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One of the most important studies from historic mortars is the binder:aggregate ratio,
which is usually obtained through wet chemical analysis. Instrumental techniques and
benchtop equipment have become increasingly important tools in the characterization of
historic materials. The analysis of such materials has become more practical, faster and
more accurate, and the sample preparation methods require less and less material. Thus,
this article aims to investigate the validity of the results obtained by some of the methods
and techniques used in historic materials analysis and determine the possibility of
estimating the binder:aggregate ratio with adequate accuracy and precision. For this
purpose, historic mortars from Belém do Parg, in northern Brazil, were selected, and the
following quantification techniques were employed: wet chemical analysis, XRD, DSC and
XRF. The results showed that the amounts of the components in the mortars could be
quantified with the use of approximately 3 g of sample, thus providing one of the main
pieces of information needed for the production of a restoration mortar: the binder:
aggregate ratio.

Keywords: wet chemical Analysis, XRD, DSC, historic mortars, binder: aggregate ratio, brazilian mortars, old
mortars, Rietveld Method

INTRODUCTION

Historic masonry structures often require restorative interventions, and the render and plaster
mortars is the portion of structures that most often requires restoration because it is the area of
greatest exposure to weathering and mechanical impacts. This is the most common material used by
builders due to its ease of formulation, preparation and application and its low cost.

In the past, mortars were quite heterogeneous in terms of their particle size distribution, chemical
and mineralogical composition, degree of mixing and component ratio. This heterogeneity produced
buildings and/or environments that were unique “pieces” and not a series of equal “pieces”, as is
common today. Thus, the composition and properties of these materials deserve a thorough
investigation when restoration is required (Hormes et al., 2016).

The main binder used until the end of the 19th century was air lime, which was later replaced by
Portland cement. The latter gave the mortars a high mechanical strength, low permeability and
shorter curing time. However, when applied to historic constructions, Portland cement causes the
appearance of moisture stains, salt efflorescence, flaking and fissures. These effects reinforce the need
to develop alternatives for use in restoration (Pacheco-Torgal et al., 2012; Barbero-Barrera et al.,
2014). Therefore, studies on alternative materials that are more compatible with and representative
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of the original materials are increasingly common. In addition,
there is an ongoing discussion about the best use of analytical
methods to more accurately and precisely estimate the
composition of an original “piece”.

The different techniques and characterization methods,
together with historic data, are used to determine which
components were used in the original material and to obtain
data on their state of conservation. Based on such information,
strategies are adopted for the restoration and preservation of
historic assets to avoid or minimize incompatibilities between the
new and preexisting materials. Using some techniques and
methods, such as X-ray fluorescence (XRF), X-ray
diffractometry (XRD), Optical Microscopy (OM) differential
scanning  calorimetry (DSC), and scanning electron
microscopy and chemical microanalysis (SEM-EDS), the
chemical and mineralogical composition of a material can be
determinate to estimate its main characteristics and properties
without the need for physical and mechanical tests, which are
infeasible when only small irregular fragments are available for
characterization (Franzini et al., 2000).

The binder:aggregate ratio used in the formulation of historic
mortars is one of the most important information that needs to be
determined and is usually obtained through wet chemical analysis
(Casadio et al., 2005; Middendorf et al., 2005). For this purpose, in
calcitic air limed mortars, an assay based on the acid dissolution
of the binder may be used, and the aggregate is considered to
remain intact. Then, the result is given by a simple mass balance
that considers the following points: 1) all the “Ca(OH),” binder in
contact with atmospheric CO, is transformed into CaCOs,
according to Eq 1; 2) all CaCO; is dissolved by an HCI
solution (Eq 2); and 3) the undissolved component is the
aggregate, according to Eq 3.

