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The vast majority of building materials that are heavily affected by salts require desalination and subsequent
consolidation treatments. This double intervention entails a risk associated with the loss of material due to
continuous contact with the affected surface. This study evaluates the effectiveness of an electrokinetic process of
simultaneous desalination-consolidation of two types of stones (dolostone and limestone). The results show that
it is possible to reduce the salts up to percentages of 100% and at the same time to fill the pores and fractures
with insoluble compounds compatible with the materials to be treated, such as calcium-magnesium carbonates.

1. Introduction

Over the years, the exposure of porous building materials used both
in modern buildings and architectural heritage, to aggressive environ-
mental conditions, both natural (i.e., water, soluble salts, bio-
colonization) and anthropogenic (air pollution), can induce some
degradation processes. Among the degradation processes that affect
porous building materials, it is worth mentioning the damages associ-
ated with the internal pressures that soluble salts generate when crys-
talizing inside the material’s pores [1]. As the soluble salts precipitate
inside the pores, the growth of salt crystals can generate pressures [2-4],
which can exceed the tensile strength of the materials causing damage or
even their breakage. This damage is favored by the existence of repeated
dissolution/deliquescence and crystallization cycles [5-7], as a conse-
quence of their contact with water (either in liquid or vapor form
respectively). As a result, the loss of cohesion of the grains at the surface
or the presence of superficial detachments with different thicknesses can
take place [8]. Consequently, the process can endanger the historic
value of the property, since it is a non-renewable resource with unique
and irreplaceable value, or even endanger its perpetuation, due to the
development in the worst scenarios of structural problems.

These processes, by which all building constructions are affected, are
expected to worsen in the near future due to climate change. The main
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reason is the impact of climate change on the damage caused by salt
weathering, due to the influence exerted by the environmental param-
eters on the salt transition phases [9,10]. For this reason, it is crucial to
develop new techniques and treatments that allow the safeguarding of
the integrity of building constructions.

The different alteration agents mentioned above (water, bio-
colonization and air pollution) participate in some way in the damage
caused by soluble salts, either as a source of salts or as a means of their
transport. Numerous studies that relate the source of soluble salts inside
the porous building materials with: 1) a leaching process from building
materials. In this sense, sulfates are usually attributed to this source due
to the leaching of plaster-based coatings, Portland cement mortars
[11,12] and other kinds of mortars (for example those rich in magne-
sium, which are sources of magnesium sulfate [13]); 2) atmospheric
deposition. It is documented that air pollution, caused for example by
emissions from fossil fuels burned by vehicles [14,15] or the presence of
mining and cement plants [16,17], may be the source of sulfates. The
seawater spray is the main source of chlorides [18], being able to reach
distances even farther than 20 km inland [19]; 3) remnants of old
treatments such as: the use of oxalic acid on the marble to give it a
yellowish appearance, which causes calcium oxalate crystals [20], or the
application of certain consolidation treatments, such as the use of po-
tassium aluminate [21] or either sodium and potassium silicates. These
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inorganic consolidants can evolve after hydrolyzing processes to form
potassium or sodium sulfate by reacting potassium or sodium hydroxide
with the atmospheric SO3 [22]; 4) a biological source, related with the
secretion of acids from biological organisms. For example, this is the
case with calcium sulfate, which can be formed by the secretion of
inorganic sulfuric acid from fungi and its reaction with calcite minerals
[23], and calcium oxalate crystals by the interaction between organic
acids and carbonate minerals [24]. Also, bone debris and animal drop-
pings, which once dissolved in water, are a source of phosphate salts of
magnesium and calcium, as well as nitrates and chlorides [25]. 5)
groundwater rising through foundations by capillary suction. In rural
areas, the main salts are sulfates and nitrates, since both anions are part
of fertilizer composition [26], while in urban areas the presence of
chlorides, nitrates, and sulfates stands out [1,26,27].

Up to now, no technically feasible solutions exist to remove or stop
the damage caused by salt crystallization, unless removing either the salt
source or the moisture source. This is due to, despite the diverse origin
that salts may have, their entry into the porous material occurs, in all
cases, through their previous dissolution in water. For this reason, the
main strategies applied by professionals are focused on: 1) controlling
the environmental conditions (temperature and relative humidity) in
order to hinder the existence of cyclic dissolution-crystallization pro-
cesses of salts [28]. For this purpose, is necessary to maintain the con-
ditions either below or above the crystallization point of the salts present
in the building. 2) reducing, as far as possible, the ion content in the
material by applying some desalination techniques: immersion baths
[29], application of poultices or sacrificial mortars [30-33], use of
crystallization modifiers [34-36], among others. Recent studies show
that the application of electrokinetic techniques allows the reduction of
the anion content, both at laboratory scale [37,38] and on-site [39,40],
in percentages close to 100 %. 3) to hinder the entrance of these
aggressive alteration agents to the interior of the material by reducing
the accessible porosity. In this sense, the application of consolidants and
water-repellent stands out.

On numerous occasions the material to be treated is so altered that it
is only possible to carry out: 1) The replacement, in the worst case, of the
weathered stones by new ones, which in some cases could affect to the
authenticity and value of the monument. 2) To return the cohesion be-
tween the mineral grains of the material by the application of some
consolidation treatments, prior to applying any other treatment (i.e.,
apply it as a pre-consolidation treatment). However, the detachment of
part of the altered material, due to the direct contact between this zone
and the pre-consolidation treatment applied can affect to the value of
the monument. This is because the material’s surface is usually the one
that has a high historical value due to the carved areas (such as capitals
and columns) and the possible existence of polychromies. Furthermore,
as reported in [41,42], the application of a pre-consolidation treatment
reduces the effectiveness of subsequent desalination treatments applied
on the same area, or at least those based on the use of immersion baths
and poultices. 3) To treat the affected surface from adjacent areas that
show a lesser degree of deterioration or whose value is less. In this sense,
electrokinetic techniques in previous studies have shown that it is
possible to carry out this type of intervention [43,44].

In addition to this, and despite the evolution in recent years that is
taking place in the consolidation field with the synthesis of new nano-
materials, it should be noted that the results obtained at a laboratory are
far from those obtained on site. This is due to the fact that the vast
majority of the studies are carried out under ideal laboratory conditions
for their behavior, such as: low or no salt and moisture content. How-
ever, when on site, the vast majority of buildings always have a certain
degree of humidity and salt. Both factors have a direct influence on the
dry matter of the product that remains in the material, either by
reducing the available pore volume for its absorption [45] and also
increasing the hydrolysis rate of the sol-gel reaction (this fact increases
the viscosity of the consolidant reducing its penetration depth [46-48]).

Recently, a new consolidation procedure based on electrochemical

Construction and Building Materials 408 (2023) 133686

principles has been developed [49-52]. This technique, respectful to the
environment and with low toxicity for the people who apply it, allows
the precipitation of inorganic compounds on demand inside the pores of
a material. Like the rest of the electrokinetic treatments, this technique
is favored by the presence of moisture since it will facilitate the transport
of the current. Likewise, it is expected that the technique will be
improved by the presence of a previous ionic content inside the material
(a fact that has not yet been verified).

Despite the technological advances and new techniques developed in
recent years, at this moment, no procedure gets the consolidation of a
deteriorated material while simultaneously allowing the removal of the
salts causing the damage. This concern is mainly due to the risk that the
consolidating treatment polymerizes close to the surface and does not let
out the salts that have to be mobilized towards the surface, producing an
accumulation of sub-florescences in the most superficial layers, which
increases the damage caused by internal crystallization of soluble salts in
the material [53,54]. This fact might be more counterproductive as it
accelerates the material’s alteration process.

This study aims to dive into the existing knowledge on electrokinetic
techniques and assesses their suitability as a simultaneously desalination
and consolidation techniques, using types of stones (limestone and
dolomite) highly contaminated by salts (chloride, sulfate, and nitrate)for
that purpose, which will be consolidated by the electro-precipitation of a
magnesium, calcium or calcium-magnesium carbonate.

