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Abstract: It has previously been shown that epilithic bacterial biopolymers used as coatings influ-
enced the physical properties (surface hardness and color change) at different levels and decreased
the surface disaggregation of experimental limestone when evaluated at the laboratory level. A
short-term study (30 days) was conducted to evaluate the performance under natural conditions
of limestone blocks exposed to tropical conditions of a selected bacterial biopolymer (TM1B-488,
after the producing bacterium) and a previously unreported Mayan plant biopolymer known as
“Escobilla”, Sida rhombifolia (Malvaceae) used in conservation procedures. Surface hardness (Leeb
units) and color (L*a*b* coordinates) were measured and statistically tested for two types of limestone
blocks (sound and deteriorated limestone). Both biopolymers increased surface hardness, decreased
surface disaggregation, and did not alter color. Escobilla polymer is a carbohydrate-rich biopolymer
characterized by tangential filtration, global chemical composition, and monosaccharide composition
of hydrolyzed polymer. These results indicate that biopolymers of a heteropolysaccharide nature are
constituted by some anionic charge residues that could contribute to surface stabilization and consoli-
dation, but compatibility with traditional building materials (mortars) and longer time of exposure (a
year) are necessary to fully assess their applicability in the restoration of architectural heritage.

Keywords: polysaccharide-based polymers; bioconsolidation; limestone; surface hardness;

non-destructive test; stone bioconservation; confidence interval; bootstrapp; short-term assessment

1. Introduction

Biopolymers, which consist of a conglomerate of biomolecules, such as polysaccha-
rides, proteins, lipids, and nucleic acids, have attracted the interest of the scientific commu-
nity due to their characteristics, including biodegradability, biocompatibility, renewability,
and physical properties. Biopolymer-based composites have recently emerged for building
purposes [1,2]. Biopolymers can be recovered from various sources, such as microorgan-
isms, plants, and animals. Animal-based materials, such as blood, urine, and eggs, and also
plant biopolymers like straw, bark, cactus juice, and flour have been used historically in the
building industry as admixtures to improve the properties of mortars and plasters [3]. With
the renewed interest in green materials, the use of biopolymers in the conservation of cul-
tural heritage has gained importance in recent years as a sustainable and environmentally
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friendly alternative. Aztecs used fermented juice of the nopal cactus Opuntia ficusindica to
improve the biopolymers’ plasticity and water absorption [4]. Biopolymers extracted from
cactus plants, rice (amylopectin), and tree bark are considered “traditional natural materi-
als”, and their use has transcended generations through oral information and local practice,
which has allowed for their biotechnological application in the field of conservation and
restoration [5-7]. Recently, Rodriguez-Navarro and coworkers [8], using a multidisciplinary
approach, elegantly demonstrated that polysaccharide-rich bark extracts from Mayan trees
contributed to the production of a calcite cement with meso-to-nanostructural features,
matching those of calcite biominerals (e.g., shells). These authors proved the hypothesis
that organics (biopolymers) could play a similar toughening role as (bio)macromolecules
in calcium carbonate biominerals. These studies show that plant-biobased polymers have
properties that are compatible with materials of relevance for the modern building industry
and the conservation of historic monuments.

The biopolymer extracted from Sida rhombifolia has been reported in consolidation pro-
cedures [9,10]. The biopolymer has been used in two different ways: as a building material
for structural stabilization by mixing it with clay soil and volcanic soil and as a natural
consolidant by spraying or brushing it into an aqueous suspension [9]. This traditional
use has gained popularity in the preservation of various building materials, thanks to the
high content of sticky mucoid substances, mainly composed of polysaccharides, present in
the leaves of the plant. Although the application of Sida rhombifolia biopolymer has been
reported in the humid tropical regions of Central America for bioconsolidation [10,11], to
our knowledge, a characterization of the polysaccharide component of this biopolymer has
not been carried out.

Similarly, microbial biopolymers in the construction industry have been used in
concrete and dry-mix mortars; these include welan gum and xanthan gum, among others,
which provide viscosity-enhancing admixtures to achieve high resistance to segregation
of concrete [3]. In a recent study employing a photoacoustic technique, we studied the
influence of xanthan, microbactan (bacterial), and arabic gum (plant-based) biopolymers
in the water transport process of limestone rock. All three biopolymer-coated samples
slowed down the transport of water at different levels, probably related to their varying
chemistries [12]. The implications for reduced water transport in stone conservation under
the influence of biopolymers may include both enhanced and lower deterioration rates.
In addition, in another preliminary laboratory study by our group, we evaluated the
use of bacterial biopolymers on sound limestone surfaces. The producing bacteria were
originally isolated from biofilms colonizing the Mayan sites. This study showed that certain
biopolymers improved the physical properties of the stone specimens, decreasing the loss
of surface material and hardening the surface. Furthermore, they did not cause substantial
chromatic changes in the treated surface. The best-performing biopolymer was chemically
characterized and was found to have a probable glycoprotein nature, which was attributed
to the consolidation effect [13].

