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A soluble salt analysis is crucial in the evaluation of the conservation state of the built heritage. In this sense,
there are European norms that indicate the way to measure them and the levels that are hazardous. However, in
those norms, only a few anions are included, the cations are undervalued, and the required analysis is not
simultaneous. All of these could lead to incorrect conclusions because of the lack of representativeness of the real
situation. Moreover, there are incongruences observed in the norms, because although the levels of some anions
are established the quantitative analysis is only recommended. In this work it is demonstrated how the quan-
titative analysis of anions and cations is crucial for the correct understanding of the conservation state of a
historical building under conservation works. For that, a specific ionic chromatographic system has been
designed that provides the analysis of anions, cations and carbonate/bicarbonate in a simultaneous way and it
was applied in brick and mortar samples for the study of Punta Begona Galleries. In this way, it was possible to
identify the affection depending on the studied materials, being the atmospheric acid gases the main problems to
the mortar and the rainwater and marine aerosol for bricks. Moreover, the damage level of the analysed areas
was quantified and the most critical points to be restored were identified. This work demonstrates the need of a
change of mind in the soluble salt analysis regarding the ions included in the norms and the way to measure
them.

1. Introduction

The soluble salt analysis is crucial in the Cultural Heritage analysis,
especially in the built heritage [1,2]. The salts are formed, generally, by
the interaction between the original materials and the rainwater, at-
mospheric pollution (acid gases as CO3, SO2 and NOy) and/or infiltration
water rich in ions [3-5].

The formed salts can be accumulated in the porous net of the
building materials forming sub-efflorescences, and in the surface of the
materials forming efflorescences. The salt formation is not only an
esthetical problem, but also produces a considerable decay when salts
precipitate beneath the material. In this case, it produces internal
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tensions that could promote cracks and material losses. Moreover, the
soluble salts formation involves, generally, the reaction of the original
materials and therefore, the material dissolution.

The most vulnerable materials are the most porous ones, because the
water and salts can penetrate easier [6-10]. Thus, the carbonated based
materials, as limestone, mortars and so on, are also very susceptible to
this deterioration, because the carbonates react easily in slightly acidic
conditions.

Hence the analysis of soluble salts is very important, but not only to
obtain their total content, but also the concentration of each salt. The
European norms have slowly evolved and the NORMAL 13/83, a
conductimetric method to determine the total content, was one of the
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first norms [11]. Nowadays, the European standard method EN 16455/
2016 for the analysis of soluble salts recommends the measurement of
the conductivity but mentions instrumental quantitative analysis as
alternative; pointing to ionic chromatography (IC), as the most used one
for this purpose. However, it is quite surprising as it only includes this
analysis as recommended, when the concentration of the different ion is
crucial for the correct evaluation of the damage generated by these salts,
as is collected in other norms [4,12-16].

In this sense, there is another problem in the norms, because the EN
16455/2016 norm is focused in the analysis in chloride, nitrite, nitrate,
sulphate, sodium, potassium, calcium, magnesium and ammonium [17]
but then, there is no indication regarding the levels that are worrying. It
is relevant because it is widely known that the knowledge of which ions
are present and the concentration of each one is very important because
the damage is related to the type of ion and to its content. In this sense,
the most common and hazardous soluble salts found in construction
materials, as they affect their integrity, are sulphates, nitrates, chlorides
and carbonates/bicarbonates [18]. In fact, there are some norms that
indicate maximum levels for some of them, and some authors have tried
to establish a correlation between the concentration of soluble salts and
the decaying that it generates [4,12-16]. However, these norms only
limit the concentration of sulphates, nitrates and chlorides, ignoring the
effect of cations (whose analysis is only recommended in the EN 16455/
2016 norm) that are crucial to correlate the results and to try to identify
the salts formed and the source of ions. In this sense, especial mention
needs the work of E. Pinto involving the different norms to try to
establish the total soluble salts (cations and anions) content that affect
the buildings and to determine the risk for the materials [12]. However,
until now, the norms seem to be quite incoherent recommending
quantitative analysis, mentioning cations, but without stablishing levels
of damage for them.

Taking all of these into account, this works tries to point out the
relevance and utility of the quantification of soluble salt in building
materials, going one-step further of the usual analysis in the area and
performing simultaneous analyses of cations and anions, including
carbonate and bicarbonate. In this sense, a historical building (Punta

MAIN HALL

B ”@GMENE R e

V”;\HQ\.

INFILTRATION WATER

Microchemical Journal 191 (2023) 108921

Begona Galleries, Getxo, Spain) was selected to demonstrate the utility
of these technique. Moreover, the main objective of this work is point
out the ionic chromatography technique as the best option to promote
the change/modification in the European normative, which currently
have some important lacks and incongruences. In this sense, it was
designed and validated a modular chromatographic and titrimetric
system that provides the analysis of anions, cations and carbonate/bi-
carbonate in a simultaneous way.