2. Material and methods
2.1. Stones used

For this study, two different ornamental rocks widely used in the
architectural heritage of Madrid (Spain) were selected: Reduena (upper
cretaceous dolostone extracted from abandoned quarries located at
Reduena, municipality of Madrid) and Blue Bateig (biocalcarenite stone
extracted from quarries located between Elda and Novelda, both mu-
nicipalities of Alicante). Both stones, as stated in [55,56] and also those
that can be seen directly in the monuments built with these stones, are
highly sensible to the damage caused by the action of soluble salts.

In this study, a total of eighteen cylindrical specimens (9 of Reduena
and 9 of Blue Bateig), of 54 mm in diameter and 30 mm length, were
used.

All specimens, except one per kind of stone, were contaminated with
a saline solution composed in weight of NaCl 10 %, KNO3 8 %, and
CaS04 0.2 %. This solution contains a mixture of the most frequent
anions and cations found in monuments according to [21,57], which
also have different ionic mobility under the action of the electric field
[58]: CI'7.19, NO3 7.40, SO7 8.29, Na*t 5.19, Ca®** 6.17 and, K+ 7.62 (all
of them in 10® m?/V-s). This different mobility has an influence on the
desalination process, since the less soluble and less mobile salts, such as
sulfates, followed by nitrates and finally chlorides, are the most difficult
to extract from the interior of a porous material. To facilitate the salt
contamination, eight specimens per stone were subjected to periodic
cycles consisting of 3 days of capillary absorption followed by 2 days of
drying at room temperature, a similar procedure to that used in [37,38].
Every cycle, it was used to change the contact surface between the
specimen and the saline solution, in order to get as far as possible a
homogeneous distribution of the salts. A total of 5 cycles were made.

Before carrying out the salt contamination cycles, some properties
per stone were characterized.

Mineralogy was done on the block surface, without crushing, by X-
ray diffraction using a high-sensitivity Philips XPERT-PRO diffractom-
eter, an XCelerator with RTMS detector operating continuously in 26
ranges from 4° to 80° with a step size of 0.0334° and step time 50.165 s
counts per step, and Cu-K Alpha radiation. The mineralogical phases
were identified using the Panalytical X’Pert High Score database,
endorsed by the ICDD (International Center for Diffraction Data), the
Joint Committee on Powder Diffraction Standards (JCPDS) and the
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American Mineralogist Crystal Structure database (AMCSD).

Petrography was studied by Transmitted and Reflected Polarized
Light Optical Microscopy (PLOM) in thin sections, to identify the texture
and mineral properties of samples before and after treatments. The
Olympus trans-Ref BX 53 polarized light microscope equipped with
bright field (FBF) and dark (FDF) filters allowed us to obtain transmitted
and reflected light images respectively. The interpretation was done by
using Olympus Stream Essential software and Micrograph TM Gatan
digital software.

Textural properties and chemical composition were determined via
environmental scanning electron microscopy (ESEM) and energy
dispersive X-ray spectroscopy (EDX) using a FEI Inspect ESEM, equipped
with an EDS probe operating in low vacuum mode. The spatial distri-
bution of elements was performed to obtain EDX elemental mapping
images and textures for each sample.

Physical properties are related to the pore structure of both stones. In
this case, some properties such as: water accessible porosity, bulk den-
sity, and capillary water absorption coefficient were determined
following the procedure established in different European standards
([59,60] respectively), and using 9 cylindrical specimens per stone. Also
the capillary porosity was determined using the expression collected in
[61], which was used in other studies [50,51]. Pore size distribution and
mercury accessible porosity (MAP) were assessed by mercury intrusion
porosimetry (MIP), using an Autpore IV9500 porosimeter of Micro-
meritics. This porosimeter allows the characterization of pores with an
access diameter between 360 pm and 3.8 nm. The measurements were
conducted, and duplicated, on stone prisms of 10 mm in diameter and
20 mm high.

Regarding mechanical properties, ultrasonic pulse velocity (UPV)
was measured for each of the nine cylindrical specimens per stone, in the
same direction of the current flow (i.e., between the surfaces in contact
with the cells C3 of the assembly used in this study, see Fig. 1). A total of
7 measurements per specimen were taken on dry samples using a
PUNDIT CNS Electronics (precision: & 0.1 ps) and transducers of 1 MHz
of frequency and 11.82 mm in diameter. After discarding the highest and
lowest value, the average of the other five values was taken as the
accepted value. Considering the correlation between UPV and uniaxial
compressive strength (UCS) in porous building materials [62-64], this
parameter has been determined indirectly using the model proposed by
[65] for limestone: UCS (MPa) = 0.0159- UPV(m/s) — 27.172.

Color characterization was made for all the nine specimens per stone
in both cylindrical surfaces. For this purpose, 10 random measurements
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were made per surface (i.e., 20 measurements per specimen), using a
Minolta CM-700d spectrophotometer, and the colors were expressed in
the CIE Lab color space. The measurements were taken, including the
specular component, with a spot diameter of 8 mm, using a D65 illu-
minant, and an observed angle of 10°.

After carrying out the salt contamination process, and once the
samples were dried to constant weight, the textural properties by ESEM-
EDX, petrographic analyses by PLOM, UPV, and color characterization
were assessed again using the same equipment stated before. Further-
more, in two specimens per stone, the anion content was quantified by
high resolution chromatography (IC). For that purpose, each specimen
was segmented into two pieces (from each surface to the middle of the
stone), by hammer and chisel. Each fragment was milled and homoge-
nized. After that, 0.15 g of powder were taken and were immersed in 15
mL of ultrapure water. After being stirred by ultrasound waves for 45
min and filtered through 0.45 ym opening mesh sieve, the anion content
was measured by IC using a Metrohm 761 Compact IC ion
chromatograph.

2.2. Electrokinetic desalination setup

Fig. 1 shows the assembly used for this study, which comprises two
electrode compartments (anodic and cathodic), each one placed on each
side of the porous material. Each electrode compartment consists of
three cells (C1-C3).

Cells C1 are those furthest from the material to be treated. In these
cells, either the electrodes (in this study titanium mesh electrodes coated
with mixed metal oxides were used) or the solutions that supplying the
precursors necessary to the consolidation, are hosted. During the treat-
ment, it is expected that the initial pH of each solution will be modified
due to the electrolysis of water that takes place on each electrode’s
surface (Egs. (1) and (2)). In this sense, acidification, at the anode, and
alkalinization, at the cathode, occurs.

Anode: HyO — 2H" + 1/205) + 2€” @
Cathode 2H0 + 2e” — 20H™ + Hy(g, 2

In order to preventextreme pH values from reaching the surface of
the stony material, a cell C2 filled with a material with pH buffering
ability is located immediately after the cell C1. At the anode, the ma-
terial used was a poultice made of magnesium carbonate:kaolin:ultra-
pure water in a 2:1:6 proportion by weight (named as P-Al), similar
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Fig. 1. Schematic diagram and photograph of the assembly used to treat the porous material affected by salts. The distribution of the cells which hosted the different
elements used (i.e., poultices, solutions, electrodes), both for desalination and consolidation, can be noted. Also, the initial distribution of the anions and cations, both
those used as precursors (circles) and those that are the soluble salts (stars), is shown.
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poultice to that used in [49,50]. The decomposition of magnesium
carbonate at acidic pH values allows the buffering of the pH (Egs. (3)
and (4)), preventing the acidic environment from reaching the surface of
the material to be treated, as demonstrated in [50]. At the same time, the
decomposition of this compound increases the concentration of Mg?*
free ions, which can be supplied to the stone (cation used as a precursor
in this study).

