,.
At the present, the church presents a high degree of
deterioration (Figure 1). Lastly, the third property
is located in Barichara (Santander), in the province
of Guanenta. Samples for the study were taken from
houses, which now stand on Second Street and Third
Avenue where during the mid-twentieth century the
“Carretera del noroeste (northwest highway)” was

built. The purpose of the building has changed on
several occasions but its historical analysis establishes
its construction circa 1617 (Barichara 2011).

The sampled properties correspond to eras
beginning in the seventeenth century. The buildings
are all located at different sea level, in different
temperatures and have different rainfall conditions

(Table 1).

Table 1. General environmental characteristics of
sampling sites. Source Ideam (2012). 'masl: meters above
sea level

City
Parameter Barichara Villa de Bogota
Leyva
Climate Warm dry ~ Warm Tropical
desert and  cold
paramo
Elevation (masl ') 1336 2143 2630
Temperature (°C) 18 —29 7-25 8-20
Relative humidity 25 — 38 40 -74 45 - 96
(%)
Rainfall (mm/ 26-147  69-160 31-172
month)

Samples and sampling points: For the chemical
and microbiological analysis, we collected a total
of 33 samples (5 g each) of mortars from Bogotd
(Sample 1), Villa de Leyva (Sample 2) and Barichara
(Sample 3). Each property was randomly sampled in
areas permitted by the owner, which evidenced some
degeneration in the mortar. Only on repetition was
performed at each sample point. Eleven samples
were obtained in Bogotd, 13 in Villa de Leyva and 9
in Barichara. Sampling was carried out following the
methodology of Béke et al. (2008), which entailed
scraping the surface and removing a small sample of
the mortar using scalpel blades and sterile spatulas.
The samples were taken from areas presenting
cracking and swelling in the mortar’s surface layers.
The samples were kept in sterile plastic
vials at room temperature while transported to
the Microbiological Chemistry and Materials
Laboratory of the Department of Chemistry, Faculty
of Science at the Pontificia Universidad Javeriana.
To compare between the three types of mortar and
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have representativity of each one of these points as
well as to avoid uncontrolled factors such as spatial
variability, composite samples were taken for each
sampling point.

Chemical analysis: A pooled sample was obtained
for each sampling point, then ground using an agate
mortaranddriedat 100°Cfor 3 hours. Approximately
500 mg were dissolved with hydrochloric acid
(1:9), one part of concentrated acid and nine
parts of deionized water at a temperature of 60
°C for 3 days using sonication. Subsequently, each
composite sample was left in a water bath for a day.
Compounds such as CaO, MgO, AlZO3 and Fe O,
were analyzed by atomic absorption spectrometry
using Varian AA140 equipment. To determine SiO,
solubility, 500 mg of each sample was solubilized
with hydrochloric acid at 10%, the filtrate was then
analyzed by atomic emission spectroscopy (Varian
AA140). The results were used to calculate the
hydraulic index “i” and cementation index “CI”,
according to the following equations: i = (%A1203
+ %Fe O, + %Si0,) / (% CaO + 1.4 x % MgO),
CI = (2.8 x %SO, + 1.1x %ALO, + 0.7 x %Fe,0,)
/ (%CaO + 1.4 x %MgO) (Callebaut et al. 2001).

The dissolution of the mortar in hydrochloric acid
yielded three fractions: the insoluble fraction formed
by aggregates, the soluble fraction from calcium
content and others, and the volatile fraction. For this,
we used the methodology proposed by Quarcioni
and Cincotto (2006). At room temperature, we used
500 mg of each sample to establish the insoluble
residue using hydrochloric acid in a (1:2) ratio,
mechanically shaken and heated in boiling water for
60 minutes. Afterward, the residue was washed with
a sodium carbonate solution (10%).

The concentration of calcium, iron, aluminumand
magnesium was determined using atomic absorption
spectrometry and atomic emission spectrometry
for silicium (FAAS, FAES), using a Varian AA140
spectrometer with an air-acetylene and acetylene/
nitrous oxide burner head. As a standard for calcium,
iron, aluminum, magnesium and silicium, stock
solutions of 1000 ppm of JT Baker and lanthanum
oxide at 500 ppm of Sigma. The calibration curves
for the analytes were performed according to
the equipment manufacturer workbook (Agilent
2012). The determination of vibration frequencies

(characteristic of the compounds present in mortars)
in the 4000 to 400 cm™ range, was accomplished
using an Shimadzu IR 8300 Fourier-transform
infrared spectrometer (FTIR), where the powder
samples were suspended in spectroscopic grade KBr
of Sigma in a ratio of 1 mg of sample in 100 mg
of KBr (Quarcioni and Cincotto 2006, Gleize et al.
2009).