2. Materials and methods
2.1. Punta Begona galleries

In order to select a building to demonstrate the need of carrying out
quantitative analysis of the soluble salts to promote the change in the
current European norms, the galleries of Punta Begona (Getxo, Spain)
were selected. This building was built in the beginning of the 20th
century (1918) and nowadays is part of an intense project of renovation
of the area [19]. The building has a high architectural value because it
was the first private building made with reinforced concrete in Biscay. It
is composed of several spaces: two outer galleries (lower and upper),
outside gardens and a main hall (Fig. 1).

This main hall is decorated with mural paintings but with a limited
colour palette and pro-Franco’s regime symbols [19]. External stressors
such as marine aerosol and atmospheric acid gases from the nearby in-
dustrial port, road and marine traffic, together with the bad conserva-
tion state of the building enhanced the deterioration processes of the
materials [20]. Although their artistic value is limited, the wall paintings
are under research because it is possible the presence of an original
mural painting behind the observable iconography [21]. For that reason,
the integrity of the walls is crucial for the recovery of the original
paintings.

The main hall has four different walls, being open to the sea in one
side (Fig. 1). The walls are composed by different layers: bricks as
structural material, mortar to cover the structure and different prepa-
ratory layers of the mural paintings on the top. In the lower part of the
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Fig. 1. a) Location of the main hall with respect to the galleries and the sea. b) The garden located on top of the main hall. ¢) Representation of the main hall in which
it is possible to observe the four walls and the open side to the sea, with the sampling and the infiltration water points.
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wall, the brick and mortar structure is finished with a cover of marble.
Taking this into account, to evaluate the conservation state of the walls,
mortar and brick samples were collected using a scalpel and a micro-drill
when it was necessary.

The sampling was performed to study all the walls that compose the
main hall, to observe differences regarding their orientation. Moreover,
the height and the effect of the marble was also studied. For that reason,
brick and mortar samples were collected behind the marble (in areas
where the marble plate has been detached at around 1 m height) and
behind the mural paintings (at around 3.25 m height) in the four walls.
And, finally, the different parts of each wall were sampled in case it was
not continuous. As can be seen in Fig. 1c, in the case of the wall 1, there
was a door in the middle of the wall, thus, both materials were sampled
on each side of the door behind the marble and mural painting. Between
the walls 2 and 3, there was a fireplace, so the samples were collected
from each side, and finally, as the wall 4 was continuous and samples
were only taken in the middle of the wall. In this way, 20 samples were
collected there, 10 samples of bricks and 10 samples of mortar as can be
seen in Table 1.

It is necessary to state that the walls present infiltration waters from
the garden located on top of the main hall (Fig. 1b), being the top of both
corners affected by this water input (Fig. 1c).

In both types of materials, the samples were almost powder, evidence
of the level of disaggregation and extensive alteration of the original
materials. For that reason, the size of the samples could not be calculated
but, in any case, more than 1 g of powder was collected per sample. The
samples were kept in zip bags until the analysis.

2.2. Sample treatment

The solid samples were extracted for the analysis of soluble salt
through the protocol optimized by our research group [2] based on the
European standard for extraction and determination of soluble salts in
natural stone and related materials used in and from cultural heritage
(EN 16455:2016), [17] which allows the extraction by ultrasonic
energy.

For that purpose, the samples were homogenized and dried before
the extraction in an ultrasound bath Ultrasons-H (P-Selecta, Spain), with
a working frequency of 40 kHz (1000 W). Then, the solution was filtered
with 0.45 pm filters (PVDF, OlimPeak) and measured immediately. It is
possible to store them at 4 °C but it is strongly recommended to analyse
them after the extraction to guarantee the representativeness avoiding
re-precipitations, microbiological activity and so on. Four replicates
were carried out for each sample.

2.3. Designed modular analytical setup combining automatic titration and
ion chromatography for the simultaneous analysis of soluble salts

Although it is not mandatory in the norms, the most used technique
to analyse soluble salts in cultural heritage is IC. However, the analyses
of the anions and cations are made separately because it is necessary to

Table 1
List of the collected samples. They are duplicated because in the same point
mortar (M) and brick (B) samples were collected.

Sample Wall Sampling point

1 M/1B 1 Mural painting Left (door)

2 M/2B 1 Marble Left (door)

3 M/3B 1 Mural painting Right (door)

4 M/4B 1 Marble Right (door)

5 M/5B 2 Mural painting Left (fireplace)
6 M/6B 2 Marble Left (fireplace)
7 M/7B 3 Mural painting Right (fireplace)
8 M/8B 3 Marble Right (fireplace)
9 M/9B 4 Top

10 M/10B 4 Down
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use different columns, or the simultaneous analysis is quite complicated
and requires complex set ups for this specific purpose [22,23]. Thus,
normally, the analysis is made separately and, in this way, the sample
consumption, reactive, and consumables are multiplied and, most
importantly, the ions are not obtained in one analysis [24]. This fact is
important because the stability of the sample could generate changes in
the ion’s concentrations giving erroneous results, especially when the
cations and anions are correlated. The concentration of ions is quite
unstable because of precipitation effects, microbiological activity,
oxidation/reduction reactions, and so on [2]. Moreover, the carbonate
and bicarbonate analysis by IC is generally avoided because it requires
unstable mobile phases such as NaOH instead of carbonated based dis-
solutions. As an alternative, the carbonate and bicarbonate analysis can
be approximated by acid/base balance or measured by a titrimetric
methods [25,26]. This last option is the best, but it increases consider-
ably the costs adding a third analysis, expending more time, and
increasing the reactive, wastes and sample consumption. However, the
most important point is that those results may not be comparable to
those of the ionic concentration because it is done in a different moment.
In this sense, an equipment to carry out a quantitative simultaneous
analysis of all the ions related to soluble salts in built heritage could be
useful, improving the quality of the results, time consumption and waste
generation, among others.