In the present research work, we extended previous findings of the consolidating ca-
pacity of the bacterial biopolymer (TM1B-488) that was beforehand tested [13] and included
a new plant biopolymer Sida rhombifolia (Malvaceae) and compared with the performance
of the conventional inorganic treatment based on (CaOH;) commonly used by restorers, in
a short-term study exposed to natural (tropical) conditions. Caneva and Nugari [9] have
studied the biodegradability of the biopolymer of Sida rhombifolia known as “Escobilla”,
but to our knowledge, there is no previous report of the testing for consolidation purposes.
Blocks of limestone of a built wall exposed to tropical conditions in Southern Mexico were
chosen for experiments (details below) and showed different degrees of deterioration, with
marked visual differences between apparently sound blocks and severely deteriorated
(recessed surfaces) blocks. In this study, the consolidating effect was assessed using in situ
surface hardness testing, while color change was used as a compatibility (surface alter-
ation) indicator. Surface hardness changes are precursors to erosion and may be utilized to
describe stone weathering behavior.



Coatings 2024, 14, 154

3o0f17

2. Materials and Methods
2.1. Study Site

San Francisco de Campeche is a historic fortified city facing the Gulf of Mexico, located
in the Yucatan Peninsula, southern Mexico (Figure 1). It is known for its preserved baroque
colonial buildings, military architecture, and historic walled enclosures built to defend
against pirate attacks. The city was fortified in the 17th century and is recognized as one of
the few walled cities in the Americas; it was declared a UNESCO World Heritage Site in
1999 [14].

Figure 1. Geographical location of the study site in the City of San Francisco de Campeche, Southern
Gulf of Mexico. Source: Own elaboration using ArcMap 10.5 (ArcGIS 10.5).

Authorization to conduct this study was obtained from the National Institute of
Anthropology and History (INAH in Spanish), which is the Mexican official institution in
charge of the protection and conservation of cultural heritage of historical relevance. A
50 m long reconstructed section (2014, Adriana Velazquez Morlet Pers. Communication) of
the original enclosure known as “Puerta de Mar” was chosen for the experiments (Figure 2).

Figure 2. Reconstructed section of the fortress wall at “Puerta de Mar” used in this study. The wall is
about 8 m in height. Note the heterogeneous nature of weathering states of different building blocks.
(A) Sound blocks, red arrow. (B) Block with advanced deterioration (recessed blocks), blue arrow.

This site is located across “Calle 8”, one of the main streets in the historic center of the
city of San Francisco de Campeche (19°50'44” N, 90°32/19” W; 3 m above sea level) and is
located at ~240 m from the seacoast. It is exposed to a subtropical environment (Table 1).
Local transit is limited, and protection from vandalism is ensured, so the deterioration
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features are most likely the result of ongoing natural weathering processes. In addition,
INAH determined this site as the intervention wall, given its relevance.

Table 1. Weather conditions at San Francisco de Campeche, Campeche, Mexico [15].

A.nr}ual. Mean Annual Anm.1a1 Annual Solar Wind Energy Average Wind . s
Precipitation Temp. °C) Relative Radiation (h) (W/m?) Speed (m/s) Wind Direction
(mm/year) p- Humidity (%) P
800-1200 >26 >75 2600 40-80 6.0 SE

2.2. Selection of Experimental Limestone Building Blocks

Limestone from local quarries was used to build the reconstructed wall section. The
wall was assessed to determine the observable surface deterioration features, following
the classification system of rock deterioration forms proposed by [16]. According to this
assessment, blocks were divided into two categories (Figure 3).

Figure 3. Comparative visual analysis of building block types. (A) Sound limestone block that does
not display observable deterioration features. (B) Block with advanced deterioration and surfaces
with deep, homogenous material loss. Recession with loss of mass occurs toward the interior of the
block in the form of a uniform cavity.

2.3. Preparation of the Test Areas over Experimental Blocks

The building blocks to be used for treatments were divided using a grid system
(8 rectangular areas) to delimit the areas. The grid covered a total area of 700 cm? for each
selected block; each rectangular area was 87.5 cm?. Two rectangular areas comprising an
area of 175 cm? were used for the application of each treatment; this area was considered
for color measurements, while the upper row was reserved for the evaluation of surface
hardness (Figure 4).

Briefly, the application of calcium hydroxide (CaOH) solution is traditionally used
to consolidate calcareous stones. The formulation was prepared using 1.7 g/L of CaOH
in distilled water, according to [17]. Biopolymers were obtained from Sida rhombifolia
(Malvaceae), a perennial herb that has been reported in consolidation procedures [9,10].
The extraction of the biopolymer was performed according to a modified protocol described
previously [18]. The bacterial biopolymer TM1B-488 was produced and extracted after
fermentation, according to our previous study [13]. All treatments were applied using a
6 cm wide brush. A total of 40 applications were performed for 4 consecutive days, in
a sequence of 10 applications per day, waiting 2 min between each application or until
saturation of the substrate surface with the treatment was observed [10].
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Figure 4. Surfaces intended for consolidation. Three types of treatments were used: (A) Biopoly-
mer obtained from leaves of the Mayan plant Sida rhombifolia (Escobilla); (B) TM1B-488 Bacterial
biopolymer [13]; (C) Conventional treatment: Calcium hydroxide (CaOH) solution.