The X-ray diffraction (XRD) technique was used
to obtain diffractograms using Panalytical X'Pert
PRO MPD system, set to a measuring range between
2t070°(20), a step size of 0.02° (20), and a time per
step of 0.4 seconds, CuK a1 radiation (A=1.5406 A),
and LynxEye detector. The qualitative identification
of crystalline phases present in the composite
samples from Bogotd, Villa de Leyva and Barichara
was performed by comparing the measured profile
reflections with the reflections of diffraction profiles
reported in the Powder Diffraction File (PDF-2)
database of the International Center for Diffraction
Data (ICDD) using Search Match software. Sample
preparation was carried out in an agate mortar and
ground to a grain size of less than 0.063 mm. The
particle morphology was evaluated using scanning
electron microscopy (SEM) the equipment used was
a JEOL microscope, model JSM 6490-LV, operated
in high vacuum mode and equipped with detectors
that allow imaging of ET-type secondary electrons
(Everhart-Thorneley). Under low pressure 10 torr,
sample fragments were coated with a layer of gold
to obtain high quality images. The energy dispersive
spectroscopy (EDX) detector made possible the
qualitative microanalysis (Quarcioni and Cincotto
2006, Gleize et al. 2009).

Statistical analysis: To compare the chemical
compounds (silica, alumina, hematite, lime,
magnesium, moisture, insoluble residue and loss
on ignition) of the three sampling points (Bogotd,
Villa de Leyva and Barichara); we completed a
random test using a one-way ANOVA, to establish
differences between the samples according to each
compound. In addition, multiple a-posteriori
comparisons were performed between the samples
using the Scheffe test to identify the sample with the
highest amount of compound, when these differed
statistically. The tests were conducted using SPSS
19 software. Most of the compounds met the three
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assumptions of parametric statistics (normality,
homogeneous variance and sample independence);
except the hematite compound, which did not meet
the assumption of homogeneity of variances, even
after square root data transformation, therefore, a
nonparametric Kruskal-Wallis test was conducted
with a subsequent post-hoc test.

Microbiological analysis: Using the dilution
method, we performed a CFU/mL (colony forming
units per milliliter) count by preparing a 0.1 mL
surface plate spread of inoculum for the last two
dilutions (10 and 10”) on the following synthetic
mediums: Rose bengal, malt extract, and Sabouraud
(Merck), then incubated the microorganisms at 25
°C for 8 days. The fungal individuals obtained were
isolated and purified by inoculation on different
PDA, Czapeck, Sabouraud, Malt extract and oatmeal
agar) to observe the reaction of their reproductive
structures to different types and concentrations of
substrates and thus achieve a better identification.
Optical microscopy (Motic B1-211A) and different
staining techniques, such as Gram, lactophenol blue
and 40% KOH were used. Lastly, we observed and
identified the specific reproductive structures of each
of the fungal type samples, and used the taxonomic
key by Samson et al. (2004) to determine family and
genus.

Results

Chemical analysis of mortars: Were tested each of
the composite samples to determine the presence of
silicon, aluminum, iron, calcium and magnesium, in
the results of theses tests, these materials are expressed
as oxides. We also determined the moisture content,
insoluble residue, loss on ignition. Hydraulic and
cementation indeces were calculated in all of the
samples (Table 2). The statistical analysis comparing
the amount of each one of the compounds tested
in each one of the samples (Bogotd, Barichara
Leyva Villa) showed that there were no significant
differences regarding silicium and insoluble residue.
In contrast, alumina, hematite, lime, magnesium,
humidity and loss on ignition had significant
differences (Table 2).