Ca(OH),“Binder” + CO, — CaCOs+ H,0 (1)
CaCO; + 2HCl— H,0 + CaCl, + CO, )
Mass“Mortar” =074 Mass“CaCOS” + Mass“Aggregate” (3)

The wet chemical analysis method, when used alone, does not
provide complete information about a mortar or its state of
preservation and may raise doubts about whether the
aggregate is partially or completely dissolved by the acid
(Casadio et al., 2005; Middendorf et al., 2005). Thus, for a
more detailed understanding of the historic material to be
restored, techniques and analytical methods must be
combined, for example, by combining total chemical analysis,
mineralogical analysis and textural analysis. In addition,
consulting historic information that helps to determine the
material composition, such as the date of construction and the
architectural style, is important (Middendorf et al., 2005).

With advances in instrumental techniques and the emergence
of benchtop equipment, the aforementioned analyses have
become more practical, faster and more accurate, and the
sample preparation methods consume less material compared
to the methods used for wet chemical analysis, as previously
discussed.

The question that emerges in this context is as follows: how
can the binder:aggregate ratio of air lime-based historic mortars

Binder/Aggregate Ratio in Historical Mortars

be estimated for restoration? It is noteworthy that, in addition to
the already known and well-discussed wet chemical analysis
method (acid attack), a combination of techniques is already
used. Instrumental techniques already used for this purpose
include DSC, XRD, XRF, OM and SEM (Hughes & Cuthbert,
2000; Moropoulou et al., 2000; Callebaut et al., 2001; Moropoulou
et al., 2002; Maravelaki-Kalaitzaki et al., 2003; Casadio et al., 2005;
Middendorf et al.,, 2005; Boke et al., 2006; Adriano et al., 2009;
Fiori et al,, 2009; Gleize et al., 2009; Gliozzo et al., 2009; Ciarallo
etal., 2010; Aggelakopoulou et al., 2011; Theodoridou et al., 2013;
Borges et al., 2014; Matias et al., 2014; Singh et al., 2016; Botas
et al.,, 2017; Damas et al., 2018).

Thus, this study aimed to investigate the validity of the results
obtained by some of the methods and techniques listed above and
assess the possibility of estimating the binder:aggregate ratio with
adequate accuracy and precision. Furthermore, the study aims to
determine the compatibility of the results obtained by each
technique and the necessity of combining various techniques
to better characterize a material.

Finally, the work also aimed to show how statistical data can be
explored in order to give more reliability to the results, indicating
which parameters should be used in each technique, mainly in
XRD, which is not so explored by other studies that involve
determination of the binder: aggregate ratio in historic mortars.

MATERIALS AND METHODS

Description of Samples

To meet the main goal of the study, which was to compare
different techniques and methods to determine the binder:
aggregate ratio and discuss the advantages and disadvantages
of each, two samples of lime-based mortars from historic
buildings in Belém do Para, Brazil were selected. The buildings
include the Arquivo Publico do Estado do Pard and Casa
Quintino, described in Figure 1. It is noteworthy that, in this
study, all carbonate material was considered as a binder to
determine the binder:aggregate ratio, including shell fragments,
even knowing that behave as an aggregate. Although this choice
may be questionable, this decision has been taken because the
technics used in this paper cannot distinguish the carbonate
binder and the carbonate aggregate, and the results can be
useful when there is no carbonate aggregate. Thus, knowing
the limitation of each method, it is possible to make more
accurate decisions to protect cultural heritage.

Material Characterization
In this assay, a sample weighing ~20 g was used, with ~10 g for

each replicate and follow the recommendations of similar studies
(Alvarez et al., 1999; Gleize et al., 2000; Middendorf et al., 2005).
The acid attack of the samples (total sample) was performed using
a 1:4 solution of hydrochloric acid and distilled water at room
temperature. At the end of the attack, only the insoluble fraction
remained (quartz and kaolinite aggregates), and this was filtered
and carefully washing with deionized water, and then, the residue
was dried and weighed. The binder:aggregate ratio (soluble
fraction:insoluble fraction) was determined by gravimetry.
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- Architectural style: Neoclassical

- Period: Mid-19% century. The Building underwent a major intervention in the second half of
the 19% until early 20% century.