2.4. Evaluation of the Effect of Biopolymer-Based Coatings on Surface Hardness of Exposed
Limestone Blocks

The physical properties of the hardness of the surface of the blocks were evaluated
as indicators of the effectiveness (consolidation) of the coating. The color change was
measured to determine compatibility. A consolidation effect is reflected in a change in
these properties, an increase in surface hardness on the surfaces of the building blocks
concomitant with increased surface cohesion. Compatibility was assessed based on a total
color change threshold value of less than 5 for all treatments. The application of the coatings
was carried out on 21 April 2021. The measurement campaigns were subsequently carried
out after 15 and 30 days of the application of the different treatments (7 May and 21 May
2021), respectively. These measurements correspond to the dry season and were carried
out on dry and sunny days. This was performed to avoid high levels of humidity in the
rainy season that could alter surface hardness readings [19].

2.4.1. Surface Hardness

Surface hardness was measured using a portable hardness tester (Equotip 3) by means
of the impact device “D”, with an impact energy of 11.5 N-mm (Newton millimeter).
The Single Impact Method (SIM) was used, which consisted of taking several individual
measurements at different points (randomly) within the sample area. Thus, a series of 8
readings were taken randomly for each treatment area (87.5 cm?) [19]. Measurements were
made before application (Day 0) of the coatings and then carried out 15 and 30 days later.

2.4.2. Analysis of Surface Color Change

The color change induced by the treatments and the total color change (AE x ab) were
determined by reading the color parameter before (day 0), immediately after, and then 15
and 30 days after the application of the biopolymers.

The colorimetric measurements were carried out with a portable spectrophotometer,
Konica Minolta cm-700D, to obtain the CIELAB coordinates (International Commission of
Echairage 1976-L*a*b*). The parametric conditions used were illuminant D65, observer 2°,
and 10-mm diameter viewing [20]. The CIEL*a*b* coordinates were transformed into RGB
channels to obtain a visual representation of the color [21].

The AL*, Aa*, and Ab* values needed to calculate the total color change were calculated
as described by [20,22]. Finally, using the AE x ab formula proposed by La Comision
Internacional de I’Echairage 1976-L*a*b* (CIE1976), the total color change was calculated
for each surface treated.

AE xab = [(AL) + (a0 + (a6)2] 7

where AE x ab represents the total color difference in each surface after treatment application.
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A total of 72 color measurements were carried out randomly per treatment area, that
is, in an area of 175 cm?, according to the protocol described by [23].

2.4.3. Statistical Analysis

The size of the effect of the different treatments on the variable surface hardness
(Leeb units) (no-normal data) was analyzed by non-parametric confidence intervals using
the adjusted bootstrap percentile (BCa) method [24]. We used BCa confidence intervals
(1 — «=0.95) for no-normal data [25]. BCa is a second-order interval that uses an acceler-
ated bias-corrected method to correct bias and skewness in the distribution of bootstrap
estimates (10,000 times) [26], resulting in an improvement in the coverage of these intervals.
We considered a significant difference between time (days) when bootstrap Bca confidence
intervals overlapping of upper or lower limits was approximately 50% or less between
treatments [27]. The statistical analyses were calculated using the Groupwise mean function
of the R companion package [28], and results were plotted using ggplot 2 [29] in R software
(version 4.2.3).

2.5. Biopolymer Extraction
2.5.1. Sida rhombifolia Biopolymer

Biopolymer was obtained from Sida rhombifolia (Malvaceae), a perennial herb also
known as “Escobilla”. It is distributed throughout most of Mexico [30] (Figure 5).

Figure 5. Sida rhombifolia located in an urbanized area of the city of Campeche, Mexico. Own source.

Escobilla is distinguished by having yellow flowers and a calyx with ten ribs at the
base (Figure 6). The species Sida rhombifolia is recognized by its leaves that are serrated
only on the upper part, arranged in a spiral, not lobed, elongated, often rhombic, but
also lanceolate or elliptical; the main ones have blades of more than 2 cm long and thin
stipules [31].

3 i Calyxwith | ¢ pase wi

10 ribs

with farinous,
pale appearance.

Figure 6. Characteristics of the calyx of the flower and the underside of the leaf of Sida rhombifolia [31].
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The extraction of the biopolymer was performed according to a modified protocol
described previously [18]. Dry leaves were powdered (10 g) and depigmented with absolute
alcohol in a 1:25 w/v ratio by stirring. Once the sample was depigmented, it was dried
for 48 h to eliminate the solvent. Subsequently, a maceration process was carried out in
deionized water for 5 h. Finally, the supernatant was precipitated with absolute alcohol,
and the crude biopolymer was recovered.

2.5.2. Bacterial Biopolymer TM1B-488

The bacterial biopolymer used in this research work derives from the bacterium TM1B-
488, which has a genetic identity of Xanthomonas citri. The bacterial biopolymer TM1B-488
was produced and extracted after fermentation, according to our previous study [13].

2.6. Sida rhombifolia Biopolymer Characterization
2.6.1. Semi-Purification by Ultrafiltration

The crude extract of the biopolymer was semi-purified by enrichment of polysac-
charides using a tangential flow filtration (TFF) system using a General Electric Mode-lo-
AKTAFlux S/2128851. This technique involves the application of membranes with different
molecular sizes. The smaller components that pass through the membrane are known
as permeate, and the fraction with the larger components that do not pass through the
membrane is called retained. With the application of this technique, an increase in the
percentage concentration of carbohydrates that make up the biopolymer was obtained.