For all that, a simple modular chromatographic and titrimetric sys-
tem was designed for the simultaneous quantitative analysis of dissolved
cations, anions, carbonate and bicarbonate to obtain representative re-
sults and, thus, the real ionic content in built heritage samples but also
applicable to any other field.

The designed equipment (Fig. 2) was based in some Metrohm
(Switzerland) modular instruments, adapted to achieve a simultaneous
analysis of dissolved cations, anions, carbonate and bicarbonate ions.
The Metrohm analytical system used is composed by two 930 Compact
IC Flex configured as a dual channel ion chromatograph, an 888
Titrando automatic titrator and an 815 Robotic USB Sample Processor
for high-throughput automation. The fully automatic system is
controlled by MagIC Net, the Metrohm standard software for ion
chromatography.

Each 930 Compact IC Flex Metrohm ion chromatograph has an IC
Conductivity Detector. In the case of anions, a Metrosep A Supp 7-250/
4.0 column was used for the separation and 3.6 mM NayCO3 was used as
mobile phase at a flow rate of 0.8 mL/min, with a MSM-Metrohm Sup-
pressor Module for chemical suppression to achieve a base line of 12 uS/
cm. Moreover, an MCS Metrohm CO; Suppressor was also used to obtain
a base line below 2 pS/cm and therefore to improve the limits of
detection.

The quantification of cations was conducted by using a Metrosep C 6-
150/4.0 column from Metrohm. A HNO3 1.7 mM/ dipicolinic acid 1.7
mM was used as mobile phase at a flow rate of 1 mL/min. In this case,
the chemical and CO, suppression was not required.

The system has the inline ultrafiltration technology which filters the
samples down to 0.2 um particle size with generic cellulose filters to
protect the modular system before the injection. Once filtered, samples
are injected into the two injectors, for anions and cations analysis
respectively, each with an injection volume of 20 pl.

For the carbonate/bicarbonate analysis an 888 Titrando Titrator
with an 801 magnetic stirrer, 20 mL exchange unit and a combined
“Ecotrode Plus” pH glass electrode and AgCl/Ag reference electrode
were used. Moreover, an automatic dosing system which makes highly
accurate dosing possible (down to 10 pL additions) was used.

Thanks to this system, a unique injection provides the analysis of
anions, cations and carbonate/bicarbonate in a simultaneous way. The
injection of the sample was controlled by an 815 Robotic USB Sample
Procesor XL with a rack for 59 samples. The software used was the
MagIC 3.2 and Tiamo 2.5, for the IC and titration systems respectively.

Finally, the modular system allows using each component in a
separately way in less than 27 min.
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Fig. 2. Scheme of the modular system designed (P: port).

2.4. Reactants

The standard solutions of the anions with 1000 mg/L concentration
of fluoride (F?), bromide (Br’), chloride (CI), nitrite (NO3), nitrate
(NO3), sulphate (SO%’), phosphate (PO?{) and oxalate (CZO?{) were from
Honeywell Fluka. In the case of cations, the standard solutions of lithium
(Li"), sodium (Na*), ammonium (NHY), potassium (K™), calcium (Ca®")
and magnesium (Mg?*") were of the same brand and concentration.

The acid for the chemical suppression in the anions analysis was
Tracepur HoSO4 500 mM (Merck, 96%). The titration was carried out
with hydrochloric acid 0.1 M (PanReac, 95%), standardized by tris
(hydroxymetyl)aminomethane (Sigma Aldrich, 99,9 %). The system was
rinsed using a mix of EtOH:H,0 1:1 with ethanol (PanReac, 99.5%) and
ultrapure water (Milli-Q, Millipore). Moreover, all the water used in the
solution preparation was ultrapure water.

2.5. Data treatment

The quantitative data collected was treated by means of individual
analyses, correlation analyses and principal component analyses (PCA).
The correlation analysis could help to identify the salts formed in the
materials. In the last case, the PCA was performed using the software
The Unscrambler ® X (CAMO Software, Norway). Moreover, also the
orientation, area or material influence were studied, as well as the
concentration level regarding the European standards for anions and
literature for total content of salt because of the lack of specific
normative [12,14].

Table 2

3. Results and discussion
3.1. Validation of the proposed analytical system

The validation of the proposed analytical system is collected as
supplementary material, where the selected ions to be studied, the
linearity, sensitivity, selectivity, detection and quantification limits,
trueness, and precision obtained with the designed equipment are
summarized.

