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SUMMARY: Electrokinetic desalination is a methodcerghan applied electric DC field is
the driving force for removal of salts. The metlimdnder development for desalination of
brick masonry and stone monuments. In the presaperp the method is suggested for
extraction of salts from tile panels, as well. $t Suggested to remove few tiles from the
panel, place electrodes in the holes and desalittaewall and mortar behind the tiles. It
was shown experimentally, that electrokinetics lsamused for desalination of the tiles (96%
Cl removed in less than 6 days). The method might lxonservation method to salt
damaged tile panels.
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INTRODUCTION

Ceramic tiles are an important part of Portugueskui@al heritage and are worldwide
appreciated. Azulejo tiles decorate inner and owtells of churches, gardens, private
houses, railway stations and a series of othedimgi§. One of the problems affecting tile
panels is the formation of salt crystals, leadiogthte deterioration of the tile. Salts can
accumulate on the surface or under the glaze, dgado glaze lifting, fractures,

efflorescence, scaling and granular disintegration

The salts can derive from the materials used fgin¢athe tiles or might have an external
source, such as water migration followed by saystallisation when water evaporates.
Conservation actions at present follow one of twpraaches: either the tiles are removed
from their support for ex-situ treatment beforeytlee placed in the original position again
or else treating tile panels in situ. Current pcacfor in situ treatment is to use poultice
materials. These are wet adhesive pastes whichppled to the surface in order to draw
out soluble salts. Although poulticing is a weltaddished technique in conservation the
results are still variable and unpredictataiad highly dependent on the characteristics of the
poultice in relation to the material to be desdtda In case tiles are removed from the
support they can then be desalinated by immersiatistilled watef.
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In the present work the possibility for using etekinetic extraction for removal of salts

from tile panels inclusive the wall behind is dissed. Electrokinetic extraction of salts
from building stone is a method under developmBeimoval percentages for NaCl from

single bricks or sandstones of 99% have been aatdmlaboratory scale and encouraging
results have been obtained in a pilot scale exgariwith a salt contaminated masonry of
an old house. Preliminary laboratory experimenth wiectrokinetic desalination of a single
tile were conducted and reported here. The aimgbiirtest if the method can be used for
removing damaging salts from tiles as well. Thiesfitst step is taken to investigate if the
electrokinetic desalination method can be develojpped method which can be used for
conservation of the important heritage these tiliegls are.

PRINCIPLE OF ELECTROKINETIC DESALINATION

Electrokinetic extraction of ions from stone

The major transport mechanism for salt ions in BDP®, moist stone in an applied electric
field is electromigration. Positive ions will mowewards the negative electrode (the
cathode) and negative ions will move towards thsitp@ electrode (the anode). As time
passes the ions will be depleted from the stone @mtentrate in the vicinity of the
electrodes. In salt contaminated stones, ions efstits will be transported towards the
electrodes as shown in figure 1. As the ions ameoked, equilibrium will change towards
dissolution of more nucleated salts (if present) dne new ions are extracted from the stone
as well, and eventually both dissolved and nucteasdts are removed.

Figure 1 - Principle of electrokinetic desalination. lon® anoving in the moist pores towards the
electrodes as a result of the applied electric Bl f

It is necessary to place the metallic electrodes(fwhere the electric current is supplied to
the stone) in a poultice, which serves as mediunfadpconcentrating the arriving ions, (b)
ensuring good electrical contact between stoneraetllic electrode and (c) neutralizing
the acid produced at the surface of the metalladan

In metallic electrodes the electric current is igatiby electrons, whereas in the pore water

the current is carried by ions. The processestthasform the current carried by electrons
to current carried by ions and vice versa are dws@ras electrode processes. Which
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electrode processes occur depend on the electratirial, the type and concentration of
ions in the pore water and the applied potentiberg are always oxidation processes at the
anode and reduction processes at the cathodee lelébtrokinetic desalination experiments
of the present work inert electrodes were used.ddminating electrode processes are then
electrolysis of water:

At the anode: O — 2H + %2 QO (g) + 2€
At the cathode: 2D +2e — 20H + H, (9)

If the removed chloride ions reach the surfacehef anode Glgas can additionally be
formed from the anode process: 261 Cl,(g) + 2é

Electrolysis influences the pH around the electsodgound the cathode the environment
becomes alkaline and around the anode it is aedliffhe pH changes must be taken into
account when designing the electrode compartmeitge especially acidification can
damage the stone. A poultice which was a mixtur&aaflinite and CaC@was used in at
the electrodes, and in this poultice the Cg@€utralized the acid. This type of poultice was
previously subject for a patent application in tiela to electrokinetic desalinatidnThe
development for the patent application also inctudeslay mixture for neutralizing the base
produced at the cathode, but this mixture was setun the present work. Here the same
clay poultice was used in both anode and cathodgadments.

PREVIOUS EXPERIENCES FROM SANDSTONE, BRICKS AND
BRICK MASONRY

Electrokinetic desalination experiments have presip been conducted in laboratory scale
with single stone/bricks and very good results hbeen obtained. Some examples of
experimental results with chloride removal are show table 1. These results have been
obtained with single sandstones/bricks which weegew saturated initially. The results
shown have been chosen from previously publishextessful results. To evaluate the
initial and final CI concentrations in the stonegable 1 comparison with the concentrations
given in the Austrian ONORM B 3355-1 “Trockenlegumgn Feuchtem Mauerwerk —
Bauwerksdiagnostik und Planungsgrundlagen” (Dehifitédion of masonry - Building
diagnostics and planning principles) is relevate Thloride concentrations are divided into
three categories in this norm: (a) < 0.03 wt% —risk, (b) 0.03 — 0.10 wt% — individual
evaluation necessary, and (¢) > 0.10 wt% — actaferemoval advised. The experimental
results given in table 1 thus show that it is passio remove chloride from a concentration
in the highest category where active salt remosadvised to a harmless concentration.
Most work has so far been conducted with chlorides, nitrates have also been removed
successfully from yellow bricks

The duration of the electrokinetic Cl removal ibdaatory scale was up to 3 weeks (table 1)
and no limitations originating from the stone typas seen. A water content of 7% is
sufficient for the desalination to occur and madstly this is not the lower limit for water
content. The removal percentages in all four cabmsvn in table 1 were approximately
99%.
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Table 1: Results previously obtained in laboratory scaith wlectrokinetic desalination of
slingle stones.

Water Duration Charge Initial CI’ Final CI
content (d) transfer/mass  concentration  concentration
(%) (C/kg) (Wt%) (Wt%)
Cotta sandstone® 8 21 37000 0.41 0.005
Posta sandstone® 7 18 44000 0.34 0.005
New yellow brick® 17 9 7400 0.10 0.0009
Red brick 13 21 29000 1.0 0.005

(handcr afted)’

Desalination of brick masonry has also been testeal pilot experimefit(see figure 2).
Here new electrode units were designed. The eldesrare placed on the masonry surface
with screws and after the action the only physgigh on the wall is the holes from the
screws. Each electrode unit was a box with a me&vhbttom, which can be pushed towards
the masonry by tightening screws connected to gprat the back of the box. Inside the
electrode unit, placed directly on the movable drottwas a metallic mesh, which served as
electrode and between the electrode and the maswasythe clay poultice in a layer of
approximately 3 cm in thickness.