The solution was then filtered through an ultrafiltration membrane of 500,000 NMWC
(Nominal molecular weight cutoff) in order to concentrate the high molecular weight
polysaccharides in the retentate. In this way, the final retained product was recovered and
stored in the freezer for 24 h, then lyophilized.

2.6.2. Chemical Characterization

Different colorimetric techniques were used. For the total carbohydrate content, the
method of [32] was followed by recording the absorbances at a wavelength of 488 nm. The
uronic acid content was determined by the method of [33,34], recording absorbances at
a wavelength of 525 nm. The determination of total proteins was carried out according
to the method of [35], recording the absorbances at a wavelength of 750 nm. In all cases,
measurements were performed in triplicate, and the absorbances were recorded using a UV-
Visible spectrophotometer (Thermo-Scientific model Evolution 201, Waltham, MA, USA).

2.6.3. High-Performance Liquid Chromatography (HPLC) Analysis

The analysis of the monosaccharides present in Sida rhombifolia biopolymer was per-
formed following a modification of the protocol described by [36]. This method consisted
of dissolving 250 uL of the biopolymer samples in 1 mL of 4 M trifluoroacetic acid. The
solution was then heated in an oven for 2 h at 120 °C so that the polysaccharides were
completely hydrolyzed to monosaccharide fractions. The solution was then filtered through
a pore size of 0.22 pm. The filtrate was dried in a nitrogen atmosphere and dissolved in
HPLC-grade deionized water injected into the column. The monosaccharide composition
of the biopolymers was analyzed by high-performance liquid chromatography (Agilent
Infinity 1260, Agilent Technologies, Santa Clara, CA, USA) using a refractive index de-
tector (RID) at a temperature of 45 °C equipped with a ligand exchange column (Agilent
Hi-Plex H, 300 x 7.7 mm, Agilent Technologies, CA, USA). The mobile phase was 0.05 M
sulphuric acid (H,SO;) at a flow rate of 0.6 mL/min. A sample of 20 uL was injected with
a separation time of 26 min. The column temperature was 35 °C. For the identification
of monosaccharides, the standards D-(+)-galactose, D-(+)-galacturonic acid, D-glucuronic
acid, D-(+)-xylose, L-(+)-arabinose, D-(+)-glucose and L-rhamnose (Sigma® standards,
Marlborough, MA, USA) were used.
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3. Results

The hardness of a material is quantified as the resistance of the material to an impacting
device. Equotip surface hardness data are useful discriminators of the degree of weathering
and the impact of consolidant treatments. Equotip hardness values are related to physical
properties, such as porosity and density. Stones are intrinsically heterogeneous in regard to
these properties. To minimize heterogeneity between different experimental blocks, it was
decided to select single-block samples of two levels of weathering.

3.1. Evaluation of Consolidation in Limestone Blocks as Determined by Surface Hardness

Figure 7 illustrates the behavior of surface hardness of sound stone blocks as a function
of the type of consolidation and time of testing (15 and 30 days). Measurements over
limestone surface coated with the bacterial biopolymer TM1B-488 recorded an initial mean
hardness value of 271 Leeb units, with ranges of Bca-CI = 238-304 Leeb units. After 15 days,
the hardness decreased to 248 Leeb units (Bca-CI = 222-285). However, after 30 days, the
hardness increased to 287 Leeb units (Bca-CI = 253-326). From day 15 to day 30, the average
increase was significant (overlap of intervals of 46%). At day 30, the larger mean effect
would be expected with 326 Leeb upper limit of the 95% confidence interval.

Sound stone (BootstrapBCa |.C 95%)

300

250 \. 3

Surface hardness (Leeb units)
|
}

200

15 30
Time (days)
Figure 7. Behavior of surface hardness in sound stone blocks before application of the coating (0 days)
and after 15 and 30 days. Green box corresponds to Escobilla biopolymer; red box corresponds to
bacterial biopolymer TM1B-488, and blue box is the CaOH solution.

This irregular behavior suggests that there is a negligible consolidation effect by the
bacterial biopolymer but is also probably attributed to the variability of surface hardness
of the surface tested under field conditions. In the case of Escobilla biopolymer-coated
limestone surfaces, the surface initially recorded a hardness of 265 Leeb units, with ranges
from 225 to 320 Leeb units, and subsequent increase at 15 days, reaching 290 Leeb units
(Bca-CI = 257-331), and then followed by a slight decrease at 30 days, with a hardness of
287 Leeb units (Bca-CI = 243-328). From day 15 to day 30, the average increase in hardness
was not significant (overlap of intervals of 88%). At day 15, the largest mean effect would
be expected with 331 Leeb upper limit of the 95% confidence interval.
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In this sense, the Escobilla biopolymer appeared to have a short-term but low bio-
consolidating effect on sound stone. The limestone surface coated with the reference
consolidant, CaOH, showed a clear trend; at the beginning, it had a hardness of 235 Leeb
units with ranges (Bca-CI) from 204 to 266 Leeb units, increasing significantly after 15 days
to 284 Leeb units (Bca-CI). CI = 255-307) (overlap of intervals of 12%), but then decreasing
significantly at 30 days to 221 Leeb units (Bca-CI = 181-266) (overlap of intervals of 11%).