Atomic absorption/emission spectrometry (AAS/
AES): The content of soluble metals (Table 2)
is expressed as oxides in the form of silica (SiO,),
alumina (AL O,), hematite (Fe,O,), lime (CaO) and
magnesium (MgQO). The results indicated that the
silica and lime content in the Bogotd sample was
lower than in the Villa de Leyva and the Barichara
samples, but had higher humidity, insoluble residue
and loss on ignition values. The Villa de Leyva sample
presented the highest level of alumina, magnesium
and hematite, while the Barichara sample had higher
values of silica and lime.

Table 2. Mortar samples’ physicochemical composition (%) and statistical analysis. Mean + standard deviation (n = 4
replicates). NC: Not comparable. °F Fischer of ANOVA, except hematite (Chi?, nonparametric Kruskal-Wallis test). ©
Test significance with a 95% probability. © A-posteriori Scheffe test.

Determination Bogota Villa de Leyva Barichara F* P (<0.05)®  Scheffe
Alumina AL O, 2.54 +0.41 3.01 +0.25 1.23 +0.18 28,196 0,001 Vill>Bta> Bar
Humidity 6.85+0.55 4.47 +0.78 3.47 +0.24 29,053 0,001 Bta>Vill>Bar
Lime CaO 17.9 + 0.07 19.9 £ 0.08 22.5+0.87 9,545 0,014 Bar>Vill>Bta
Loss on ignition 8.47 + 1.01 6.78 +0.18 5.56 + 0.81 7,67 0,022 Bta>Vill>Bar
Magnesium MgO 1.42 +0.02 1.52 + 0.04 0.78 +0.12 5,635 0,042 Vill>Bta>Bar
Hematite FG:ZO3 1.98 £ 0.05 2.23 +0.09 1.45 £+ 0.51 5,85 0,054 Vill>Bta>Bar
Insoluble residue 51.0 + 1.89 49.2 + 1.63 48.1+1.18 2,504 0,157

Silica SiO2 2.56 + 0.67 2.78 £ 0.57 3.68 +0.75 2,367 0,175

Hydraulic index 0.367 0.373 0.268 NC NC NC
Cementation index  0.572 0.573 0.519 NC NC NC

“ Confirmed by MS data ® Uncorrected, ° Isolated yield after CC.
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Fourier-transform infrared spectroscopy (FTIR):
FTIR spectra (Figure 2) of the Bogotd, Villa de Leyva
and Barichara samples confirmed the presence of a
doublet at 796 and 779 cm™ and a band at 694 cm’,
characteristic of a-quartz (a-SiO,) corresponding

to symmetric bending of the Si-O bond (Mleza and
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In calcite compounds (CaCO,) and amorphous
silica (SiO,) resulting from the calcination of
limestone, which produces lime, the following
bands are observed: 1425, 875 and 468 cm™ from
Bogotd; at 1429, 873, 713 and 468 cm™ from Villa
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Fig 2. FTIR spectra and X-ray diffraction patterns of samples of mortars from the Casa Hacienda el Otono in Bogotd
(M1), Claustro de San Francisco in Villa de Leyva (M2) and House in Barichara (M3).
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de Leyva and at 873 and 469 cm™ from Barichara,
found by several authors (Boke et al. 2008, Gulotta
et al. 2013).

Bands were identified for aluminosilicates
(SiXAlyOZ) at 1087 and 1033 cm™ from Bogotd at
1077, 1035 and 532 cm™ from Villa de Leyva and at
1099, 1033 and 538 cm™' from Barichara. Vibrations
at 1009, 1005, 1008 and 1007 cm™* for samples from
Bogotd, Villa de Leyva and Barichara correspond to
the Al-O bond in hydrated aluminosilicates type
compounds reported by several authors (Silva et al.
2005 and Gulotta et al. 2013). Si-O-Si and Si-O-
Al bonds, present in hydraulic compounds vibrated
at 1008 and 914 cm™ from Bogotd, at 914 cm
from Villa de Leyva and at 1008 and 913 cm™ from
Barichara.

Vibrations corresponding to C-H bond stretching
were seen in all samples at 2924 and 2853 cm™ from
Bogotd, at 2924 and 2855 cm™ from Villa of Leyva
and at 2923 and 2855 cm™! from Barichara related to
some kind of organic compound (Silva et al. 2005).