- Use: Originally housed Banco Comercial do Para (Commercial Bank of Pard). Since the end
of the 19* century, it has housed the State Library and Public Archive.

- Construction system where mortar was sampled: Masonry mix of stone blocks and bricks.

- Sample: Rendering mortar of beige color, composed of air lime and quartz aggregate, with a
large amount of lime lumps and large shell fragments.

CASA QUINTINO

- Architectural style: Eclectic
- Period: End of the 19th century
- Use: Originally residential. Since 2017, it has housed a cancer center.

- Construction system where mortar was sampled: Masonry with three-hole bricks.

- Sample: Rendering mortar of beige color, composed of lime and quartz aggregate, with a
small amount of lime lumps and small shell fragments.

FIGURE 1 | Description of buildings selected for sample collection.

X-Ray Diffraction (XRD) - Rietveld to estimate the potential contribution of the amorphous phase,
For the mineralogical analysis, ~3 g of total sample was pulverized =~ and XRD measurements were taken again.

in an agate pestle, the powders were back-loaded into an The samples were analyzed in a PANalytical EMPYREAN
aluminum holder and then measured by XRD. Subsequently,  diffractometer, with a 6/6 goniometer, a ceramic X-ray tube and a

20% of an internal standard (fluorite) was added to the total mass Co anode (Kal = 1.789 A), with Generator Settings 40 mA
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voltage and 40 kV electric current, and a Kp nickel filter. The
divergence slit = 1/4” rad, the ant-scattering slit = 1/2° rad, and
anti-scattering slit of 10 mm diffracted beam. Diffraction profiles
were obtained in the 3-111 [*2Th] range using a step size 0.0070
[2Th], and sample in a circular motion with frequency of 1
rotation/sec. Total analysis time was ~20 min. Phase
quantification was performed by the Rietveld method using
the PANalytical X'Pert HighScore Plus software. Structural
models for all the phases were taken from the ICSD database:
quartz (code 98-011-5,342), calcite (code 98-011-0,798),
kaolinite (code 98-005-2,637), and fluorite (code 98-002-1,688).

The statistical indices used as a criterion to judge the quality of
the Rietveld refinement were: 1) R, = minimized value by the
least-squares method, 2) R.,, = minimum value for R,,, that can
be expected statistically, and 3) X = chi-square value (RWP/ReXp)Z.

Rational Calculation for Mineralogical Quantification
(XRD Combined With XRF)
To estimate the mineralogical composition, ~3 g of total sample
was pulverized in an agate pestle and then the total oxides
identified by XRF (Al,O3, SiO, and CaO) were converted into
the minerals identified by XRD, assuming logical considerations
regarding the partitioning of the elements.

The following conversions were identified:

% CaO (total oxides) = 0.5604 (% calcite) (4)

% AL Os (total oxidesy = 0.395 (% kaolinite) (5)

% S103 (kaolinite) = 0.4656 (% kaolinite) (6)

% 810, (quartz) = % SiO2 (1ol oxides) = % SIO2 (kaolinite) @)
% LOI (kyolinite) = 0.1395 (% kaolinite) (8)

% LOI (calcite) = 0.4396 (% calcite) 9)

% LOI(theoretical) =% LOI(kaolinite) +% LOI(calcite) (10)
% LOI (difference) =% LOI (experimental) - % LOI(theoretical) (1 1)

Because the XRF analysis is destructive, the XRD measurements
were performed first, so that the same material used for phase
identification could be used to determine the chemical
composition. Sample preparation for XRF was performed
using fused beads containing 1g of total sample pulverized
(<200 ym) to 6g of lithium tetraborate (flux). The loss on
ignition was determined by the mass difference after
calcination of 1 g of total sample at 1,000°C for approximately
2 h (previously dried at 105°C).