3.2. Quantitative analysis of soluble salts of the Punta Begona’s galleries
main hall

The samples were treated with the optimized European standard to
the soluble salts extraction and measured by the designed system. The
results obtained are summarized in Tables 2 and 3. The results collected
show the samples with concentrations above the LOQ and with
acceptable RSD considering the concentration levels [27].

A first evaluation was carried out by Principal Component Analysis
(PCA) to observe differences between samples. In this sense, a PCA was
carried out with brick and mortar samples, obtaining an 87% of
explained variance with 3 PC. As can be seen in Fig. 3, the samples were
grouped considering two factors: (1) the material and (2) the height.
Therefore, it was clear that both materials were not being affected in the
same way despite being sampled in the same point. Moreover, as is
common in the soluble salt analysis, the height played an important role
in their distribution. The differences seemed to be related with the type
of the soluble salts and the type of impact. As can be seen in Fig. 3, PC1
seemed to be more related to the ions present in the marine aerosols in

Results of the mortar samples expressed in mg/g. Also, the total percentage of salts in weight (in red the values considered very high, and in orange, high), as well as the
individual percentage of the ions controlled by European norms (in red the values considered high, and in orange, medium) are shown. The values of fluoride, bromide,
phosphate and lithium have been eliminated because more than half of the samples were below the LOD (N.D.) values.

Sample. | pH [ COs~ HCO; [ Cl- NO;3;~ SO, C,0,~ Nat K*' Ca*? Mg*?|TOTAL|% Cl- % NO3~ % SO,
1M 9.3l 7.6 13.4(1.6 0.3 5.6 0.3 1.0 0.8 9.1 0.3 0.16 0.03
2M 8.514.6 22.0(9.5 1.1 21.6 0.3 7.0 3.1 14.1 0.3 5.7%10.95 2.16
3M 7.7({N.D. 25.0]2.0 0.3 46.3 1.4 0.8 0.4 25.7 0.4 7.6%[0.20 0.03 4.63
4aM 9.21 7.1 14.1(3.4 2.5 37.5 0.1 4.3 3.2 17.1 0.4] 6.8% 3.75
5M 8.916.1 14.4]1.4 0.2 20.8 0.7 0.4 0.3 14.8 0.3 3.8%(0.14 0.02 2.08
6M 8.7 6.7 26.7]12.5 0.3 12.3 0.9 3.0 3.0 13.0 0.3] 3.4% 0.03
™ 9.115.7 16.0f(1.5 0.2 23.5 0.8 0.8 0.5 15.6 0.3 4.2%|0.15 0.02 2.35
8M 7.7({N.D. 13.6]0.4 N.D. 38.0 0.3 0.4 0.2 17.7 0.2 5.7% [0.04 - 3.80
oM 8.5 3.2 17.5]12.9 0.5 58.2 1.4 1.3 0.4 28.8 0.3] 9.2% 0.05 5.82
10M 8.4(3.0 17.6]2.4 0.7 41.0 0.5 1.5 0.7 21.1 0.3]| 6.8% 0.07 4.10
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Table 3
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Results of the brick samples expressed in mg/g. Also, the total percentage of salts in weight (in red the values considered very high, in orange, high and in black,
medium or less), as well as the individual percentage of the ions controlled by European norms (in red the values considered high, and in orange, medium) are shown.
The values of fluoride, bromide and lithium have been eliminated because more than half of the samples were below the LOD (N.D.) values.

Sample. pH| co,© HCo, | cI' NoO, PO,® SO, C,0,° Na' K Ca? Mg?| TOTAL | %Cl" %NO, % SO,
1B 85| 4.1 18.7 0.7 N.D. ND. 3.8 02 ND. 05 8.6 0.2 1.4% 0.07 - 0.38
2B 6.2| N.D. 58 202 4.0 0.04 220 01 137 53 47 0.4 7.0% 2.02 0.40 2.20
3B 8.0| N.D. 27.7 05 N.D. N.D. 1.7 02 ND. 03 85 0.2 1.1% 0.05 - 0.17
4B 7.0/ N.D. 8.5 113 6.1 0.03 144 0.1 59 24 64 0.5 4.7% 1.13 0.61
5B 89| 63 18.2 1.2 ND. ND. 7.0 0.5 04 03 11.2 0.3 0.12 -
6B 9.2 6.5 11.6 14 ND. 0.03 23 0.1 1.0 09 638 0.3 1.3% 0.14 - 0.23
7B 89| 4.8 14.7 0.6 N.D. 0.04 9.9 0.6 0.2 03 105 0.2 0.06 -
8B 6.5| N.D. 6.7 105 6.6 005 154 004 7.7 21 50 0.5 4.8% 1.05 0.66 1.54
9B 6.4| N.D. 6.3 N.D. N.D. N.D. 3.2 01 ND. 01 13 0.2 0.5% - - 0.32
10B 9.0| 4.9 14.8 7.7 2.2 N.D. 53 0.1 35 0.7 100 0.2 3.0%