Gypsum CaSO,*2H,O presented vibrations at
3693, 1618 and 1089 cm™ from Bogotd; at 3647,
1628, 1076 and 714 cm™ from Villa de Leyva, at
3651 cm™ from Barichara; weddellite CaC,0°H,0
at 1618 and 779 cm™ from Bogotd; at 1628 and
779 cm™ from Villa de Leyva and Barichara; calcite/
aragonite (CaCO,) at 1425 and 876 cm™ for
Bogotd; at 1796, 1429, 874 and 714 cm™ from Villa
de Leyva, at 1441 and 874 cm™ from Barichara. This
data was compared to data found by several authors
(Rampazzi et al. 2004, Lanas et al. 2005 Boke et al.
2008, Mleza and Hajjaji 2012).

Apatite A (Ca (PO,)),CO, vibrates at 1088, 1034
y 471 cm™ for Bogotd; at 1076, 1036 and 469 cm'!
for Villa de Leyva; at 1456, 1099 and 1034 cm™ for
Barichara; carbonates CO32' at 1425 and 876 cm’!
for Bogotd; at 2509, 1796, 1429, 874 and 714
cm for Villa de Leyva; at 874 cm™ for Barichara.
Vibrations for limestone (CaCO,/SiO,) were found
at 1425, 876 and 471 cm™ for Bogotd; at 1429,
874,714 and 469 cm™ for Villa de Leyva and at 874
and 469 cm™ for Barichara. Silicate bending and
stretching bands SiO_were observed at 1034 and
797 cm™ for Bogotd; at 1036, 797 and 532 cm™ for
Villa de Leyva and at 1034, 797 and 538 cm™ for
Barichara; the same for silica SiO, at 797, 779, 694
and 471 cm™ for Bogotd; at 1076, 797, 779, 694

and 469 cm™ for Villa de Leyva and at 1099, 797,
779, 694 y 469 cm™ for Barichara, of accordance
with several authors (Rampazzi et al. 2004, Lanas et
al. 2005, Boke et al. 2008, Mleza and Hajjaji 2012).

The vibrations corresponding to the stretching
of the O-H bond and H-O-H bending mode of
hydration waters H,O were found at 3427 and
1625 cm from Bogotd; at 3441 and 1628 cm
from Villa de Leyva, at 3427 and 1640 cm™ from
Barichara. The doublet in vibrations from 2360 and
2335 cm™ corresponds to the compound, carbon
dioxide, present in the atmosphere, dissolved in the
samples from Bogotd, Villa de Leyva and Barichara.
Stretching for bond Al-AI-OH in mica/illite was
observed at 3620 cm™ for Bogotd and Barichara. In
portlandite Ca(OH), OH stretching is evidenced
on the band at 3693 cm™ for Bogotd, 3699 cm
for Villa de Leyva and at 3695 and 1441 cm™ for
Barichara. Nitrates NO," and sulfites SO,? present
vibrations at 1385 and 934 cm™ from Villa de Leyva
and Barichara, respectively, described by several
authors (Garg et al. 1995, Callebaut et al. 2001,
Lanas et al. 2005, Mleza and Hajjaji 2012).

X-ray diffraction (XRD):In the X-ray diffractograms
of the samples (Figure 2) we found narrow peaks
and of greater intensity with the increase of retention
time, indicating good crystallinity (Table 3). The
qualitative analysis of each one of the diffractograms
presented the corresponding reflections for the
identified compounds based on the diffraction profile
found in the PDF-2 database of the International
Center for Diffraction Data (ICDD). In the sample
from Bogotd, compounds such as syn quartz (SiO,,

ICDD 01-085-1053) and dolomite (CaMg (CO,),,

Table 3. Comparison: presence (P) and absence (A) in
compound samples found by XRD.

Parameter Bogotd Villa de Barichara
Leyva

Quartz SiO, P P P

Dolomite CaMg(CO,), P A A

Aluminum (III) AIPO, A P A

phosphate (V)

Berlinite Al(PO,) A A P

Despujolsite Ca,Mn A A P

(S0,),(OH),(H.0),




58

A comparison of mortars in Colombia

ICDD 00-089-1304) were identified. Villa de
Leyva presented phases corresponding to syn quartz
(a-SiO,, ICDDO01-070-7345), aluminum (III)
(AIPO,, ICDD 01-084-0853) phosphate (V) and
clayey aggregate (CaMgAlISiO, ICDD 00-003 to
0418). Compounds such as despujolsite (Ca,Mn
(SO,),(OH) (H,0),, ICDD 01-072-0388); syn
berlinite (AI(PO,), ICDD 01-089-4201) and quartz
(§iO,, ICDD 01-089-8937), were identified in
sample 3.