The XRD analyses followed the specifications mentioned in
section 2.2.2, and the XRF analyses were performed in a
PANalytical Axios-Minerals X-ray Fluorescence Spectrometer,
with a ceramic X-ray tube, a thodium anode (Rh), and 4 kW of
power. The data were acquired using the SuperQ Manager
software, and the data were treated using the PANalytical
Ominian software.

Differential Scanning Calorimetry (DSC) Combined
With XRD (Phases Identification)

For this analysis, the mineral phases were first identified by XRD
following the specifications mentioned in section 2.2.2. Next,

Binder/Aggregate Ratio in Historical Mortars

~30 mg of total sample was subjected to DSC analysis using the
NETZSCH STA 449F3 Jupiter equipment with a simultaneous
thermal analyzer from NETStanton Redcroft Ltda, a vertical
cylindrical platinum furnace, a temperature range from 25°C
to 1,000°C, a nitrogen flow rate of 50 ml/min, a heating rate of
5°C/min and a platinum crucible as a reference. The total
measurement time was 3 h 15 min.

The results were interpreted using the Proteus software from
NETZSCH. The calibration factor was determined using the
following substances and their respective boiling points: In
(156.6°C), Sn (231.9°C), Bi (2714°C), Zn (419.6°C), Al
(660.6°C), and Au (1,064.4°C).

The calcite content was determined using a shell fragment
found in one of the mortars as a standard because shells were used
as a raw material to obtain lime (Loureiro et al, 2020). It
emphasizes that, in this study, the shell fragments were
considered as a binder.

The applied methodology was based on the study developed by
Paz et al. (Paz et al,, 2017). According to this methodology, the
heat of the decarbonation reaction measured by DSC ~750°C can
be used for phase quantification because the ratio between the
peak area and the enthalpy can be determined using a
temperature-dependent calibration factor. Thus, the peak A
area depends on the sample mass m (g), the enthalpy of the
reaction AH (J g_l) and an empirical constant K (sensor

sensitivity) (Eq 12).
A
AH= + —
mK

1 t final
= —initial t J [heat flow (t)
mK
— interpolated baseline (t)]dt (12)

With this information, the percentage of calcite in the samples
was determined by the ratio between the AH value of CaCO3
decarbonation and the aH value of standard CaCO3
decarbonation (shell fragment) and subsequently multiplied by
100 (Eq 13).

AH (descarbonation of sample CaCO3)
AH (descarbonation of standard CaCO3)

x 100

% Calcite (sample) =

(13)

Based on the percentage of calcite, the aggregate content present
in the samples (kaolinite and quartz aggregates) was determined
according to Eq 5, and thus, the binder:aggregate ratio of the
mortars could be determined.

% Aggregate (kaolinite+quartz) =100 - % CaCO3 (14)

Determination of the binder:aggregate Ratio in Volume
The mass percentages of the binder and aggregate found through
the analytical techniques were converted into a binder:aggregate
ratio in volume, considering a unit mass of the aggregate of
1.35 g/cm® and a unit mass of the calcium hydroxide of 0.46 g/
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Arquivo Publico

% mass
100 94.7 95.3
80 73.7 75.9
60
0 26.3 24.1
20
N B
0 = —
1 2 1 2

Aggregate ® Binder

Casa Quintino

Binder Aggregate Binder : Aggregate Ratio
Sample Ricamure (% mass) (% mass) (volume)
i s Mean 25.2 74.8 A
Arquivo Publico SD 11 11 1: 1.4
. Mean 5.0 95.0 )
Casa Quintino SD +03 £03 1: 8.8

FIGURE 2 | Binder/aggregate ratio estimated by wet chemical separation.

cm?; these values were defined in the characterization of the
material by Loureiro et al. (Loureiro et al., 2020).

RESULTS AND DISCUSSION

Wet Chemical Separation (Acid Dissolution)
to Determine Binder and Aggregate

Contents

As shown in Figure 2, using the acid dissolution technique, the
binder content of all of the mortars was lower than the aggregate
content. The binder:aggregate ratios in volume were 1:1.4 and 1:
8.8 for Arquivo Publico and Casa Quintino, respectively.