the negative part and in the positive part with a group of salts affected by
atmospheric acid gases as SOx. Thus, PC1 seems to be the components to
differentiate the samples through the type of pollution. In this sense, the
brick was more affected by marine aerosol despite being in an inner part
of the wall and the mortars were more affected by atmospheric acid
gases. In the case of the height, the PCA indicated that the height de-
creases the impact of the affection. This fact must be studied deeply but
is a common pattern when the ions are being mobilized by capillarity
from the ground. The distribution of salts thought the wall is generally
related to the moisture and ionic mobility [4,12]. When the moisture
input comes from the low part of the wall, that distribution is observed.
In contrast, when infiltration waters appear this distribution can change.
In this case, the input probably comes from the low part, due to the
accumulation of rainwater in the floor. However, two mortars samples
can be seen quite separated from the others in the PCA (with highest PC1
and PC2 values), which could be related to infiltration waters from the
garden situated in the top of the galleries. Taking all of that into account,
the evaluation of the results according to the materials seemed to be
more adequate.

3.3. Mortar samples analysis

The chloride concentration in mortar samples was quite variable,
from 0.4 mg/g to 9.5 mg/g. The chloride presence was related to the
marine aerosol because the building is just in front of the sea. Despite
this, it was possible to observe differences between walls, being the
closer areas to the opened wall the most affected. Between them, the
wall 1 and, in a less extent, the wall 4 seemed to be the most affected by
the marine aerosol. In the case of the wall 1, it could be because it has its
both sides exposed, which facilitates the accumulation of chloride. In
contrast, the walls 2 and 3 are the inner walls and therefore, they were
more protected, being the wall 4 more affected by marine aerosol and
wind, but only by one side.

Moreover, it was possible to observe also differences in each wall. In
the case of the wall 1 the bottom seemed to be more affected, as can be
observed in the PCA, probably by the action of the rainwater accumu-
lated in the floor that promotes the infiltration of water enriched with
ions. This fact makes sense, because it was the more exposed area to the
rain, water, and wind.

Considering the concentrations and the level of pollution by chlo-
rides, the comparison with the norm [14] indicated that only the wall 1
had a dangerous concentration in the lower part of the wall. The rest of
the samples had medium or low concentrations.

In the case of nitrates, only one sample was below the LOD. The
concentrations were also variable (0.2 and 2.5 mg/g), but not in such a
wide range as in the case of chlorides. In general, the samples had low
concentration of nitrates, below 0.7 mg/g, except for two samples of the
wall 1, being again the lower part of the wall, the most affected one.

The source of nitrates could be the same of chlorides, because the
aerosol around the building has oxidized nitrogen gases, coming from
industrial activities and marine ships movements in the industrial port,
that evolve to nitric acid droplets. Moreover, it is necessary to remark
that samples 5 M, 7 M and 8 M had the lowest concentrations and fitted
with the area that was affected by infiltration waters from the garden.
That could be the result of a wash effect by those waters.

In the case of sulphate, the concentration levels were in general, very
high, up to 58.2 mg/g. In all cases, except two, the contamination was
considered very high according to European norms [14-16]. Moreover,
the concentration was so elevated that despite the other anions’ con-
centrations were not very elevated, the total soluble salt content of the
mortar was considered very high (>3% salts) [12]. The most affected
areas were the right side of the wall 1 in the lowest part and the wall 4.
The origin of sulphate was generally related to the atmospheric pollu-
tion that affects that building area. The industry, road and marine traffic
generate sulphur dioxide (SO,) that reacts with the calcium carbonate
(CaCO3) of the wall to promote the formation of calcium sulphate
(CaS0y), principally [28]. The environment of the whole main hall was
the same, so it was not expected to observe differences. However, there
were some phenomena to consider that generated heterogenous im-
pacts. The samples near the infiltration waters of the garden seemed to
have higher concentrations. The infiltration water could generate the
washing of the materials but also maintain the moisture, increasing the
reactivity with the atmospheric gases. Considering that sulphates are
less soluble than nitrates, the accumulation of sulphates in these areas
was expected rather than their wash. And the results also indicated the
accumulation of this anion in areas affected by rainwater.

Finally, the oxalate is not marked in the European norms as
dangerous ion, but promotes the solubilization of the materials as well,
so to determine its concentration is important and even more, consid-
ering that it can act as bioindicator. For that reason, despite the con-
centrations obtained were low, it was quite significant because it meant
a general affection by microorganisms.

Regarding cations, as in the case of oxalate, they do not have
established limits or decaying levels associated. Moreover, their con-
centration is generally neglected in the calculation of the total soluble
salt content. However, they were present in high concentrations, espe-
cially calcium, and the total concentration of the cation was remarkable.

Sodium and potassium concentration were generally low. Their
distribution was similar to that of chloride pattern, which could indicate
a common origin, and taking into account the marine aerosol compo-
sition (NaCl and, at lower concentrations, KCI), it seemed plausible.