Figure 8 illustrates the behavior of the surface hardness of coated limestones that
present a high degree of weathering. Comparatively, the Leeb hardness values of the
weathered limestone were slightly lower than those observed in healthy stone blocks. The
decrease in hardness properties is evident as the deterioration becomes more advanced
and deeper. Measurements on the limestone surface coated with the bacterial biopolymer
TM1B-488 recorded an initial average hardness value of 231 Leeb units, with a range of
Bca-CI = 200-265 Leeb units. After application of the coating, an increase in this property
was observed after 15 days, reaching 244 Leeb units (Bca-CI = 219-272). However, after
30 days of exposure, the hardness effect decreased, recording a hardness of 236 Leeb units
(Bca-CI = 215-257). Regarding the limestone surface coated with Escobilla biopolymer, an
initial hardness of 246 Leeb units (Bca-CI = 206-287) was recorded. In addition, an increase
in hardness was observed 15 days after the application of the coating, reaching 256 Leeb
units (Bca-CI = 227-302). However, this effect decreased after 30 days, reaching a hardness
of 247 Leeb units (Bca-CI = 225-267). Both biopolymers showed a similar pattern and an
increase in hardness at 15 days, followed by a decrease at 30 days. For both polymers, the
overlap of intervals was larger than 50%; thus, the effects were not significant. The surfaces
coated with CaOH had an initial hardness of 181 Leeb units, with intervals (Bca-CI) of
159-204 Leeb units. From day 0 to 15, the hardness increased significantly to 221 Leeb units
(Bca-CI = 159-244) (overlap of intervals of 11%). After 15 days, the hardness continued
progressively until 30 days, reaching a hardness of 224 Leeb units (Bca-CI = 205-247), not
significantly showing the lowest average expected values for all time points.

Deteriorated stone (BootstrapBCa |.C 95%)

300
z BN S 1T
c
S 250 —
T
2 " -
Q o S
s | e G TP
5 | s B |
2 |
[ T —_—
T e
2 |
[
b
=
=
a | .
2004 o o
|
0 15 30
Time (days)

Figure 8. Behavior of surface hardness in deteriorated stone blocks before application of the coating
(0 days) and after 15 and 30 days. Green box corresponds to Escobilla biopolymer; red box corresponds
to bacterial biopolymer TM1B-488, and blue box is the CaOH solution.
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3.2. Color Changes

Table 2 shows the color variation in the sound stone blocks. The surface treated with
CaOH initially presented the following values in the CIELab* coordinates: 86.07 in L*; 1.43
in a¥; and 4.26 in b*. After application of the coating, a slight decrease was observed in
the L* values, which represented luminosity, and in b* values, referring to the yellow-blue
color. The color change was more notable at 30 days, and a more pronounced decrease
in L* and an increase in b* were noted, highlighting the color difference. Regarding the
surfaces treated with the Escobilla biopolymer, the initial values were 85.95 in L¥, 1.53 in a*,
and 10.05 in b*. The most notable changes occurred immediately after coating application
(84.46 in L*, 1.59 in a* and 12.75 in b*) and after 30 days (81.77 in L*, 1.95 in a* and 12.72
in b*), observing a reduction in the luminosity parameter (L*) and an increase in the b*
parameter, associated with the yellow—blue color, with a prevalence in the yellow spectrum.
In the case of the surfaces treated with the bacterial biopolymer, the initial values were
85.97 in L*, 1.50 in a*, and 9.91 in b*. The greatest variation was observed after application
at 30 days (81.26 in L*, 2.05 in a*, and 13.23 in b*), with the L* and b* coordinates presenting
the greatest changes.

Table 2. Comparison of the color of sound stone blocks before, after, and 15 and 30 days after applying

coatings.
CIELAB Coordinates

Coating Time T 2 b* Color?
Before 2 8607 +1.03  143+015 426 +492
CaOH After 8588 £097 1414015  10.53 £ 0.60
solution 15 days 85414126  146+019 1051 £ 0.59
30 days 8266321 1804048 1239 +2.08
Before 8595+ 156 153 +039  10.05+ 1.8
Escobilla After 8446 +240 1594054  12.75+3.16
biopolymer 15 days 8443 +231  155+046  11.51+215
30 days 8177 +£3.09 1954066 1272274
Before 8597 +0.85 150+ 045  9.91+1.79
Bacterial After 8561 +1.19 148+ 048 1147 +257
b;igféf'fs‘gr 15 days 8479 £138 1534047 11174222
30 days 8126432 2054071 1323 +2.62

2 Initial readings taken on the surface of the stone block without any treatment. ® The color of the boxes represents
the visual transformation of the Cartesian coordinates of the CIEL*a*b* color space to RGB color space.