MgCO; + H — Mg?* + HCO3 &)
HCOj3 + H' — COye) + Hy0 @)

At the cathode, the material used was a poultice made of kaolin:ul-
trapure water in a proportion 1.5:1 by weight (named as P-C1). The high
ion exchange capacity of kaolin hinder the migration of OH™ ions to-
wards the material’s surface, as demonstrated in [66,67].

At both compartments, cellulose filters were used between the cells
C1 and C2 in order to prevent the spreading of the poultice into the
solution.

Finally, in direct contact both with the poultice hosted in cells C2 and
with the surface of the material to be treated are located the cells C3.
These two cells hosted, in both compartments, a poultice made of cel-
lulose:solution that supply the precursors (i.e. the ions necessary to
carrying out the precipitation of an insoluble compound into the pores of
the material) in a proportion 1:5 by weight (named as P-A2 and P-C2
depending on whether the compartment is the anode or the cathode
respectively).

The poultice made of long fiber cellulose (Arbocell BC-1000) was
chosen due to this material: 1) has large pores than other materials,
which allow it to house a greater amount of solution [32,34,68]. This
fact favors the wetting of the stone to be treated, and therefore, the
dissolution of a greater amount of salts present in its pores, which will be
forced to migrate due to the influence of the DC field; 2) stores a greater
amount of precursors than other materials such as kaolin and it does not
hinder their mobilization as other materials due to its low ion exchange
capacity; 3) unlike other poultices such as kaolin, it leaves little residue
on the surface of the material; 4) improves the contact between the setup
and the surface of the material. This fact, unlike previous electro-
precipitation studies, where this cell C3 was filled with a liquid solu-
tion [49-51], facilitates the extrapolation of the treatment to real situ-
ations where the method must be applied to irregular surfaces, since the
loss of liquid that could be in the contact area is reduced. Furthermore,
and despite this cellulose poultice, a neoprene gasket was pasted on the
edge of the cell C3 to improve the contact between the cell and the stone.

In any case, all poultices used in both compartments will serve as a
storage and retention medium for the extracted ions.

2.3. Solutions used to supply the precursors

Applying electrodeposition methods, for the rehabilitation of porous
materials, has the advantage that it is possible to carry out an on-
demand selection of suitable external solutions to promote the forma-
tion of insoluble compounds that are chemically compatible with the
material to be treated. This fact is of utmost importance, since a high
chemical affinity between the precipitated compound and the treated
material ensures that the behavior of both materials will be similar
against fluctuations under external conditions, such as temperature and
relative humidity. Therefore, considering the chemical composition of
both stones (limestone and dolomite), it is intended to precipitate some
chemical compounds whose composition belongs to the group of mag-
nesium, calcium, or calcium-magnesium carbonates.

Calcium is not supplied from any compartment to stones to be
treated since their initial content was high. This is due to the previous
salt contamination to which the specimens were subjected.

Magnesium was supplied from the anode towards the cathode
through the stone. To supply this cation, a 0.5 M magnesium acetate
solution was used (both in cell C1 and C3). The decomposition of the
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poultice P-Al also provides Mg?" ions during the pH buffering process.

Carbonate was supplied from the cathode towards the anode through
the stone. Two different solutions, with different initial pH values, have
been used to supply it. The pH value will influence in the ionic spice in
which this ion is found. The carbonates above a pH value of 10.3 are in
the form of carbonate ion (CO%‘), while those below 10.3 and above 8
the main species is bicarbonate (HCO3). In three specimens per stone,
the solution used was 0.5 M ammonium carbonate pH 9 (in this case the
setup is named onwards A-M). In the other three specimens, the solution
used was 0.5 M sodium carbonate pH 11.8 (in this case the setup is
named onwards N-M).

2.4. Electrokinetic procedure

The electrokinetic procedure used in this study is based on the
electro precipitation of insoluble inorganic compounds, applying the
recently procedure developed in [49-52], in which a more detailed in-
formation can be found. This method comprises two steps between
which the polarization of the electrodes is reversed and consequently,
the relocation of the different elements hosted in every cell (i.e., poul-
tices and solutions) must take place.

During each step, a constant voltage of 27 V was applied (see Fig. 2).
This voltage was established on the assumption that the application of a
high current density from the beginning of the treatment, in this case a
current of about 11-12 mA, should allow a faster mobilization of the
anions present inside the stone (i.e., CI, NO3 and SO?{) than those pre-
cursors supplied from the cells (especially those with less mobility, such
as the carbonate ion). This fact should facilitate the extraction of salts
before the main percolating pathways of the material collapse due to the
precipitation of insoluble compounds.

During the first treatment step, it is expected that the current density
that flows through the stony material will be high in the beginning, due
to the high ionic content that the material presents. In consequence, it is
expected that a massive exit of the ions that formed the soluble salts,
towards the electrodes of opposite polarity, take place. This mobilization
must cause an increase in the ionic content of these ions in the poultices
used in each compartment, whereas in the stone a decrease should
occur. At the same time, the entry of the ions selected as precursors must
take place. Summarizing, during this step it is expected that a substi-
tution of the anions and cations that initially were in each stone spec-
imen by new ones that are supplied from the selected solutions will take
place. As precipitation of inorganic compounds begins to occur inside
percolating pores, the transport of the electric current by the ions pre-
sent is hindered. Consequently, the resistance that the material opposes
to the current flow will increase and the density of the current flowing
will decrease considerably [50].

In addition to the areas where the product has precipitated, other
areas within the material will remain enriched with a particular pre-
cursor (the area near the anode will be enriched with the supplied cation
while the area near the cathode will be enriched with the supplied anion
[50D).

At this point, the second treatment step must be applied. During this
step, ionic mobilization and rapid precipitation of the inorganic com-
pound to be formed is again expected to take place, since the ions are
forced to penetrate into the material through previously enriched zones
with the respective counterion [50]. This step will be considered ended
when the value of the current density flowing through the material reach
a value close to zero.

Between each of the treatment steps, all poultices are renewed by
new ones, as well as the solution in contact with each electrode.

All tests lasted 30 days. The duration time of the first step varied
between treatments according to the resistance and current measure-
ments recorded (taking as the point of change between steps currents
around 1 mA).
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Fig. 2. Schematic diagram of the procedure used to desalinate and consolidate the stone by the electro-precipitation of insoluble inorganic compounds in some pores
of the material. In this case only the first step of the treatment is shown. The second step would be similar to this but changing the polarity of the compartments and
repositioning poultices and solutions. In addition, the electrochemical and chemical processes that take place throughout the setup are shown in detail, i.e., water
electrolysis (showing the generation of H™ and OH™ on the surface of the electrodes), pH buffering processes (through the poultices and mobilized compounds), and
electro-precipitation (when the saturation concentration of certain compounds inside the pores of the material is exceeded).

2.5. Methods applied to assess the treatment effectiveness

As indicated above, two setups, where a different solution that sup-
plies the carbonate ion (i.e., A-M and N-M), have been tested. For each of
the setups, three specimens per kind of stone were treated.

During the test, the evolution of the main electrical parameters, i.e.,
resistivity (in kQem) and current density that flows through the speci-
mens (in Aem~2) were recorded. For that purpose, the potential drops
between the electrodes hosted in the cells C1 and, in a 1 kQ resistance,
connected in series with the setup, were measured.

At the end of each test, the following parameters were assessed to
quantify:

(a) Desalination effectiveness. For this purpose, the anion content

(CI', NO3, and SO‘Z{), either in poultices or stones specimens, was

determined. Both poultices and stone specimens were dried in an

oven at 50 °C for 5 days until reaching a constant weight. After
that, in the case of each stone specimen, as stated before, the ion
content was quantified in the two fragments in which it was
segmented. The anion content into the poultices was determined
after each treatment step. The rest of the procedure followed to
measure the anionic content, by IC, was the same procedure as

that explained in section 2.1.

Consolidation effectiveness. For this purpose, the following pa-

rameters were assessed to analyze the changes caused, in the pore

structure, due to the precipitation of different insoluble com-
pound inside the pores:

- Petrography to assess textural and mineralogical details in
transmitted (FBF) and reflected (FDF) light mode using the
equipment stated before.