Calcium was related to the original composition of the material.
However, this cation is not very soluble if the material is in a good
conservation state. Thus, these results indicated the disaggregation of
the materials due to the loss of the cement (CaCOj3), probably by the
action of atmospheric acid gases. The magnesium concentrations
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Fig. 3. PCA analysis carried out with the results of brick and mortar samples,
where it is possible to observe the grouping by material and height.
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interpretation was not easy because the concentration was low and
homogeneous, so, its source could be the normal contribution of the
original material and it could not be related to a decaying process.

Finally, as has been previously mentioned, the total soluble salt
content, was very high for all samples due to the high concentration of
sulphate, expect for the sample 1 M, which was considered as, only,
high. This level of soluble salt content is related with a poor conservation
state that indicates that the mortar was seriously damaged, and it
required a corrective action [12].

For the study of the common origin of the ions a correlation analysis
was carried out. The results are collected in Table 4 and the marked
values are the correlation above the significant level (R critic = 0.549,
Pearson, n = 8, 95% confidence level). The higher correlation was be-
tween calcium and sulphate, which confirmed the hypothesis of the
formation of calcium sulphate pointing out the atmospheric acid gases as
one of the most important affection for the mortar. In the same way, the
high correlation between sodium and chloride indicates the formation of
NaCl and which a smaller correlation, KCl, due to the marine aerosol as
had been previously proposed.

Remarkable also are the negative correlations between carbonate,
sulphate, and calcium, because the formation of calcium sulphate entails
the decrease of the calcium carbonate concentration. This confirmed the
decaying pathway for sulphate formation through the atmospheric acid
gases attack to the original materials and not the simple accumulation by
the adsorption of this anion in the material porous net.

Moreover, the correlation analysis also gave clues of new salt for-
mations that had not been easily observed in the individual analysis.
This was the case of potassium nitrate and sodium nitrate. Also, the
correlation of oxalate and calcium could indicate the formation of cal-
cium oxalate. The negative correlation between the nitrate and oxalate
is remarkable because both could act as indicator of biodecaying, being
oxalate more specific because the nitrates could be formed by the at-
mospheric acid gases, marine aerosol, the decomposition of organic
material or the action of microorganisms [4,5,29,30]. Thus, it could
indicate that the origin of both was different, pointing out the other
sources as more probable that the affection of nitrate by microorganism.

Finally, the PCA of the concentration values in mortar samples was
carried out, explaining with 3 PCs more than 85% of the total variance.
As can be seen in Fig. 4, it was possible to observe the grouping of cal-
cium and sulphate together with oxalate. In the same way, the ions
related to marine aerosol were also grouped, and nitrate seemed to be
more related with this source than the other possibilities. However, it
was a little bit far from the others, so a mix source could be plausible.
Magnesium was related to the neutral values of PC1 without grouping,
which supports the hypothesis that its source could be the original
materials. Thus, this PCA analysis confirmed the previous observations.

Regarding the diversity of the samples, it was possible to differen-
tiate three big groupings: (2M, 4 M, 6 M), (5M, 7 M, 8 M, 10 M) and (3
M, 9 M). The first one could be related more with the marine aerosol,
and the third with the formation of calcium sulphate. These last samples
were related to infiltration waters points, so, this observation fitted with
the hypothesis of the moisture generated by infiltration waters makes
easier the attack of atmospheric acid gases being synergic decaying ef-
fects. The other walls were also exposed to the water, principally by the
rain action, but also to the wind that helps to dry the materials, while the
infiltration areas were more protected, and the materials remained wet
for longer time.

3.4. Brick samples analysis

The results of the brick samples are collected in Table 3. Following
the same analysis than in the mortar samples, in the first step the indi-
vidual analysis of the results was carried out. In this sense, the chloride
concentration was again, very variable from 0.6 to 20.2 mg/g but higher
than in the mortar samples and being more accumulated in the low areas
(samples 2B, 4B, 8B and 10B). The rainwater accumulation in the floor
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Table 4
Correlation analysis of the mortar samples. The correlation coefficients above the R critic for 95% of confidence (0.549) are marked, yellow the positive and orange the
negatives.
CO3~ HCO3™ Cl- NO3~ S04~ C204~ Na* K* ca*? Mg*+?
COs3~ 1.00
HCO3~ -0.17 1.00
Cl- -0.24 0.36 1.00
NO3~ 0.13 -0.25 0.40 1.00
SO0,~ [ =0.73 0.00 -0.08 0.23 1.00
C20,~ -0.44 0.51 -0.207-0.56 0.46 1.00
Na* 0.00 0.33 0.93 0.63 -0.17 -0.38 1.00
K* 0.32 0.38 0.67 0.65 -0.32 -0.39 0.89 1.00
ca*?> [=0.79 0.19 -0.09 0.00 0.96 0.68 -0.24 -0.38 1.00
Mg*? 0.36 0.50 0.10 0.42 0.10 0.29 0.26 0.44 0.17 1.00
) thus, again, it seemed to be related with the moisture generated by them,
Bi-plot as has been previously mentioned. However, it was clear that the mor-
1 Mcaeni= tars were more vulnerable to the atmospheric acid gases and bricks to
o8] - Cl?* MQ.*? marine aerosol. Thus, information is crucial for conservation works
HCP3- because the desalination procedure is not the same for both materials. In
06 this sense, the desalination of bricks seemed to require cleaning the
04 NO3-Cl porous net, but in the mortar cases, the sulphate was not accumulated, it
' T N(“EA was the consequence of the reaction of the SOx with the original ma-
<02 - K:* QM. terials, losing the carbonaceous cement of the material. Thus, in this
?ﬁ . oM case, the consolidation of the materials after the desalination is carried
~ 0 0 out seems to be crucial.
&' 02 In the case of oxalate, it was also present in brick samples, but in less
' ™ concentrations than in mortars. Anyway, its presence indicated the
0,4 5N; biodecaying of the materials.
. Leaving aside anions, regarding cations, sodium and potassium had
06 3'.\" low concentration expect for the four samples mentioned before. Again,
08 the pattern was like chloride, being related to the marine aerosol. In the
' 1 case of calcium, the concentrations were high, and in brick samples it
1 was more relevant than in mortars, because the solubilization of the
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Fig. 4. Bi-plot of the soluble salt analysis of mortars.