With this technique, it was not possible to identify
degradation products to indicate the presence of soluble
salts or to determine precisely which types of aggregate
were present, for example, the amount of quartz and
kaolinite in the aggregate, and also is limited when there is
carbonate aggregate, because this is dissolved by the acid
hydrochloric. However, after the acid attack, it was possible
to perform assays to determine the particle size distribution of
the aggregate, which is of great value for a good historic
material restoration.

In Figure 2, it is possible to verify that the results obtained by
each replicate are statistically equal, demonstrating that the
results are reliable. Although it is a widespread technique for
characterizing historic mortars, statistical data are not shown

frequently, which could be further explored and, thus, give more
reliability to the results presented.

(Casadio et al., 2005), shows that the use of some acids is not
suitable for determining the binder: aggregate ratio when there is
carbonate aggregate, including HCI since it overestimates the
binder content because there is the significant dissolution of the
aggregate fraction, which also occurred in this study. However,
the aim of the present study was to show how to determine the
binder:aggregate ratio considering that shell fragments are
binder, as already mentioned. Thus, we expose each applied
method limitations are exposed, making it possible to make
better decisions to protect cultural heritage.

X-Ray Diffraction-Rietveld Method

The diffractograms revealed three mineral phases: calcite,
kaolinite and quartz. Calcite indicates that air lime was the
only binder used in the mixture, whereas quartz and kaolinite
indicate the use of a sandy aggregate with a small amount of clay,
typical characteristics of historic mortars from Belém do Para,
Brazil (Loureiro et al., 2015; Loureiro et al., 2020).

As expected, the XRD-Rietveld analysis revealed that the
aggregate content was higher than the binder content, and the
mortars with the highest binder:aggregate ratio were those
belonging to the Arquivo Publico. These results agree with the
results obtained by the wet chemical analysis. Thus, the binder:
aggregate ratios were 1:1.5 and 1:10.3 for Arquivo Publico and
Casa Quintino, respectively (Figure 3).
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— Calculated Measure 01
— Difference
2500 Mw jcalcite (dyo.= 3.03A)
0 y T r T T T T
10 20 30 40 50 60 70
1600 o
400 A ) ) .
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-1600
. - Binder : Aggregate Error rates (%!
Measure (gam:) :::m‘: (3"'"?::5) Ratio o S
(volume) Rup Rex Ve
01 251 04 746 142 7.2 144
02 221 18 76.0 1:15 143 7.0 16.8
Média 236 11 75.3 Y 14.2 71 156
SD +15 +0.7 +0.7 +0.1 +0.1 +1.2
B
Counts <+ Observed quartz (dyy= 3.34A) CASA QUINTINO
10000 |— calculated Masee 02
Difference
2500  Kaolinite (dooy=7.154) | °l°'°“° (doe=3.034) _
0 T T T T T T
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1600 -
400 . ) v
0 : ﬂWn{,u\,f’\ N“«wm\u}m*Mumwm-»w,,ﬁ;;«wn'mu
-400 [
-1600
5 s Binder : Aggregate E ate (%)
(volume) R Rei Ve
01 5.1 34 91.5 14.0 6.4 221
02 3.5 29 93.6 1:103 13.0 6.5 16.2
Média 43 32 926 T 135 6.5 187
SD +0.8 +0.3 +1.1 +0.5 +0.0 +34
FIGURE 3 | Diffractogram of historic mortars and the content of each mineral identified: (A) Arquivo Publico and (B) Casa Quintino.

The statistical indices show that the Rietveld refinement for
samples without an internal standard was not so satisfactory when
compared to another study developed by Piovesan et al., 2013, in
which the R, indexes varied from 6.5 to 11.5, which may indicate
that the proposed refinement for the mortar samples from Belém
do Pard did not achieve good results, which the R, were 14.2 and
13.5 for Arquivo Publico and Casa Quintino, respectively. On the
other hand, it is known that the low values of the error indexes do
not always indicate the best refinement, as this is only one of the
criteria to evaluate the quality of the Rietveld refinement, and it is
also necessary to have a great value graphic analysis to verify if
there is a good refinement (Toby, 2006).