- XRD to identify the mineralogy of the precipitated compounds.

- Pore size distribution and accessible porosity to mercury. This
technique was applied, in duplicate, using stone specimens with
the same size and equipment as stated before.

- Changes in the P-wave propagation using the same equipment
and procedure mentioned above.

(b

=

- ESEM-EDX techniques to characterize the textural and chemical
composition of the compounds precipitated.

(c) Aesthetic risk associated with the technique. For this purpose, the
color changes at different stages of the test were calculated in
order to measure the changes caused by: the entry of salts (Initial
color vs color after salt contamination), the desalination and
consolidation of the stones (color after salt contamination vs
color after electrokinetic treatment), and the global change of
color (Initial color vs color after electrokinetic treatment). For
this purpose, the color variations: AL*, Aa*, Ab*, AC*, and total
color difference (AE*ab), according to the following expression,
were calculated.

AE* = [(AL*)* + (Aa*) + (Ab*)]'?

where the parameters AL*, Aa *, and Ab* show the variation in the
lightness values L*, and in the chromatic coordinates a* (red-green) and
b* (yellow-blue).

In addition, to assess the risk associated to the color change, the
index proposed by Mokrzycki and Tatol [69] was applied. This index
established different levels of color change as a function of the visual
color perception of the human eye: 0 < AE*ab < 1, the observer does not
notice the difference; 1 < AE*ab < 2, only an experienced observer can
notice the difference; 2 < AE*ab < 3.5, an unexperienced observer also
notices the difference; 3.5 < AE*ab < 5, clear difference in color is
noticed; 5 < AE*ab, observer notices two different colors.

3. Results and discussion
3.1. Stone properties

Thin section images taken in transmitted (FBF) and reflected (FDF)
light of Reduena rock show the typical texture and mineralogic
composition of an oolitic dolostone (see Fig. 3). The cross-polarized-
transmitted light image (Fig. 3a) shows small spheres of carbonate
composition with a variable diameter between 360 and 230 pm
dispersed in a dolomicritic matrix. The ooids retain their rounded
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Fig. 3. PLOM images of Reduena (a and b), Bateig (d and e), both before treatment, showing textural and mineralogical details in transmitted (FBF) (a and d) and
reflected (FDF) light mode (b and e). Also, XRD profiles of both stones before treatments (c: Reduena and f: Bateig) are shown.

nature, and it is common to distinguish a core made of dolomite and an
outer layer of dolosparite. The ooid edge sparitization generally varies in
thickness between 30 and 50 um, although not all suffer the recrystal-
lization. On occasions, the nucleus of the ooids sustained a loss of ma-
terial, giving rise to rounded pores. Pores also appear in the dolomicritic
matrix, generally affecting the space between ooids. Its dimensions
fluctuate between a length/width ratio of 110/56 pm, producing
vugular porosity by coalescence of pores with sizes that reach a ratio of
360/60 pum.

The reflected light image (Fig. 3b) indicates the presence of vugular
pores with an aspect ratio of 825/226 pm. Image contrast shows
microcrystalline concentric layers in some ooids. The corresponding X-
ray diffraction profile (Fig. 3c) shows the diffraction maxima of dolomite
(D), a low shoulder of low magnesian calcite, and weak signals of
phyllosilicates.

Regarding Bateig sample, Fig. 3d indicates that this stone is a bio-
micritic limestone with a high content of sparite recrystallized bioclasts
deposited on a micritic matrix, partially affected by iron oxides/hy-
droxides. Most bioclasts (foraminifera, bivalves, and other mollusks)
have variable L/W ratios between 486,/131 um, 119/94 um, or smaller
(49/68 um). Locally, the skeletal structures form spherical valves (82.7
um) or elongated (66/63 um), crystallized with sparite that grows on the
outer edge of the shell, reaching a thickness of 21.3 pm. Microfossils
appear partially filled with quartz grains (14/14 um), micrite, or phyl-
losilicates. A moldic porosity, the most common product of a material
loss is identified, whose pores are proportional to the diameter of the
nucleus of the bioclasts.

The reflected light image (Fig. 3e) shows details of the bioclasts
whose brown coloration in the nucleus indicates a filling of micrite and
phyllosilicates, besides light gray growths confirming their micro-
sparitic character of aragonite. Iron oxides produce a yellowish-brown
coloration along the surface. Fig. 3f shows the XRD pattern before the
treatments indicating intensity peaks of calcite and aragonite, the main
components of the original rock, besides that of illite group clays with
different hydration degree, Paligorskite and Glauconite, as previously
reported [70].

Physical properties data of both stony materials used in this study,
before the application of the electrochemical treatment, are summarized
in Table 1.

Both stones have high percentages of accessible porosity to water,
with Reduena dolostone having the higher of the two. In both materials
it is noted that: 1) the accessible porosity to mercury is lower than to
water, with a similar percentage value for both stones (15 % approxi-
mately). This fact indicates the existence of a pore volume with an access
size diameter greater than 360 um (upper limit of the porosimeter used).
2) There is a high amount of difference between the accessible porosity
to water and the capillary porosity (41.3 % for Reduena and 39.7 % for

Table 1
Physical properties of Reduena and Blue Bateig.

Parameters Reduena Blue Bateig
Water accessible porosity (% v/v) 23.21 £ 2.73 15.74 4+ 0.22
Mercury accessible porosity (% v/v) 19.69 + 1.92 14.25 + 1.30
Capillary porosity (% v/v) 13.62 + 1.45 9.49 £+ 0.02
Capillary coefficient (kg/m?h%®) 1.86 + 0.12 0.31 £ 0.02
Saturation degree by immersion (%) 74.71 + 2.28 74.76 + 0.76
Saturation degree by capillarity (%) 71.42 £1.97 74.71 + 0.95
Bulk density (kg/m>) 2185 + 77 2279 £5
UPV (m/s) 3855 + 786 3911 + 41

Bateig). This indicates that, in both materials, there is a high volume of
pores that are not within the range of pores with capillary access size
between 0.1 and 100 um. 3) The capillary coefficient of Reduena and its
absorption dynamics show that this stone absorbs water much faster
than Bateig. 4) The saturation degree obtained by both immersion and
capillarity for both rocks (around 75 % approximately), indicate that
there is a certain volume of pores that are not well communicated,
especially in Reduena.

Regarding the pore size distribution, significant differences are noted
between the pore size distributions of both stones (see Fig. 4 and
Table 2). Reduena shows a bimodal pore size distribution: a pore range
between 0.1 and 3 um (peaking at 1 um), and a range of pores between 5
and 50 pm. About 94 % of the total porosity corresponds to pores with an
access diameter between 0.1 and 100 pm, i.e., pores of capillary ab-
sorption. Only a small fraction of the total porosity (about 1.5 %) lies in
the nanometer range. Blue Bateig shows a unimodal pore size distribu-
tion with a pore size diameter lower than 5 pm (peaking at 0.2 um). In
this stone, the 60 % approximately lies in the pore range with an access
size diameter into the capillary pore range (within this range, 57 %
correspond to pores between 0.1 and 1 um). About 37 % correspond to
pores with access diameter lower than 0.1 um, which are not accessible
to water.

The difference observed into the capillary range 0.1-100 pm explains
why Reduena absorbs water much faster than Bateig.

After the contamination process with soluble salts, the salinized
Reduena sample image, taken in reflected light mode (Fig. 5a), shows a
high content of whitish mineralization scattered throughout the entire
stone, whose dimensions generally appear in a length/width ratio of 36/
18 um or less. Some of them occupy pores or crystallize at the pore
edges. The complete XRD profile in Reduena samples (Fig. 5c) indicates
the presence of dolomite diffraction maxima (D) the main component of
the dolostone, as well as mineralization resulting from the salinization
process, which are visible in the zoom on the right. The salt minerali-
zations identified are potassium nitrate (Niter), gypsum, halite with
some content of potassium; and hydrated Mg-Ca-K sulfate, known as
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Table 2

Intruded mercury volumes for different pore size ranges (in mL/g and %) for both treated and untreated stony materials: Reduena and Blue Bateig. The mercury
accessible porosity (MAP), and its variation with respect to the initial porosity (A) are also shown.