Table 3 shows the color variation for the deteriorated blocks. The surface coated with
CaOH recorded the following initial values: 87.47 in L*; 0.66 in a*; and 7.75 in b*. After its
application, the values of L* and b* began to decrease and increase, respectively. The most
notable change occurred after 30 days (82.82 in L*, 1.37 in a*, and 10.22 in b*), in which the
three parameters, L*, a*, and b*, were altered, making the color change more noticeable.
Regarding the surfaces treated with the Escobilla biopolymer, the initial values were 86.71
in L*, 0.69 in a*, and 7.83 in b*. The changes were very variable throughout the exposure
time, but the color changes at 15 (86.21 in L*, 0.74 in a* and 8.62 in b*) and 30 days (82.59
in L*, 1.43 in a* and 10.56 in b*) were more notable. In this last exposure, the luminosity
parameter (L*) decreased by four units, and a* and b* increased by one and three units,
respectively, compared to the initial records. In the case of limestone surfaces coated with
the bacterial biopolymer TM1B-488, the initial values were 87.32 in L*, 0.65 in a*, and 7.87 in
b*. The greatest variation in these parameters was observed at 30 days (83.60 in L*, 1.29 in
a*, and 9.93 in b*), with a decrease in four units in L* and an increase in one and two units
in a* and b*, respectively, in relation to the initial records.
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Table 3. Comparison of the color of deteriorated stone blocks before, after, and 15 and 30 days after

applying coatings.
Coating Time CIELAB Coordinates Color®
L* a* b*

Before 2 87.47 + 0.99 0.66 + 0.14 7.75 + 0.93

CaOH After 86.99 + 1.31 0.69 + 0.12 7.59 + 0.83

solution 15 days 8579 £2.64  0.77 £0.21 7.90 + 1.35

30 days 82.82 + 2.54 1.37 £ 0.91 10.22 £+ 2.01

Before 86.71+ 113  0.69 + 0.09 7.83 + 0.46

Escobilla After 8491 +1.68  0.78+0.21 10.27 + 3.02

biopolymer 15 days 8621 +258  074+074  8.62+1.39

30 days 82.59 + 2.11 1.43 4+ 0.91 10.56 + 2.07

Before 87.32+204  0.65+0.12 7.87 £ 0.71

bi‘z‘;‘giﬁt . After 86.62 + 1.61 0.68 + 0.16 8.26 + 8.26

TMIB.488 15 days 8642 +£293  0.74+0.24 8.30 + 1.16

30 days 83.60 £ 2.16 1.29 4 0.90 9.93 + 2.40

2 Initial readings taken on the surface of the stone block without any treatment. ® The color of the boxes represents
the visual transformation of the Cartesian coordinates of the CIEL*a*b* color space to RGB color space.

Table 4 details the total color change values (AE) recorded after 30 days for the stone
building blocks. The surfaces coated with CaOH presented values of AE = 4.76 and 8.19
in sound and deteriorated blocks, respectively. The values of AE = 6.09 and 2.26 were
obtained for the surfaces on which the Escobilla biopolymer was applied for the sound and
deteriorated blocks, respectively. For the surfaces coated with the bacterial biopolymer, the
total color change was AE 6.32 and 7.33 for the sound and deteriorated blocks, respectively.
The greatest heat changes occurred for the deteriorated stone blocks, except for the surfaces
coated with the Escobilla biopolymer.

Table 4. Interpretation of AE values obtained to determine the color change in surfaces after applica-
tion of treatments [37].

Building Block Coating Time AE Obtained * AE Reference Interpretation
The difference is notable
CaOH solution Day 30 4.76 +2.38 <3 to the inexperienced
observer.
Sound stone block : -

Escobilla biopolymer Day 30 6.09 + 1.46 <5 Difference s clearly

noticeable.
Bacterial biopolymer Difference is clearly

TM1B-488 Day 30 6.32 +3.11 <5 noticeable.
CaOH solution Day 30 8.19 + 1.69 <5 Difference is clearly

noticeable.

) Difference is only
Deteriorated stone  Escobilla biopolymer Day 30 2.36 £ 2.36 <2 noticeable to an expert
block observer.
Bacterial biopolymer Difference is clearly
TM1B-488 Day 30 733 +2.14 < noticeable.

* Average AE values (three determinations) obtained 1 and 30 days after applying the coatings. +-Standard deviation.

The variability of the total color change can be interpreted as follows [37]. Compared
to sound stone blocks, for surfaces coated with CaOH, the color difference is perceptible
to an inexperienced observer. For surfaces treated with biopolymers, the color difference
is clearly perceptible. In relation to the deteriorated stone blocks, for the surfaces coated
with CaOH and the bacterial biopolymer, the color difference is clearly perceptible. On the
other hand, for the surface coated with the S. rhombifolia biopolymer, the color difference
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is only perceptible to an expert observer. In general terms, most treatments exceeded
the acceptability threshold (AE = 5) after 30 days of exposure. However, it is important
to note that factors such as humidity, porosity, and surface heterogeneity can influence
measurements. With the results obtained, it can be determined that the color change caused
by the application of the coatings is evident; however, the magnitude of the change will
be determined by the composition of the coating used, as well as the characteristics of the
surface of the material where it is applied.