Scanning electron microscopy (SEM-EDX):
On the images obtained by SEM, for all samples,
there were aggregates of irregular crystal-type
morphology of diameters between 50 and 100 pm
and agglomerated particles of approximately 10 pm.
Organic fibers of a thicknesses exceeding 20 pum
were found in all samples (Figure 3).

Fig 3. (a) SEM images and EDX spectra of mortar
samples from the Casa Hacienda el Otono in Bogotd
(M1), Claustro de San Francisco in Villa de Leyva (M2)
and House Barichara (M3). (b) SEM images of fibers
found in mortars.

Microbiological analysis: The CFU/mL count,
showed that in the sample from Bogotd 108 + 2.4
CFU/mL and 198 + 0.8 CFU/mL were found in
dilutions of 10“ and 107, respectively. Unlike

Barichara with 10 + 0.8 CFU/mL and 14 + 0.8
CFU/mL and Villa de Leyva with 8 + 0.8 CFU/mL
and 10 + 1.6 CFU/mL. Six fungal individuals were
identified, 4 of them of the Phylum Ascomycota, and
2 of the Phylum Zigomycota according to taxonomic
keys. The genera identified were: Aspergillus,
Penicillium, Alternaria, Fusarium, Mucor and

Syncephalastrum (Figure 4).

[0 &

Fig. 4. Microscopy 40X de (a) Aspergillus. (b)
Penicillum. (c) Alternaria. (d) Fusarium. (e) Mucor. (f)
Syncephalastrum.

Discussion

Biodeterioration is a result of a combination of several
factors such as microorganisms, the characteristics of
the substrate and environmental conditions (Caneva
et al. 2000). Microorganisms are largely responsible
for the biodeterioration of mortars, as they are able
to colonize an assimilable substrate and convert
other compounds that are not assimilable into
simpler forms (Sterflinger et al. 1999, Herrera et al.
2004). Garg et al. (1995), Sand (1997), Herrera et
al. (2004) and Herrera and Videla (2004) found that
Aspergillus, Penicillium, Alternaria, Fusarium, Mucor
and Syncephalastrum generate biodeterioration of
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the mortar at a macro and microscopic level and
affect their chemical characteristics, these results
are similar to those obtained by this study, which
reports the same fungal genera.

Inturn,environmental conditionsaredetermining
factors for microorganism colonization and growth,
in this case fungi. Relative humidity, temperature
and rainfall vary by geographic area (Agrawal et
al. 1988, Gaylarde et al. 2006, Sterflinger 2010,
Mleza and Hajjaji 2012) and alters the composition
of microbiota in the mortar (Garg et al. 1995 and
Sterflinger 2010). Consistent with the results,
colony-forming units were higher in Bogotd than
they were in Villa de Leyva and Barichara. Relative
humidity and precipitation are limiting factors,
when their values are close to the limits of tolerance
of a fungal genus (Caneva et al. 2000). Furthermore,
temperature influences relative humidity as well as
the water content in the substrate, since a constant
value of water content and a high temperature equals
lower relative humidity, that limits the number of
fungal microorganisms, this is the case of Villa de
Leyva and Barichara. Lastly, lower temperatures
produce higher relative humidity (Bogotd) creating
a favorable biotype for the development of fungi,
which could explain the differences in colony
forming units in the three samples.