Stone Total intruded Pore size ranges (um) MAP (%) [A]
3

volume (mL/g 10%) <0.1 0.1-1 1-10 10-100 >100
Reduena 78.13 1.23 26.09 33.39 14.43 3.00 19.70
A-M 71.35 0.00 5.97 28.22 35.32 1.84 15.54 [-21.12 %]
N-M 66.60 0.00 0.04 26.69 36.56 3.31 14.33 [-27.26 %]
Blue Bateig 60.68 22.76 34.64 0.66 0.74 1.88 14.25
A-M 60.28 21.63 36.81 0.66 0.48 0.69 13.40 [-6.0 %]
N-M 50.24 25.17 23.33 0.40 0.40 0.94 11.96 [-16.1 %]
Stone Total intruded Volume (%) <0.1 0.1-1 1-10 10-100 >100
Reduena - 1.56 33.76 43.05 17.69 3.94
A-M - 0.00 8.37 39.55 49.51 2.58
N-M - 0.00 0.06 40.08 54.89 4.97
Blue Bateig - 37.51 56.93 1.09 1.22 3.09
A-M - 35.89 61.10 1.09 0.80 1.15
N-M - 50.10 46.44 0.80 0.80 1.87

polyhalite. superficial crust of well-defined crystals.

The salinized Bateig sample, taken in reflected light (Fig. 5b), shows
the presence of microcrystalline and submicron salts, light in color,
dispersed throughout the micritic matrix, with sizes between 26.46/
21.45 pym and 12.64/14 pm. The pores are moldic in nature with di-
mensions around 41/39 to 45/20 pm. The diffractograms of this stone
(Fig. 5d) indicate the maxima intensity of calcite (C), aragonite (A), and
quartz (Q), which are the main components of this stone. In addition to
the main phases, signs of potassic halite, polyhalite, halite, hydrated
calcium sulfate and potassium nitrate (niter) appear after salinization.

This high salt content after the contamination process and its iden-
tification were corroborated by SEM-EDX results (see Fig. 6). The salt
effect appears more dispersed on the Reduena matrix than that of the
Bateig. While an inhomogeneous, less thick, and less extensive layer
crystallized in Reduena, a very defined layer of crystals developed in
Bateig. This behavior could be related to differences in adherence be-
tween the two stone surfaces, considering the pore structure of the
original stone. In the case of Reduena, the higher accessible porosity, the
intercrystalline porosity developed between the dolomite crystals, in
addition to its surface roughness, due to its non-planar texture produced
by anhedral and curved dolomite crystals, and microporosity within the
crystals themselves facilitated the deposition and penetration of salts
[71,72]. In contrast, in the case of Bateig, adhesion was different since
the reduced intergranular porosity with the calcite resulted in a thick

3.2. Desalination treatment. Effectiveness

3.2.1. Salt content in stone samples

Before applying the treatment (see Table 3), the anion content inside
both stony materials exceeded the upper concentration limit established
by the Austrian standard ONORM B [73], (in %g/g, Cl: 0.10, NO3: 0.15,
and SO3: 0.25). Especially in Reduefa, which, due to its greater
porosity, has absorbed a higher content of salts. Attending to this stan-
dard, this high initial anion content involves a serious risk for a porous
building material. For this reason, an active desalination intervention
must be applied.

At the end of the treatment, the reduction in the anion content
achieved in all cases, regardless the stone and the precursors mobilized,
was significant. The reduction achieved in the most mobile anions, such
as chloride and nitrate, was 100 %. In the case of the least mobile anion,
in this case sulfate, the reductions achieved in the most porous material
(i.e., Reduena) were 100 %; while in Bateig the reductions achieved
were above 90 %. In any case, the content remaining in all the treated
specimens is so low (lower than the bottom concentration limit estab-
lished by the standard ONORM B, in %g/g, Cl': 0.03, NO3: 0.05, and
SO?{: 0.1) that it does not pose a risk to the material.

Regarding cations, there is a considerable reduction of Na* and K*
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Fig. 5. PLOM images of both salinized stones (a: Reduena and b: Bateig), in reflected (FDF) light mode. Also, XRD profiles of both stones after the salinization process
and before treatments (c: Reduena and d: Bateig) are shown. Zoom details showing the peaks associated with the crystallized salts are shown to the right of the main

diffractogram.

(100 % in all cases regardless of the stone) and a smaller reduction of
Ca?* (about 66 % in Reduefia and 45 % in Bateig). In the case of Mg?*
there is a considerable increase due to the mobilization of this cation
during the treatment and its subsequent precipitation into the stone.

3.2.2. Salt content in the poultices

The analysis of the mobilization of the main anions during the
treatment, based on the anion content retained in the different poultices
used in each of the two steps of the treatment (see Table 4), shows that
the extraction of these anions occurred preferably during the first step of
the treatment. This high extraction rate during the first step may be
related to its duration (between 11 and 25 days depending on the
porosity of the material). The higher the porosity of the material, the
longer the time spent in the first step of the treatment. Previous studies
carried out on other materials [66,67] have shown that with a shorter
time interval, approximately one week, similar reduction percentages
can be achieved.

The data collected in this table indicate that during treatment the
anions are preferentially mobilized towards the anode, especially anions
with greater mobility, such as chloride and nitrate. This fact indicates
that the mobilization of ions under the influence of an electric field is
higher to the mobilization of ions by other processes such as diffusion
and advection, as already demonstrated [74]. This study shows that the
diffusion coefficient of an ion is at least an order of magnitude lower
than its ionic mobility under the influence of an electric field.

Furthermore, considering that the influence of the pore network in both
transport mechanisms is similar, it is estimated that for a charge species
the ion mobility is 40 times the charge on the species higher per volt
applied than the diffusion coefficient for the same species. Taking this
into account, for the monovalent chloride ion, under the conditions of
this study (27 V), the mobility will be 1080 times higher.

3.3. Consolidation treatment

3.3.1. Petrography

After the A-M treatment, Reduena sample observed by reflected light
(see Fig. 7a) shows mineralization at the edges of ooids and pores
identifiable by a pale-yellow contrast. Epitaxial growth around the pore
edges is widespread, although it does not occur in all pores. The
mineralization occupies a thickness between 25 and 40 pm, sometimes
reaching 60 um. XRD results (see Fig. 8a, red line) indicate the crystal-
lization of two types of carbonates after A-M treatment, Mg and Ca
hydroxide carbonate and Mg-rich dolomite, described below. The
presence of pores, in general, consists of inhomogeneous pores in di-
mensions ranging from larger pores that reach up to 260/125 to 280/
235 pm, intermediate pores from 178/105 to 160/78 pm, and tiny pores
of 55/ 44 um.

The A-M treatment in Reduena stands out for not having peaks
corresponding to the crystallized salts, with dolomite signals being
equally predominant. However, some additional diffraction maxima
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Fig. 6. SEM micrographs of both salinized stones, Reduena (a and b) and Bateig (c and d) in BSE mode.

appear corresponding to carbonate hydroxide hydrate, with a high
agreement with Sergeevite, a calcium Mg carbonate hydrate, with
general formula CaMg;1(C0O3)13-10H20 which has variable water con-
tent and CO3/OH ratio, according to the formula CayMg;1(CO3)13.
x(HCO03)x(OH)x-(10-x)H20, where x < 4, [75]. Additionally, it is present
a magnesium-calcium carbonate richer in magnesium known as Huntite
(MgsCa(CO3)4), which can appear simultaneously with Sergeevite
[75,76].