seemed to be the reason to observer more concentration in the low parts
of the wall, being more mobilized the salts in the brick samples than in
the mortars. Moreover, the effect observed in the wall 1 in the mortar
analysis was also observed in the brick samples. However, it was clear
that bricks were more susceptible of the attack of chloride, despite being
more protected in the wall. Considering the concentration and the level
of risk associated regarding the reference norm [14], the bricks were
above the limits. The wall 1 was the most affected one because it was the
most exposed to the marine aerosol, and it had a high concentration
level, but also the walls 2 and 3. In contrast, the wall 4 has a medium
concentration.

In the case of nitrates, only four samples were above the limit of
detection. However, the concentrations were high, between 2.2 and 6.6
mg/g. It is remarkable that these samples were the most affected sam-
ples by chlorides, thus, the source of the nitrates could be the same as
that of the chloride. However, it was not possible to discard the atmo-
spheric pollution, above all, taking into account the impact of the SOx
gases observed in the case of mortars. Regarding the levels of pollution,
the samples 2B, 4B and 8B were considered with high concentration and
10B, medium level.

In the case of sulphate, the concentrations were high, with values up
to 22.0 mg/g but significantly less than in mortar samples. Only the
samples 2B and 8B had a high concentration, while the samples 4B, 5B,
7B, 8B and 10B had medium concentrations taking into account the
limits. The samples 5B, 7B and 8B were in the infiltration water area,

calcium was more difficult. On one hand, and considering that the bricks
are baked, their original components are oxides. For that reason, the
calcium oxide must be hydrated to form the hydroxide, and then
attacked with atmospheric acid gases [31]. Generally, a first carbonation
step by the atmospheric CO5 acid gas is described, followed by the re-
action with the other gases to form sulphates and nitrates. Additionally,
the step to react with the SOx and NOx gases involves the solubilization
of the carbonate, and thus, an acid environment is necessary [28]. This
fits with the pattern observed, different from the other ions, and more
related with the carbonate concentration, being potassium and sodium
more related to sulphate in this material. In this case, the calcium con-
centrations were higher at the top, and sulphate at the lower level. This
could indicate different level of decaying. On one hand, on the top it
could be found a first step of carbonation of the materials. On the other
hand, at the low part, due to the presence of other salts, appears a sec-
ondary reactions to form sulphates. Anyway, although a high concen-
tration of sulphate is not observed, these results indicated the loss of the
consolidation of the brick by the dissolution of the original oxides. Thus,
the relevance of the cations and carbonate/bicarbonate analysis in the
evaluation of the conservation state of built heritage seemed crucial,
even though it is not currently regulated in the norms. And, as has been
previously mentioned, the consolidation of the brick samples seemed to
be not necessary by the observation of only the regulated anions. For
that reason, the simultaneous analysis of all the soluble salt related to
the cultural heritage decaying is essential for the real evaluation of the
conservation state.

As in the mortars, the magnesium concentrations were low and ho-
mogenous, so its source could be the original material.

To finish with the individual analyses, the soluble salt total con-
centration indicated a very high concentration of salts in the four
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mentioned samples, in the low part of the wall which required a
corrective action due to a worrying damage [12]. Moreover, the rest of
the samples, present a high or medium concentration of salts indicating
a global damage of the bricks.

The correlation analysis of the brick samples was carried out. In
Table 5 it is possible to observe the significant correlations. As with
mortars, the higher correlations were related to the marine aerosol
(chloride, potassium, and sodium), however, in this case, the sulphates
were also related to this group. This could be because of the formation of
sulphates of potassium and sodium as has been previously mentioned.
Maybe, as bricks were more protected by the mortar and marble, the
atmospheric pollution was not so evident in the low part of the wall, and
the source of sulphate here could be the rainwater. Moreover, the lack of
correlation between calcium and sulphate was relevant because it usu-
ally indicates the formation of calcium sulphate. In contrast, calcium
was correlated with bicarbonate, so, it was possible that bricks remained
in a first step of decaying (carbonation) probably due to the protection of
marble. For that reason, at the top of the wall, where there was no
marble, the decaying was more evident.