In the pilot scale experiment all electrodes wdexgd on the outer surface of a masonry
from an old farm house, which had served diffepmposes. When placing the electrodes
on the same side of the masonry, the electric figldtrongest in the outer part of the
masonry where the salts are. The masonry had haddems with paint/plaster peeling in
the height of 30-55 cm due to salt contaminatiagufe 2 shows the pilot experiment which
consisted of 6 electrodes placed as 3 sets, eatladag the internal distance of 35 cm and
own power supply. In a full scale action the eledés would not have been placed as such
sets in this way. The electrodes would rather hbeen placed with the same mutual
distance and be connected to the same power stgpplyer a larger area, however, in the
pilot experiment it was beneficial to be able tddw each set of electrodes separately for
interpretation of the results. The electrodes englot experiment were 50 cm long and they
were held with screws (and plastic plugs) to theonay.

The drilling powder from the holes made for fastgnihe electrode units were collected
(powder from each hole separately) and the conatois of chloride, nitrate and sulphate
were measured in the powder. The analysis showed tiie concentrations were
significantly higher 70 cm above ground compared@@m.

During the desalination a DC current of 40 mA wppl@d to each electrode set. After two
periods of 2 months with electrokinetic extractivew drilling powder from several places
were taken in the height of 70 cm above groundlerdtshows the average concentrations
in the drilling powder before and after electroltin@xtraction in the pilot scale experiment.
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Figure 2 - Pilot scale experiment on salt contaminated masdrhe electrodes were placed in 3 sets,
all at the outer surface of the masonry.

Table 2 - Average concentrations in masonry before and aftmtrokinetic desalination in
pilot scaf.

Initially After extraction
CI" (wt%) 0.06 £ 0.05 0.03+0.03
NO;3 (Wt%) +0.07 0.01 +0.02
SO,% (Wt%) 0.68 + 0.46 0.46 £ 0.42

Sulphates had the highest initial average conciéarran the masonry in the actual height of
70 cm (table 2) and the average concentrationXeeerled the highest concentration from
ONORM B 3355-1 and actually all initial samples exded this value. The mean initial

concentration of chloride and nitrate did not exctee upper value of the ONORM B 3355-
1, however it is seen from the standard deviationgble 2 that the concentration in the
samples varies significantly. Few samples showesblpmatic concentrations both in

relation to nitrate and chloride.

During the electrokinetic extraction the averagewcemtration of all three anions had
decreased (table 2). After the electrokinetic etiom the concentration of chloride and
nitrate was below the upper limit of the ONORM B5331 in all samples. For sulphate the
concentration in 5 out of 9 samples still exceetlésl upper limit, so the concentration of
sulphate was not sufficiently decreased in all veadttion during the pilot experiment.
Unfortunately the pilot experiment could not pratefr a third period due to time
restrictions of the actual project. It is thus kabwn, if longer treatment time could have
decreased the sulphate concentration sufficiehttlications were however seen on a lower
mobility of sulphate (about half) during the secgmeliod compared to the first period,
emphasising that the dissolution rate of sulphatey be the rate limiting stBpThe
dissolution rate of different salt types must bedid in order to be able to predict the
duration of an action. The salts, which are prolaigenin relation to salt decay of porous
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building stone, are problematic due to dissolutioicieation cycles, and these salts are thus
dissolved at some stages under normal environmeaoalitions in the actual place.

A preliminary pilot scale experiment has also beenducted on a wall section with painted
murals on one sideThe wall section was made as a test wall in1984 materials of the
same type as found in Danish medieval churches.vildlesection was contaminated with
NacCl by spraying over a long period of time andlipgeof the mural had started. The wall
section was placed in a laboratory and water wesysg to the surfaces for moistening the
dry wall. Electrodes were placed on the side of W&l section without murals and an
electric field was applied for 2 weeks. The majondusions from this experiment were that
no pH changes in the wall were seen (highly impudriia relation to avoid dissolution of the
pigments and lime mortar) and that the desalinaticas fastest in the areas where
moistening was easiest.