After the N-M treatment, there is no evidence of mineralization
similar to that identified in the A-M Reduena samples, as shown in the
reflected light image (see Fig. 7b). Only appear visible areas with clear
contrast whose dimensions fluctuate between 36/19 pm and 41/16 um
or as individual crystals occupying pores or regions of higher concen-
tration There is generally a reduction in the pores with sizes of 286,130
to 319/135 um. After this treatment, the XRD profile indicates different
additional signals (Fig. 8a, green line), such as the main diffraction
maximum of the calcium-rich dolomite (toward the left of the profile). In
addition, the profile shows the diffraction maximum of magnesium-
enriched dolomite, whose 2-theta tends toward the greater angles. Be-
sides, with less intensity, additional peaks corresponding to the Huntite
appear (Table S1 summarizes the minerals identified in Reduena dolo-
stone by XRD and their specifications).

Regarding Bateig, after A-M treatment (Fig. 7c), the reflected light
image indicates a new whitish-yellow mineralization of 136/118 pm,
which could correspond to the Ca carbonate hydroxide identified by
XRD (Fig. 8b, red line). Bioclast pores are affecting the matrix, some
filled with phyllosilicates with an average size of 120/82 um. The

diffractogram shows, in addition to the presence of calcium carbonate
hydroxide, a metastable phase among the hydrated calcium carbonate
[77], magnesium calcite, whose main peak shifts to the right due to an
increase in Mg content, and the metastable calcium carbonate poly-
morph known as vaterite, which can crystallize in environments with a
pH similar to that of the current experimental conditions of the A-M
treatment [78].

The reflected light image corresponding to the N-M treatment
applied in Bateig (Fig. 7d) shows a well-compacted calcitic matrix with a
few pores with sizes between 107/96 and 162/130 um. A yellowish-
white mineralized zone could correspond to high magnesium calcite,
as identified by XRD (Fig. 8b, green line), in which two types of intensity
maxima correspond to calcite, showing different Mg/Ca ratios: Ca-rich
calcite, and Mg-rich calcite. (Table S2 summarizes the minerals identi-
fied in Bateig biomicritic limestone by XRD and their specifications).

3.3.2. Physical changes into the pore structure

The changes caused in the pore network (see Table 2 and Fig. 9) show
that both treatments, regardless of the stone, reduce the accessible
porosity to mercury. These reductions were more pronounced in
Reduena, which seems to indicate that the higher porosity caused a
greater accumulation of ions within the pores before the collapse of the
vast majority of the percolating pores took place. Although it may also
be influenced by the longer treatment time required by this stone during
the first step (around 20-25 days for Reduena, and 15-20 days for
Bateig), since, as mentioned above, the higher the porosity, the longer
the time needed to fill the pores.
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Table 3

Initial and final average ion content in both stones treated with different anion
precursors (A-M: ammonium carbonate; N-M: sodium carbonate). Values are
expressed in % g/g, referred to the dry weight of the stone. Also, the desalination
effectiveness in % (E-%) is expressed.

Reduena A-M
cr NO3 S07 Na® Kt ca%t Mgt
Initial 0.74 1.10 0.50 0.64 0.86 0.08 0.04
+ + +018 + + +0.00 +0.00
0.44 0.62 0.32 0.20
Final 0.00 0.00 0.00 0.00 0.00 0.03 0.30
+ + +0.00 + + +0.01 +0.12
0.00 0.00 0.00 0.00
E-% 100 100 100 100 100 66.67 -
N-M
Initial 0.74 1.10 0.50 0.64 0.86 0.08 0.04
+ + +018 + + +0.00 =+ 0.00
0.44 0.62 0.32 0.20
Final 0.00 0.00 0.00 0.00 0.00 0.03 0.19
+ + +0.00 + + +0.01 +0.10
0.00 0.00 0.00 0.00
E-% 100 100 100 100 100 68.18 -
Bateig A-M
cr NO3 S07 Na® Kt ca%t Mgt
Initial 0.48 0.78 0.29 0.42 0.46 0.12 0.00
+ + +011  + + +0.03 +0.00
0.08 0.08 0.03 0.08
Final 0.00 0.00 0.02 0.00 0.00 0.07 0.12
+ + +0.01 + + +0.03 +0.04
0.00 0.00 0.00 0.00
E-% 100 100 93.12 100 100 44.44 -
N-M
Initial 0.48 0.78 0.29 0.42 0.46 0.12 0.00
+ + +011 + + +0.03 +0.00
0.08 0.08 0.03 0.08
Final 0.00 0.00 0.01 0.00 0.00 0.06 0.05
+ + +0.01 + + +0.01  +0.00
0.00 0.00 0.00 0.00
E-% 100 100 97.42 100 100 48.08 -

Between treatments, the reduction was greater in the N-M treatments
than in the A-M treatments, which may be related to the ionic form in
which the carbonate ion was supplied, which is dependent on the pH of
the solution. In this sense, it seems that the yield of the process is higher
when the carbonate is supplied as carbonate ion (case N-M) and not as
bicarbonate (case A-M).

With respect to the pore sizes that are most affected by this process, it
can be seen that the reductions caused are different depending on the
material treated. In Reduena, there is a considerable reduction in the
volume of pores with access size below 3 pm, especially in pores below 1
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um. In addition, there is an increase in the volume of pores between 3
and 25 pm in size, probably caused by a displacement of the pore volume
when the pores that initially had a larger initial size were partially filled,
or by the presence of new pores not filled by the treatment that appeared
after the damage caused by the salts. In Bateig, the reduction affects the
larger pores, above 0.1 um, and increases the volume of pores with ac-
cess size below 0.1 that are not accessible to water. This result is similar
to that observed in a previous work carried out on quartz-sandstone
[51].

The reductions caused in the pore network are also evident in the
ultrasonic transmission measurements (see Table 5). In the treated
samples there is an increase in UPV, which is more marked in the N-M
samples (which indicate a greater filling of the pores and a lower
porosity), and especially in Reduena, where the waves even travel much
faster than in a less porous material such as Bateig (this fact depends
both on the density of the minerals that make up the rock and on the
minerals precipitated inside, since the higher the density, the higher the
ultrasound transmission [79], in this sense CaCO3 2.71 g/cm3 and MgCa
(CO3)2 2.85 g/cm?’). In summary, the treatment has modified the me-
chanically useful skeleton of both stony materials, so that the higher the
ultrasonic transmission, the higher the mechanical properties of the
material, as can be seen from the UCS data.

3.3.3. Morphology of the precipitated compounds

Figs. 10 and 11 show SEM micrographs and EDX analysis performed
on cross-sections of Reduena and Bateig respectively, treated with each
of the aforementioned treatments (A-M and N-M).

In both stones, regardless of the material treated, it can be seen how a
filling of the pores with minerals with different crystallography is pro-
duced, with similar results to those achieved in previous studies
[51,52,80].