3.3. Biomolecular Characterisation of Escobilla (Sida rhombifolia) Biopolymer

Spectrophotometric determinations revealed the dominance of polysaccharides of
the Sida rhombifolia biopolymer. The results of the chemical characterization (Table 5)
showed that the biopolymer recovered from the crude biopolymer had a total carbohydrate
concentration of 34%. It was observed that they are mostly made up of charged sugars
(27%) and a small portion of protein (approximately 14%). However, the carbohydrate
concentration was not comparable with that reported by [18], who reported a carbohydrate
composition of 64%-75% for this plant species. This discrepancy could be related to the
differences in methods employed.

Table 5. Percentage chemical characterization of Sida rhombifolia biopolymer.

. %Carbohydrates .
Recovered Fraction - - - % Protein
Total Uronic Acids (with Charge)
Crude biopolymer 34.1+0.11 27.78 £ 0.053 13.90 + 0.016
Permeate fraction 36 + 0.84 26 £+ 0.60 9.23 4+ 0.013
Retentate fraction 63 £ 0.064 46.43 + 0.019 24.55 + 0.024

Values are means of n = 3 (+Standard Deviation).

Therefore, in order to obtain a biopolymer of higher purity, which would allow us
to approach the values reported in the literature, the biopolymer was semi-purified by
an ultrafiltration system, increasing the percentage concentration of carbohydrates and
then chemically characterized. Table 5 compares the chemical composition concentrations
obtained from the crude biopolymer and the semi-purified biopolymer. It is important
to mention that the ultrafiltration system generates two fractions: the permeate, where
the smaller molecules are concentrated, and the retentate (according to the membrane
size), where a conglomerate of larger molecules is collected. The highest concentration
of total carbohydrates was quantified in the retained biopolymer (63%), while in the
permeate (36%), the latter is close to the concentration obtained from the organic extraction
(34.1%). Similarly, it was determined that the sugars with charge (uronic acids) are those
that predominate, 46% for the retained biopolymer and 26% for the permeate. Finally,
the protein concentration increased in the retained biopolymer by 24%, with a lower
concentration than that obtained in the permeate (9.23%).

The proportion (percentage content) of the chemical fraction not detected by the
colorimetric tests may be associated with the cell debris or be present as other molecules,
such as lipids, extracellular nucleic acids, or low molecular weight molecules that could
be present.

On the other hand, monosaccharide content analysis of Sida rhombifolia biopolymer
was determined by HPLC after hydrolysis with trifluoroacetic acid. The standards for
glucose, arabinose, rhamnose, galacturonic acid, and glucuronic acid appeared individually
at retention times of 8.46, 11.85, 10.85, 9.59, and 9.23, respectively (Figure 9). In the case
of xylose, galactose, and mannose, the peaks appear overlapping and are observed at a
retention time of 10.39.
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Figure 9. Chromatographic profile of monosaccharides standards. Components are as follows:

1. Glucose; 2. Glucuronic acid; 3. Galacturonic acid; 4. Overlapping in Xylose, Galactose, or Mannose;
5. Rhamnose; 6. Arabinose.

It was observed that the biopolymer of Sida rhombifolia is mainly composed of glucose
(1.08%), glucuronic acid (8.26%), galacturonic acid (15.47%), and rhamnose (69.54%), the
latter being the major component (Figure 10). The presence of one component was also
observed at retention time 10.392, which could correspond to monosaccharides of xylose,
galactose, or mannose (5.6%), whose signals, in general, tend to overlap with each other as
they have a similar retention time. The presence of arabinose was not detected.

2492
1992

1492

nRIU

492

8 85 9 95 10 105 11 115 12 125 13

Retention time (min)

Figure 10. Chromatographic profile of monosaccharides of Sida rhombifolia biopolymer. Components
are as follows: 1. Glucose; 2. Glucuronic acid; 3. Galacturonic acid; 4. Overlapping in Xylose,
Galactose, or Mannose; 5. Rhamnose.

In this sense, the analysis of the hydrolyzed monosaccharides demonstrated that the
biopolymer is a heteropolysaccharide with some residues with an anionic charge.

4. Discussion

Limestone is particularly prone to surface exfoliation and subsequent recession [38];
this was the type of weathering observed in the exposed testing wall of Campeche, Mexico.
This deterioration form was prevalent in this wall, despite the fact that it was rebuilt less
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than 10 years before this study was carried out, and is likely related to the combined action
of thermal stress (high light levels of solar irradiation) and salt spray, typical of a coastal
environment [39] and is consistent with the expected weathering due to the prevailing
microenvironmental conditions (See Table 1). In our previous study, a preliminary as-
sessment was conducted to assess the influence of bacterial biopolymers on the physical
properties of experimental limestone blocks, determining the surface consolidation effect
based on the peeling test (disaggregation) and hardness measurements. Leeb hardness
(HL) was 406.7 + 27.2 [13]. Comparatively, the evaluation performed with samples of
sound stone under laboratory conditions, showed toward those of this study, increased
surface hardness after bioconsolidation, ranging from 34% (Biopolymer TM1B-488) to 32%
(Biopolymer TM1B-489), to 19% (Biopolymer TM1B-464), and to 10% (Biopolymer TM1B-
349) as a bioconsolidating effect. It is important to emphasize that the Leeb hardness values
recorded in the previous study with sound limestone were higher than the values found
in the field in the present study, both for unaltered (230-270 Leeb units) and deteriorated
blocks (180250 Leeb units). These values of hardness are consistent with the varying levels
reported for limestone exposed to the environment [40] and are in agreement with the
understanding that weathering stress history can be reflected in surface hardness evolution.
After consolidation, the weathered areas (Figure 8) responded to the different treatments,
in particular, the surfaces treated with Excobilla biopolymer in a more pronounced manner
than the sound limestone surfaces. The effect of time was not evident, however, as the in-
fluence of time was not durable after 30 days. Better performance over weathered surfaces
than on sound limestone blocks is expected as the consolidants provide cohesion of flakes,
spalled areas, and granular disintegration and, thus, contribute to mechanically reinforced
stone. At this point, it is not possible to determine if this is a temporal evolution of the
protecting effect or the result of the quantitative variability of treated substrata.