It is worth noting that, although other studies also explore the
Rietveld refinement, e.g., Casadio et al. (Casadio et al., 2005) and
Elsen et al. (Elsen et al., 2010), only a few show the error rates, e.g.,
Piosevan et al. (2013), which can provide a precious information
for other research of similar approach.

The addition of the internal standard made it possible to define
the amorphous phase content and showed that the results did not
diverge from the results of the XRD analysis without an internal
standard, which means that the results were statistically equal.
Thus, the quantification indicated binder:aggregate ratios of 1:1.7
and 1:12 for Arquivo Publico and Casa Quintino, respectively.
The addition of the internal standard improved the values of the
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sD +0.7 +06 +09 +0.3 +13 +0.0 +1.7
FIGURE 4 | Diffractogram of historic mortars with internal standard and the content of each mineral identified: (A) Arquivo Publico and (B) Casa Quintino.

error indices Ryyp, Rexp and x> 1.e., there was an improvement in
the Rietveld refinement, which indicates greater accuracy in the
results (Figure 4).

The diffractograms with and without internal standards showed
that the calculated graph has a lower intensity than the observed
graph, which has a direct effect on the quantification. This may
occur due to defects in the crystalline structure of the minerals,
which increase and decrease the intensity of the peaks. This
difference leads to an underestimation of the content of the
minerals being quantified (da Paz, 2016).

The y* values can be considered satisfactory, particularly for
the quantification by XRD with an internal standard, for which y*

< 5 in the Arquivo Publico mortars and y* ~ 5 in the Casa
Quintino mortars. The Rwp and Rexp values were also
satisfactory, since the minimum value for Rwp that can be
expected statistically (Reyp) was close to the Ry, found in the
Rietveld refinement.

Rational Calculation for Mineralogical

Quantification

Figure 5 shows the major chemical elements (representation in
total oxides) quantified by XRF, which were used for the
mineralogical quantification by rational calculation. The results
indicated that the highest CaO contents were observed in the
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FIGURE 5 | Percentage of major and minor elements present in the samples.
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FIGURE 6 | Percentage of binder and aggregate identified by rational calculation.
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FIGURE 7 | Difference between experimental and theoretical loss on ignition.

Arquivo Publico mortars, while the highest Al,O; and SiO,
contents were in the Casa Quintino mortars.

The rational calculation showed the same trend as the
methods and analytical techniques described earlier: a
predominance of aggregate in all the samples and a higher
binder:aggregate ratio in the Arquivo Publico mortars. Thus,
the quantification indicated binder:aggregate ratios of 1:1.6 and 1:
9.9 for Arquivo Publico and Casa Quintino, respectively
(Figure 6).

In the rational calculation method, all the Al,O; quantified by
XRF was assumed to belong to kaolinite; therefore, the possible
presence of other mineral(s) with aluminum was disregarded in
this estimate, which may have resulted in an overestimation of the
kaolinite content. The most likely hypothesis for the presence of
another phase containing aluminum is attributed to
metakaolinite (Si,Al,0;) because this amorphous material
could be included in the historic mortars from Belém do Pard
(Loureiro et al., 2020).

In general, the kaolinite content determined by rational
calculation was higher than that found by the Rietveld
method, which can be attributed to three factors: 1) the
kaolinite content was underestimated by the Rietveld
quantification, as shown in section 3.2; 2) the detection limit
of XRF was higher; and 3) the kaolinite content was
overestimated in the rational calculation method due to the
presence of metakaolinite.

It should be noted that there was a small difference between
the theoretical loss on ignition and the experimental loss on
ignition, as shown in Figure 7. This may be related to the high
limit of detection of XRF and the possible presence of organic
matter, which may sometimes be present in the matrix of
historic mortars.