SEM-BSE images of Reduena dolostone after A-M treatment
(Fig. 10a) show Huntite crystals with columnar habit (210/78 um aspect
ratio) arranged radially on the dolomicritic matrix. Crystallization oc-
cupies a large part of the pore space, leaving only 46/21 pum pores.
Internally, an intergranular porosity develops whose thickness does not
exceed 1 ym. Tiny rhombohedral crystals and concretions corresponding
to Sergeevite, whose dimensions do not exceed 18/17 um, are associated
with Huntite. In addition, it is observed a new mineralization of well-
defined Magnesium rich dolomite crystals (29/19—24/15 um) filling
the pore space. The matrix consists of dolomite grains with corroded
edges indicating dissolution processes, whose dimensions typically have
a fluctuating L/W aspect ratio between 15/13 ym and 12/6.7 ym. The
matrix is affected by two kinds of porosity, an intercrystalline (9/3-5/3
um L/W aspect ratio) porosity and an additional intercrystalline (6.5/

Table 4
Anion content, expressed in % g/g, retained in each of the poultices used in each treatment (A-M and N-M) and at each step (1st and 2nd).
REDUENA BLUE BATEIG

Poultice Step cr NO3 S0% cr NO3 S0%

A-M P-Al Ist 0.05 + 0.05 0.06 + 0.06 0.01 £+ 0.01 1.92 + 0.31 3.10 £ 0.52 0.47 £ 0.09
P-A2 0.10 + 0.06 0.12 £+ 0.07 0.02 £ 0.00 1.64 £ 0.25 3.22 £ 0.42 0.66 + 0.06
P-C2 0.00 + 0.00 0.00 £+ 0.00 0.00 £ 0.00 0.00 £+ 0.00 0.01 £ 0.02 0.07 £ 0.07
P-C1 0.00 £+ 0.00 0.00 £+ 0.00 0.00 £ 0.00 0.00 + 0.01 0.00 £+ 0.00 0.01 + 0.00
P-Al 2nd 0.00 + 0.00 0.00 £+ 0.00 0.00 £ 0.00 0.03 £ 0.01 0.20 £+ 0.06 0.49 + 0.45
P-A2 0.01 £ 0.01 0.01 +£0.01 0.01 +0.01 0.02 £ 0.01 0.15 £ 0.06 0.55 £ 0.37
P-C2 0.00 £+ 0.00 0.00 £+ 0.00 0.01 + 0.01 0.00 £+ 0.00 0.00 £+ 0.00 0.01 + 0.02
P-C1 0.00 + 0.00 0.00 £+ 0.00 0.00 £ 0.00 0.00 £+ 0.00 0.00 £ 0.00 0.00 + 0.00
Poultice Step cr NO3 S0% cr NO3 S0%

N-M P-Al Ist 0.27 +0.13 0.54 +£ 0.28 0.13 £ 0.04 0.83 £ 0.41 1.91 + 0.56 0.96 + 0.09
P-A2 0.82 + 0.36 1.54 £ 0.88 0.55 £+ 0.04 1.21 £ 0.21 2.98 +£0.12 1.52 + 0.31
P-C2 0.00 + 0.00 0.00 £+ 0.00 0.01 £ 0.01 0.01 £+ 0.01 0.01 £ 0.02 0.04 + 0.01
P-C1 0.00 + 0.00 0.00 £+ 0.00 0.01 £ 0.01 0.00 £+ 0.00 0.00 £ 0.00 0.02 £ 0.01
P-Al 2nd 0.00 £+ 0.00 0.00 £+ 0.00 0.00 £ 0.00 0.00 £+ 0.00 0.01 £+ 0.00 0.01 + 0.00
P-A2 0.02 + 0.00 0.00 £+ 0.00 0.00 £ 0.00 0.00 £+ 0.00 0.01 £+ 0.00 0.01 £+ 0.01
pP-C2 0.00 + 0.00 0.00 £+ 0.00 0.01 £ 0.00 0.00 £+ 0.00 0.00 £ 0.00 0.02 £ 0.00
P-C1 0.00 + 0.00 0.00 £+ 0.00 0.01 £ 0.00 0.00 £+ 0.00 0.00 £+ 0.00 0.02 £+ 0.00

10
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Fig. 7. PLOM images of Reduena (a and b) and Bateig (c and d) after treatments showing textural and mineralogical details in reflected (FDF) light mode.
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Fig. 8. XRD patterns both of Reduena and Bateig for each treatment A-M (red) and N-M treatments (green). b) Zoom details showing the peaks associated with the
compounds precipitated are shown to the right of the main diffractogram. The corresponding symbols and formulas of each compound are summarized at right. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4.5 um L/W aspect ratio) porosity. The elemental mappings attached to
the image show the Mg and Ca distribution in the studied region. The
enlarged image (Fig. 10b) allows observing a reduced space with the

11

grain boundaries of the matrix from 7/4 pm to 6/3.8 um in the zones
where the Huntite crystallizes and micropores in the Sergeevite crystals
and concretions (12/5—2.3/1.7 pm).



J. Feijoo et al.

0.12

a) Reduena
0.10

0.08 |—Redueila l\

——A-M
0.06

0.04

0.02

Log Differential Intrusion (mL/g)

0.00
0.001

0.01 0.1 1 10

Pore diameter (pum)

100

1000

0.12 .
b) Bateig
0.10

0.08 — Bateig

0.06

0.04

0.02

e

100

0.1 1 10
Pore diameter (um)

0.00
0.001

Log Differential Intrusion (mL/g)

0.01 1000

Fig. 9. Pore size distribution of both treated stones, Reduena (a) and Bateig (b)
with different precursors: A-M (dash blue line) and N-M (dotted red line). The
untreated pore size distribution is also shown (black solid line). (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 5

Ultrasonic Pulse Velocity (UPV, m/s) of each stone at different times and the
variation caused concerning the untreated stone (A, in %). Also shown is the
uniaxial compressive strength estimated using the mathematical model pro-
posed by [65].

REDUENA UPV (m/s) ucs BLUE UPV (m/s) ucs
[A] (MPa) BATEIG [A] (MPa)

Initial 3855 + 786 34.1 Initial 3911 + 41 35.0

Salinized 3773 £ 651 32.8 Salinized 3974 + 24 36.0
[-2.1] [+1.6]

A-M 4232 + 92 40.1 A-M 3987 + 48 36.2
[+9.8] [+2.0]

N-M 4910 + 414 50.9 N-M 4381 + 21 42.5
[+27.4] [+12.0]

Fig. 10 c and d correspond to Reduena dolostone after N-M treat-
ment, showing the process of dissolution and enrichment in Ca of the
dolomite. In this case, the BSE image shows crystals with a lighter shade
of gray on the dolomicritic matrix, which locally occupies surfaces of
90/40-100/70 um, filling the pore space. The crystals appear locally
developing parallel surfaces with curved morphology. The EDS spectra
confirm the Ca enrichment of the dolomite. The dolomicritic matrix
presents crystals with corroded edges of 7/5 pm with a reduction in the
intercrystalline space whose thickness varies between 0.7 and 1.6 pm. In
addition, there is a noticeable reduction in the presence of intercrys-
talline pores, which do not exceed diameters of 1.7/1.4 ym. In the sec-
tors where dolomite dissolution and Ca enrichment do not occur, there is
a disaggregation of dolomite, locally developing variable intergranular
spaces between 19.5/4.5 ym and 24/13 um.

Fig. 10d shows the Huntite’s disposition over the dolostone’s pore
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space after N-M treatment. The BSE image shows growth of columnar
crystals with a darker gray tone formed by individual fibers of 100/3.2
um, displaying fans that occupy surfaces of 111,/50 um and fill the pores.
Locally, occasional pores with dimensions of 79/32 pm and 38/25 pm
appear. Furthermore, the stacking between the fibers generates an
intercrystalline porosity with a thickness of around 1.12 pm.

Regarding Bateig, the SEM-BSE images corresponding to A-M treat-
ment (Fig. 11a) show the growth of mineralization rich in Mg with
darker shades of gray, the result of the increase in the Mg/Ca ratio giving
rise to calcite enriched in Mg, previously identified by XRD (Fig. 8b).
The BSE image shows clusters of individual crystals of 8/7.5 um, occu-
pying a surface area of 64/25 um. The micritic matrix consists of grains
of 0.9/0.5 pm with occasional disaggregation of 1.8/1.38 um. Occa-
sionally, spherules of vaterite (5.2/4.7 um) appear scattered on the
matrix and euhedral crystals of calcite (16/13 um). Intergranular pores
are occasional and develop surfaces of 4/3 ym-7/4 um. At the same time,
intercrystalline porosity affects the micritic matrix, forming surfaces less
than 1.8/0.9 um.