It is important that any substance applied to the surface of a historic property of
cultural importance does not alter its appearance; this is usually determined by a change
in color. Environmental (rainfall), anthropogenic (pollution), and/or biological (microbial
colonization) factors influence the aesthetics of a surface, for example, limestone. The key
coordinates in this study corresponded to b* (related to the color yellow to blue) and L*
(luminosity). The decreasing b* coordinate caused a slight yellowish color on the surface
that might be related to the loss of integrity of the polymer, while the values of the L*
coordinate remained constant during the evaluation period. Melo et al. [41] demonstrated
that photodegradation by ultraviolet irradiation of resins used in the conservation of stones
slightly alters their coloration. On the other hand, Kaplan et al. [42] demonstrated, like
Melo and colleagues, that the photodegradation of commercial polymers tends to modify
the coloration of limestone, making it whiter. This is mainly due to the modification of
the L* coordinate, resulting from the cleavage of polymer chains, the breaking of polymer
bonds, and the formation of volatile products. The values of these coordinates can be
interpreted in the total color change.

Previously, we showed that bacterial polymers at the laboratory scale level did not
influence the color regime. In this case, our treatments did not cause a significant color
change to the limestone samples; the total color change was below the threshold value
of AE <5, indicating a non-significant color alteration on the limestone surfaces over
time. This finding is interesting as it shows that bacterial biopolymer-based coatings are
compatible with limestone from the user’s point of view, an important aspect to consider
in the color stability of polymer-treated surfaces. Kaplan et al. [42] showed that synthetic
polymeric coatings of Paraloid B72 modified the surface color of rocks, with values of AE
being above the permissible threshold. Our biopolymer-coated limestone did not induce a
significant chromatic alteration, at least after 30 days, but the results of [42] suggest that
this time should probably be extended.

Given the partial chemical characterization of the Escobilla biopolymer, it suggested
a probable mucilage caused by hydrocolloids that are normally made up of neutral
monosaccharides such as arabinose, galactose, glucose, mannose, xylose, and various
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uronic acids [43]. The monosaccharide composition of polysaccharides is essential to eluci-
date the chemical properties and to better understand the structure-activity relationship.
HPLC separation is one of the best techniques for the analysis of these sugars since it is
capable of simultaneously determining neutral, acidic, and basic sugars [44]. The compo-
sition of the polysaccharide was important because the presence of two uronic acids was
confirmed, which are known to be able to interact with Ca+ ions through their hydroxyl
groups, forming egg-box type structures and, in some cases, forming gels [45].

This mucilaginous (sticky) feature likely contributed to higher adherence to the lime-
stone surfaces, contributing to surface stabilization and hardening. Moreover, it has been
reported that mucilage, such as that of the cactus, which also has galacturonic acid in its
structure, can interact with Ca(OH), crystals, having positive effects on the microstructure
of lime mortars [46]. Something similar could be happening with the coating used in this
work on limestone rocks.

Restorers, as a very relevant, experienced working group, are generally reluctant to
use synthetic consolidants because of past experience showing that synthetic polymeric
consolidants are not readily reversible and may also pose health risks to humans. This is
one of the main reasons supporting the increasing interest in using bio-based materials
as potential novel consolidants. Biopolymers and concomitant biomineralization can be
simultaneously operating, paralleling biofilms that can colonize the rock and induce the
formation of CaCOj3 within the porous or via the production of extracellular biopolymers
with binding properties [47-49].

5. Conclusions

Lime mortars (as surfaces) have been historically modified with the addition of or-
ganic additives (plant polymers) in Mayan building constructions, aiding in restoring and
protecting historical buildings. These admixtures have improved the physical properties
and induced hardening of surfaces, making materials less susceptible to weathering under
tropical environments. Short-term evaluation of biopolymers, both bacterially sourced and
plant-based, showed a protective but short-lived role. The intrinsic variability of limestone
(surface hardness) impeded the assessment when the protective role was evident. The
plant-based (Escobilla) polymers, such as heteropolymers (as per the biochemical analysis),
had a higher consolidating effect. More detailed biochemical composition studies will
help to elucidate the role of the different components of the polymer and the effect of
longer-time exposure. This paves the way for their widespread uses in restoration as a
modifier and/or consolidant. To our knowledge, no previous research has reported such
negligible color changes after coating stones with bacterial biopolymers. It is, therefore,
important to develop an effective and environmentally acceptable consolidation treatment
for historic limestone monuments.
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