The samples presenting the least fungal
biodeterioration, reflected by the oxidized metals
measured using atomic absorption, were Villa de
Leyva and Barichara. Villa de Leyva presented
high levels of tropical humidity and pollution,
followed by Barichara. However, Bogotd presented
the highest overall. These two elements facilitate
biodeterioration; makes the
porous, then rains wash away the soluble calcium
carbonate and subsequently causes leaching (De la
Torre 1993). Similarly, sulfur dioxide derived from
human activities and the presence of sulfates in
the environment and other types of contaminants,
when combined with water ions produce sulfuric
acid, which degrades the calcium in the mortar into
calcium sulfite and minerals such as gypsum that
diminish the amount of aluminum and iron in the
walls (Corvo et al. 2010). Other contaminants like
carbon monoxide and carbon dioxide may become
carbonic acid in the presence of moisture and can
reach dissolve the carbonates and degenerate the

moisture mortar

silicates in the walls. This is evidenced by the presence
of soluble and insoluble compounds such as quartz,
calcite and aragonite in samples from Villa de Leyva
and Barichara (Barbera 2006, Gadd 2007, Corvo et
al. 2010). Nitric oxide can also corrode metals in the
walls and is an important contaminant to consider.

However, environmental factors, both biological
and chemical, must be considered as a whole, the
interaction between them may result in different
effects of biodeterioration, as in the present case,
where mortar composition is critical for optimal
colonization and fungal growth. The results
described found metal oxides (Ca, Fe, Si, Al and
Mg), traces of organic compounds and insoluble
minerals from secondary metabolite reactions with
the components of the wall, these are all considered
nutrients, separated into macronutrients (K, Ca, S,
Mg, P and N salts) if needed in large quantities, or
micronutrients (Mn, Fe, Zn and Si) if necessary in
low quantities (Gadd 2007, Gutarowska 2010).

Lime (CaO) is the main compound degraded
by fungal microorganisms, as evidenced by the
analysis of the sample from Bogotd that had the
highest amount of fungi and relative humidity, in
comparison to the samples from Villa de Leyva and
Barichara. The sample from Barichara had the least
fungi and least humidity, followed by the sample
from Villa de Leyva, which had a higher amount
of fungi and relative humidity. The statistical
analysis demonstrated that the sample from Bogotd
presented the least amount of lime, this due to
the high presence of fungal microorganisms and a
clear difference in the relative humidity. The second
compound with the most fungal biodegradation
rate was silica (SiO,). Silica is highly impacted by
moisture generated mostly by rain, which in turn
promotes the presence of microorganisms that
deplete the silica content. Although statistical
analysis did not establish significant differences,
according to averages, the samples with higher silica
content is Barichara, followed by Villa de Leyva and
Bogotd (Gadd 2007, Corvo et al. 2010).

Metals such as aluminum (alumina), iron metal
species (hematite) and magnesium, have higher
values in the sample from Villa de Leyva than
the sample from Bogotd, explained by the high
concentration of fungi, in turn, the values of these
metals are lower in the sample Barichara because of
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the type of materials (lime, soil and sand) used at the
time of construction of the building (Lépez 2009).

Microorganisms may attack the minerals in the
cement paste; materials such as portlandite, silicates
and calcium aluminates, as well as aggregates like
quartz, feldspar and mica, all identified using the
FTIR method. Warscheid-Braams (2000) and Gadd
(2007) mention that the fungi attack the cement
paste from bad interventions on the soil, solubilizing
calcium products, by removing the silicium and by
the oxidation of iron species, magnesium and other
metals. Similarly, these fungi solubilize minerals
and metal compounds by acidolysis mechanisms
(chemolithotrophic processes with inorganic acids
such as nitric and sulfuric acid) and complexolysis
(chemolithotrophic processes with organic acids),
as evidenced in the results obtained in this study
(lime, hematite, alumina and magnesium). On the
other hand, anion and cation reactions that lead to
the oxidation of a metal known as redoxolysis were
evidenced in the oxidation of the metals present in
mortars (Warscheid-Braams 2000, Pinheiro and
Silva 2003).

The presence of atmospheric and anthropogenic
air pollution favor the generation of hydrocarbons
and volatile compounds (Garg et al. 1995) and aid
in the colonization and growth of fungi (Herrera
et al. 2004, Rampazzi et al. 2004, Suhiko et al.
2007), this was corroborated by the results of loss
on ignition, indicating a greater presence of volatile
compounds and organic material in the sample
taken from Bogotd than in those taken from the
other two cities. This is because Bogotd is the capital
and a large city; therefore, the levels of air pollution
are higher (Gaitan et al. 2007) than in Villa de
Leyva and Barichara. Also, the presence of fungi-
originated organic matter in the sample from Bogotd
is considerably higher than in the other two samples.