It is remarkable also, the negative correlation between bicarbonate
and the other ions, which could indicate different sources, atmospheric
pollution for bicarbonate and marine aerosol for the rest. There is a
negative correlation also between oxalate and chloride, which probably
has the same meaning, different sources, biodecaying for the oxalate,
which was correlated with calcium indicating the most common oxalate,
the calcium oxalate. As this compound is not soluble in water, its pres-
ence in the material probably was higher than that observed.

These mentioned results were confirmed by the PCA analysis that
explained more than 95% of variance with 3 PC. In Fig. 5 it is possible to
observe the clear group of calcium and oxalate. However, in this case,
the rest of the ions were very close to reach other conclusions. It is
noteworthy that sulphate was not so grouped, indicating probably a
mixed source as had been previously proposed.

Regarding sample’s diversity, is possible to observe three groups:
(2B,4B, 8B), (7B, 5B) and (1B, 3B, 6B, 10B). The first one, related to
marine aerosol and the second with infiltration waters and the bio-
decaying, so the source of the biodecaying could be the infiltration of the
water from the garden located on the top of the building.

Microchemical Journal 191 (2023) 108921

Bi-plot
1 cade
S04=
0,8 .
o
0.6 .
K+
04 & Wg+2
: HCO3-
—~ 02 ® :
{"\; * Na+
=0 ge : 168 5
O ‘ 1B .
o .02
04 G.B
0,6
-0,8
. 98B
i -1 -0,8 -0,6 -0,4 -0,2 0 0,2 04 06

PC-1 (67%)

Fig. 5. Bi-plot of the soluble salt analysis of bricks.

4. Conclusions

The validation of the modular systems designed based on ion chro-
matography and titrimetry for the simultaneous analysis of ions in water
dissolution to evaluate the complete affection by soluble salts of built
heritage was very satisfactory. In this sense, it was possible to obtain in a
simple way the quantitative analysis of the most relevant ions that affect
the cultural heritage, included carbonate and bicarbonate.

This has allowed the identification of the most important problems
that affect the studied building, giving relevant information to its con-
servation. Specifically, it was evident the affection of the atmospheric
acid gases, that affected, especially, to the mortars. In the case of brick,
the principal problem was the rainwater and the marine aerosol. For
both materials, the desalination seems to be crucial, but also the
consolidation. Moreover, it has been observed the synergic effect of the
infiltration water to promote the attack of the dissolved atmospheric
acid gases in such waters. Also, this infiltration water seemed to be the
responsible of the biodecaying that affect the walls, probably due to the
presence of dissolved nitrates and ammonium ions, two excellent

Zzz*lzlastion analysis of the mortar samples. The correlation coefficients above the R critic for 95% of confidence (0.549) are marked, yellow the positive and orange the
negatives.
CO3~ HCOs3~ C1- NO3~ S04~ C204~ Na* K* Cat*? Mg*?
CO3~ 1.00
HCOs™ -0.44 1.00
.00
.13 1.00
.88 1.
.89 -0.41 O. 1.00
.24 0.66 -0.38 1.00

.80 -0.35 0.

0.76 -0.33 1.00




I. Vazquez-de la Fuente et al.

nutrients for microorganisms. These results indicated that the correct
evaluation of the conservation state of a building is important for a
global understanding of the processes that are present and to propose
adequate corrective actions.

But the most important conclusion achieved, is the demonstration of
the real need to quantify the soluble salt to evaluate the level of damage
of the material. And not only that, because it is also demonstrated the
relevance of not only chloride, sulphate and nitrate, but also all the
involved ions in the decaying processes which represent a high per-
centage of the soluble salt and, generally, are neglected. What is more, in
the current form, it is hardly difficult to carry out a quantitative com-
parison of the soluble salt concentration results between different works,
due to the different methodologies used for them, even using the current
norms. Cations, carbonates and bicarbonates are not usually analysed or
not even by using IC [40-42] so the comparison of the data could lead to
errors in the measuring of soluble salts.

Taking all of this into account, this work points out the need of a
change of mind in the current European norms with the presented case
study because the obtained results could not have been achieved by a
simple conductimetric analysis or only by measuring some anions. It is
evident the need to quantify all the ion that affect the materials, and for
that purpose, the IC must be mandatory in the norms. This work dem-
onstrates with experimental data how the simultaneous analysis is
possible in a simple way, without very complicated systems which
should facilitate its implementation in the standards. Moreover, the
establishment of limits for all the different ions is required, but not only
to control their level, but also to help to compare the results in an
effective way in the different locations, to help to understand better the
results obtained.

Although there have been great advances in recent years regarding
these analyses and in the development of European standards, this work
demonstrates the need to continue improving for the good of the built
heritage.
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