The binder content determined by the rational calculation
method, which combined XRD and XRF, was consistent with that
determined by the other methods and analytical techniques,
indicating a satisfactory binder:aggregate ratio, ie., it was
possible to extract the main information aimed in this study.
On the other hand, although the techniques show that it is
possible to obtain the aggregate content correctly, it is not
possible to rely on the kaolinite and quartz contents
separately, because the kaolinite content was different from the
kaolinite content obtained by other techniques, which can lead to
a misinterpretation.

Differential Scanning Calorimetry
Combined With XRD (Phases Identification)

Figure 8 shows the temperature and enthalpy of decarbonation of
the standard calcium carbonate (shell fragment), which were
736.7°C and —1322]J/g, respectively. These results indicate that
this standard is in accordance with what is found in air lime-
based historic mortars because endothermic reactions above
500°C indicate calcite, which is nothing more than carbonated
lime (Aggelakopoulou et al., 2011; Borges et al., 2014; Silva et al.,
2010; Gameiro et al., 2014; Bakolas et al., 1995; Bakolas et al.,
1995).

Figure 9 shows the main events in the samples during the DSC
analysis: 1) kaolinite dehydroxylation, 2) transformation of alpha
quartz into beta quartz, 3) calcite decarbonation, and 4)
crystallization of mullite/spinel. This figure also shows the
thermal region of decarbonation and the area formed by this
endothermic reaction, which is used to quantify the calcite. Thus,
binder:aggregate ratios of 1:1.6 and 1:41.6 for Arquivo Publico
and Casa Quintino, respectively, were estimated.
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FIGURE 8 | DSC of shell fragment used as standard for binder content calculation.
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Differences were observed between the decarbonation
temperatures of the samples due to three factors: 1) the
presence of a microcrystalline structure with smaller crystals
than a natural material (standard calcium carbonate), 2) the
defective state of the crystalline structure, and 3) the different
calcite content in these samples (Moropoulou et al., 1995; Bakolas
et al., 1998; Alvarez et al., 2000).

Although the value obtained using DSC for the calcite
contained in the Casa Quintino sample was underestimated
when compared to the results of the other techniques, the
same trend was revealed (analysis in duplicate) for the binder:
aggregate ratio: the Arquivo Publico mortar has at least 3x more
binder than the Casa Quintino mortar.

An endothermic event at ~450°C, which is related to kaolinite
dehydroxylation, was observed in the two samples, with a smaller
area in the Arquivo Publico sample. Additionally, an exothermic
event ~900°C, attributed to the formation of mullite/spinel from
metakaolinite, showed similar areas in the two samples, which
indicates the possible presence of metakaolinite in the Arquivo
Publico sample.

Comparison of Methods and Techniques
Figure 10 shows the binder: aggregate ratio in volume identified

by all methods and analytical techniques: 1) Arquivo Publico and
2) Casa Quintino.

Based on the binder:aggregate ratio obtained by each
technique, it is possible to state that the Arquivo Publico has a
strong mortar because the high amount of binder ensures a better
bond between the components and a greater mechanical strength,
unlike the Casa Quintino mortar. This result is consistent with
the fact that the Arquivo Publico is a public building that was
probably considered to be more noble at the time it was built and
therefore of better construction (Velosa and Veiga, 2016). In
addition, by analogy with other mortars of the same location and
of the same period (Loureiro et al., 2020), it is possible to estimate
that the Arquivo Publico mortar has a higher capillary coefficient
and is more deformable than the Casa Quintino mortars.

In general, because it is a very heterogeneous material, the
standard deviation in almost all analyzes was high. This
heterogeneity may be related to the rudimentary preparation
techniques of historic mortars, which makes it difficult to obtain
very close results. This also makes clear the importance of having
at least duplicate analyzes in the case of historic mortars, in order
to achieve the most representative value for restoring the
structure.