The enlarged BSE image of the magnesium-enriched zone (Fig. 11b)
shows a gray tone contrast, indicating fluctuations in the Mg content. An
internal zone (medium-grey tone) corresponds to crystals with L/W 31/
19 um aspect ratio, which internally develops moldic microporosity by
material loss. Besides, the external region (darker grey tone) includes
Mg rich mineralization sometimes showing crystalline faces and
extending surfaces, covering areas previously affected by pores. The
intergranular porosity shows a reduced thickness of 1.48-5.5 pm.

After N-M treatment, the SEM-BSE image of the Bateig limestone
(Fig. 11c) shows calcite crystals with low Mg signal occupying the pore’s
surface whose dimensions reach a L/W ratio of 114/111 um. Locally, the
space between the crystal and the grain boundary of the micritic matrix
generates an intergranular porosity with thicknesses around 0.98—1
um, and occasional pores whose dimensions are less than 12.7/3.6 pm.
In addition, the low Mg calcite develops inter-crystalline porosity with a
face-to-face spacing of 2.2-0.6 um. Bright grains of iron hydroxides
(2.4/1.5 pm) and laminar clay minerals (4.8/0.6-2.7/0.4 ym) appear
dispersed over the micritic matrix, both inherent to the source rock. The
corresponding EDS spectrum confirms the chemical composition of the
studied region.

Fig. 11d after N-M treatment shows a well-compacted and slightly
porous zone of limestone where two rhombohedral crystals of calcite
with a high Mg content (35/44 and 43/22 pym) appear on the micritic
matrix as confirmed by the EDS spectrum. The intergranular porosity is
low, developing porous surfaces that do not exceed 0.5 to 1.1 ym in
thickness. Internally, the newly-formed high Mg calcite crystals have
intra-crystalline pores (2.49/1.7 pym). In addition, some calcium car-
bonate grains (17/8 pm) show corroded edges, indicating dissolution
processes. Locally, iron hydroxides/oxides (3.4/3 um) and phyllosili-
cates of 3.3/0.8 um occur dispersed in the matrix. The clay minerals
appear intermixed with micritic grains of calcitic composition.

3.4. Color changes

From the data shown in Fig. 12 and in Table 6, it can be observed that
the main color changes in both stones were produced due to the salt
contamination process (1 vs 2), reaching global color changes (AE*ab)
greater than 10, especially in the case of Blue Bateig. In both stones the
entrance of salts caused a decrease in luminosity and changes in the
chroma that mainly affected the b* coordinate (in this case the changes
were qualitatively different depending on the stone, positive in Reduena
and negative in Blue Bateig).

After applying the treatment (2 vs 3), a positive change in luminosity
was observed in all cases, regardless of the stone and the precursors
used. This change counteracts the initial change caused by the entry of
salts. Regarding the chroma, the changes detected were different
depending on the type of stone: In Reduena the treatment caused
changes in the chroma that oppose to those caused during the entry of
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e

100 ym

Fig. 10. SEM micrographs of the consolidated Reduena treated with A-M (a and b), and N-M (c and d) in BSE mode. Also, the corresponding EDX mapping of Mg, Ca
for each treatment is shown.
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Fig. 11. SEM micrographs of the consolidated Bateig treated with A-M (a and b), and N-M (c and d) in BSE mode. Also, the EDX mapping of Mg, Ca of A-M and EDX
analyses of N-M treatment is shown.

salts. However, in Bateig the changes in the chroma were qualitatively The global analysis of the changes caused in the surface of the treated
similar; this means that the distance in the chroma between the treated specimens (1 vs 3) shows that the total color changes caused by the
and untreated stone was increased. treatment were greater in Bateig, which could indicate that the risk
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Fig. 12. Scatter plots for L*-C*ab (left) and a*-b* (polar graphs, right) for data collected at different stages of the treatment: initial color; after salt contamination;
after treatment with different anion precursors (A-M: ammonium carbonate and N-M: sodium carbonate).

Table 6

Colorimetric differences AL*, Aa*, Ab*, and total color difference AE*ab at different stages of the treatment: 1: Initial vs After salt contamination; 2: After salt
contamination vs After treatment; 3: Initial vs After treatment. Also the risk using the rate proposed by [69] is expressed: 1 (the observer does not notice the difference),
2 (only an experienced observer can notice the difference), 3 (an unexperienced observer also notices the difference), 4 (clear difference in color is noticed), and 5

(observer notices two different colors).

Stone Precursors AL* Aa* Ab* AC*ab AE*ab Index
REDUENA - 1vs2 -9.32 1.56 3.30 3.58 10.03 5
A-M 2vs3 5.67 —-0.86 —3.08 -3.20 6.56 5
1vs3 -3.61 0.78 0.72 0.88 3.93 4
N-M 2vs3 8.44 -1.35 -2.19 —2.44 8.83 5
1vs3 —-0.57 0.06 0.38 0.38 1.04 2
BATEIG - 1vs2 -12.87 0.54 -1.98 -1.95 13.04 5
A-M 2vs3 15.36 —0.80 —-3.04 -3.01 15.68 5
1vs3 3.48 —-0.28 —5.32 -5.27 6.48 5
N-M 2vs3 8.38 —0.80 -2.18 —2.20 8.70 5
1vs3 —4.65 -0.25 —4.25 —4.25 6.70 5

caused by this method is influenced by the original color of the material
to be treated. However, although these changes are easily perceptible by
the human eye, the treatment cannot be considered as a high-risk
intervention since the treatment tends to return the original color of
the stones.

4. Conclusions

The main conclusion drawn from this study is that the use of elec-
trokinetic treatments following the proposed procedure allows to.

(1) Completely desalinate stone materials highly contaminated with
salts, reaching percentages of effectiveness close to 100 % for all
anions, while consolidating the material by the precipitation of

14

inorganic compounds, in this case, calcium magnesium carbon-
ates with different degrees of hydration, in the pores by the
continued emptying of salts.

In particular, in both rocks, hydrated phases of carbonates crystal-
lized, some of them metastable, which occupied the pores, reducing the
porosity. The increase in the Mg content after A-M and N-M treatments
gave rise to Mg-enriched phases in the dolostone and limestone.

The N-M treatment with higher pH led to the dissolution of the
dolomite in the dolostone, giving rise to two types of dolomite with
different Mg/Ca ratios and calcium enrichment on the surface. Two
kinds of Mg-rich calcite with different Mg/Ca ratios also crystallized in
the limestone.
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(2) From the mineralogical and textural analysis, it was possible to
identify specific similarities and differences as a consequence of
the treatments due to the inherent textural properties of the
original rock. Salt crystallization was different in Reduena dolo-
stone and Bateig limestone due to differences in the pore struc-
ture on the deposition surface, which conditioned their
adherence and dispersion. In this sense, the limestone pore
structure, being more compact and less porous, with tiny pores
without evidence of intercrystalline porosity, influenced the
deposition of salts, facilitating the formation of a layer of better-
defined surface crystals.

The new formation of crystals as a consequence of the desalina-
tion and consolidation treatments with different precursors and
pH (pH = 9 and pH = 12), managed to eliminate the salts, which
initially increased the surface porosity with a notable reduction in
the treatment at a higher pH (N-M). This fact shows that the pH of
the precursor solutions influences the consolidation efficiency
since the yield of this process, regardless of the treated material,
was higher when the supplied carbonate came as a carbonate ion
rather than as a bicarbonate ion.

The treatment makes it possible to recover part of the original
appearance of the rock lost due to the entry of salts.

3

(G

In short, the treatment has been satisfactory, and its extrapolation to
actual surfaces, such as walls and columns, as has already occurred with
desalination treatments, is feasible. Only it must consider 1) the po-
tential that will have to be applied from the power supply to allow an
adequate current flow to force the proper mobilization of the ions. 2) the
distribution of the compartments, which can be placed in direct mode (i.
e., facing each other) or in indirect mode (i.e., in parallel on the same
surface). 3) The composition of the solutions supplying the precursors
will depend on the nature of the selected material to treat.
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