Genres such as Aspergillus and Alternaria have
been reported by Garg et al. (1995) and Gadd
(2007) as able to hydrolyze and solubilize metals for
their assimilation as a nutritional source. Secondary
fungi metabolites have the ability to react with iron
ions and magnesium, oxidizing them, contributing
to the deterioration of the construction. Mycogenic
compounds such as calcium nitrate, ettringite
and gypsum are produced from this type of
biodegradation; this is evident in the decline of

aluminum and iron in the mortar (Gadd 1999,
Pinheiro and Silva 2003, Suhiko et al. 2007). The
previous was exposed by the atomic absorption
measurements and the decrease in alumina and
hematite.

Some fungi produce polyols as osmoprotectants
in response to water stress, these polyols and other
polysaccharides bind to silicated compounds via
hydrogen bridges such as mica and feldspar, found
in this study, causing expansion in the crystalline
layers of the plaster, as a result weakening the
material (Gadd 2007) one of the features required
of the samples taken during our sample collection.

Some of the secondary fungi metabolites existing
in the outer coatings of the walls secrete organic
acids such as glucuronic acid, citric acid, malic acid
and oxalic acid. The production of such acids creates
a proton source, which is made available to carry
out oxidation reactions that help solubilize certain
metals (Sorlini et al. 1982). In turn, organic acids
degrade the components in the mortar, generating
compounds of fungal origin, that cause different
chemical-physical effects. Calcium oxalate, which is
the product of the reaction of calcium ions in the
mortar and the oxalic acid secreted by the fungus,
produces minerals such as weddelite and whewellite
by hydration (Garg et al. 1995, Rampazzi et al.
2004). These were all found in this study and in all
of the samples, but mostly in Bogotd, contrastingly
with the insoluble residue values found in the three
samples. Although the statistical analysis showed
no significant differences, trends in the variables
corroborate the previous. This organic acid secreted
by the fungus also reacts with metal ions in the mortar
such as iron, magnesium and aluminum, when
oxidized and degraded by the general mechanism of
the reaction: M’* + 3 C,0,> — M(C,0,),*, causing
visible and significant damage to the aesthetics and
integrity of the architectural covering making it
difhicult to restore the mortar (De la Torre 1993,
Goméz-Alarcon and De la Torre 1994, Goméz-
Alarcon et al. 1995, Sand 1997, Gutarowska 2010).

The simplest salts are those from the reaction of
oxalic acid with a metal (oxalates). They are not very
soluble and precipitate as amorphous crystalline
solids. The secretion of organic acids results in
calcium oxalate, which generates a variety of crystal
structures and has a direct association with fungi.
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Its main forms are the monohydrate (whewellite)
and the dihydrate (whedellite) (Gadd 1999, Gorny
2004), unlike those encountered in scanning
electron microscopy, where the crystals observed
have an irregular morphology with diameters ranging
between 50 and 100 pm and are insoluble, which
affect the nutritional heterogeneity of elements Ca,
P, Kand Al in the three mortar samples.

As evidenced in this study, a chemical and
microbiological analysis may be useful to create an
effective plan of action to eliminate and prevent
biodeterioration. Giving restorers and curators the
tools to understand the biological and chemical
aspects of biodeterioration, so they can apply this
knowledge of microbiology and chemistry to the
conservation of heritage works.

Conclusion

The comparison of the samples taken from different
heritage constructions and the statistical analysis
of their components proved that the chemical
composition of each one of the mortars is different.
The analysis also evidenced the presence of metal
degrading fungi in the mortars taken from Bogot,
which affect materials such as calcium, silicium,
aluminum, iron and magnesium, unlike the samples
taken from Villa de Leyva and Barichara that do not
present these fungi. The evidence of these metal oxides
and other compounds such as gypsum, weddellite,
despujolsite, quartz, berlinite, carbonate, mica,
feldspar and silicate is mainly due to the biological
interaction of the fungi Aspergillus, Penicillium,
Alternaria, Fusarium, Mucor and Syncephalastrum
found in the mortars from Bogotd, Villa de Leyva
and Barichara. However, the sample from Bogotd
had the highest number of colony forming units
(CFU/mL) and a higher relative humidity than the
samples from Villa de Leyva and Barichara, this is a
decisive factor for fungal colonization.
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