The binder value estimated by acid dissolution had more
approximate values with the analysis of XRD, XRD with an
internal standard, and FRX, which differed, respectively, 0.7,
1.4, and 0.8%, in Casa Quintino mortar and 1.6, 3.6, and 3.2%
in Arquivo Publico mortar. On the other hand, DSC analysis was
the one that most distanced itself from the other results obtained,
with a difference of 3.9% in Casa Quinino mortars and 15.1% in
Arquivo Publico mortar.

In the wet chemical analysis, everything dissolved by the
acid is considered to be the binder, which may involve soluble
components other than calcite and carbonate aggregates; this
is most likely the reason why this technique has the highest
binder:aggregate ratio. Such analysis demands a sample mass
that can sometimes be unfeasible depending on the restoration
project. Another slightly more general observation about the
use of this technique involves safety in the workplace. The use
of a strong and concentrated acid makes the environment
unhealthy and dangerous. The reagent used is highly
controlled by public safety agencies (in Brazil, it is
controlled by the Army), and a specific authorization is
required to purchase the product. However, among the
techniques used in this study, this was the only assay that
allowed the determination of the particle size of the aggregate
because it is not necessary for the sample to be previously
ground.

In the XRD analysis, the addition of an internal standard
increases the accuracy of the results; however, for the studied
samples, there was no significant difference between the results
with and without an internal standard. The importance of the
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FIGURE 9 | DSC of historic mortars: (A) Arquivo Publico and (B) Casa
Quintino.

internal standard is due to the possibility of detecting the
amorphous phase; however, once the standard is added, there is
no possibility of removing it, which precludes the reuse of the
mortar for other analytical techniques.
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FIGURE 10 | Binder: aggregate ratio in volume identified by all methods

and analytical techniques: (A) Arquivo Publico and (B) Casa Quintino.

The rational calculation showed agreement in the binder:
aggregate ratios obtained by the other techniques, but a
predominance of kaolinite over calcite was observed in the
Casa Quintino mortar, which indicated an overestimated
kaolinite content. This makes quantification doubtful, but
there was good accuracy in the quantification of the binder:
aggregate ratio, which was the main information to be
determined in this study.

Although the XRD with internal standard indicated the
presence of an amorphous phase, only DSC analysis
indicated that this amorphous phase could be metakaolinite.
This hypothesis has been validated with the high-temperature
phase that appears in an exothermic event ~900°C. However,
quantitatively, the results obtained by DSC showed a significant
difference in the calcite content in the Casa Quintino mortar,
although this analysis was compatible with the other techniques
in the quantification of calcite in the Arquivo Publico mortar.
This may be an indication that quantification becomes infeasible
in the case of mortars with a low binder content.

CONCLUSIONS

The research showed that the binder:aggregate ratio estimates
provided by wet chemical analysis and other proposed analytical
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techniques, namely, XRD, XRD + XRF, XRD + DSC, were
statistically equal, except for the quantification of calcite by
DSC in the Casa Quintino mortar. However, more than twice
the sample mass was used in the wet chemical analysis compared
to the other techniques.

The XRD analysis with an internal standard is the only
method that can quantitatively indicate the amorphous
material content, but DSC is able to more identify the kind of
amorphous material present, e.g., the possible presence of
metakaolinite in the Arquivo Publico samples.

In general, with approximately 3 g of sample, the content of
the components present in lime-based mortars could be
quantified to provide one of the main necessary pieces of
information for the production of a restoration mortar: the
binder:aggregate ratio.

Despite the application of common methods in relatively simple
mortar samples, the authors believe that the results obtained and
the use of auxiliary statistical data help in the perception of which
results are reliable and, thus, the limitations of each method are
evident, which makes it is possible to make better decisions to
protect cultural heritage and enrich a more scientific discussion
about the data provided by each of the techniques.

However, old mortars are sometimes more complex, with
more than one binder, aggregates with different natures,
additives and degradation products. Therefore, whenever
possible, a combination of techniques should be used, namely,
some of the techniques described in this paper, to obtain a more
reliable and complete characterization.
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