In summary, the actual stage of development foctedkinetic desalination is that the
method has shown highly efficient for treatment sifigle stones in laboratory, and
encouraging results have been obtained throughoa siale experiment on salt infected
brick masonry. The major questions to be addressétk future in relation to masonry are
dissolution rate of the most common problematidssahd influence from an unevenly
distributed moisture content on the electric fisdhen turning to sandstone sculptures there
is also the question on the distribution of thectie field and optimal placement of
electrodes at very uneven surfaces in order torerthat salts are extracted efficiently from
all parts of the sculpture.

Discussion on the possibility of using electrokinet ics for
desalination of tile panels

In relation to salt induced decay of tile panels salts are typically found in the tiles
themselves, in the mortar in which they are attdcteethe wall and in the wall behind.
Efficient desalination includes removal of the sditbom all three layers in order to avoid the
problem to returning shortly after the action.

One important advantage of electrokinetic desabnatompared to traditional poulticing
(next to the more controlled transport mechanisms&dt out from the material) is that the
poultice with electrodes do not have to cover thmle surface to be desalinated. Further
the electric field can act in significant depthtloé material. The electric field in the material
between the electrodes will be strongest wheredmeluctivity is highest and that is where
the ionic concentration is highest (everything edsgial). Thus the electric field will act
strongest exactly where the salts are concenteated though the electrodes are not placed
directly in this place. This means that for dession of tile panels inclusive mortar and
wall behind can be done by removing few tiles alatt@ electrodes of the same size as the
removed tile in the hole. This ensures limiteduston in what regards the whole panel and
the desalination can be performed in situ and delthe material behind the tiles. The
removed tiles can be placed in the original posifio the panel after the desalination and
there will be no visual sign of the intervention.

The possibility for electrokinetic desalinationtbé tiles themselves has not previously been
tested. Results from preliminary experiments wigsalination of a single tile are described
in the following.
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EXPERIMENTAL

Tile for the experiments and contamination with NaC |

One Portuguese XIX century tile was used for thsdiminary experiments. The tile had
never been in use. The tile was cut into 4 segmastshown in figure 3. The thinnest
segment (to the right) was used as blind samplerfeasurement of the original chloride
content of the tile. The three other segments watenerged in 15 g/L NaCl solution for 7
days. The water content (water/dry mass) was 1684 dfie submersion. One of the
segments was used as reference whereas electiokdegalination was tested on the
remaining two segments. The segments were weightteband after the submersion for
calculation of water content.

Figure 3 - The tile used for the experiments (after segmimtat The thin slice at the right was a
blind sample. The remaining slices were submerged NaCl solution. One segment was
subsequent used as reference and two segmentsiseetdor electrokinetic desalination.

Experimental procedure for desalination of single t ile

The reference segment and the two segments faraketetic desalination were carefully
wrapped in several layers of plastic film after thdomersion in order to avoid evaporation
during the experiments. The segments were plactdtie glazing down. Two rectangular
holes (approximately 3 cm x 3 cm) were cut in thestic film in the upper side of each end
of the two segments for the desalination experimefttrectangular plastic frame of 3 cm
height was placed over the hole. Poultice of kaolity and CaC¢Xas described if) was
filled into the frame. On top of the poultice aratode mesh was placed. The electrode
was covered with plastic film. Figure 4 shows thkpeximental setup.

Current was passed through the tile segment fay8.dDuring the first 2 days, the current
was 5 mA and the voltage about 10V. At the thirg,dhe resistivity of the system had
increased dramatically and the maximum voltagehefgower supply (136 V) was reached
and the current subsequently decreased to lesdthah The current decreased all through
the last 4 days of the experiment and ended an®.4



International SemindiConservation of Glazed Ceramic Tiles. Researct practice”
National Laboratory for Civil Engineering, Lisbofpril 15-16, 2009

Figure 4 - Setup for electrokinetic desalination of tile segin@he electrode meshes were connected
to the power supply

At the end of the experiments the segment was atgzhinto 5 pieces with hammer and
chisel perpendicular to the length. Each piece weighed, dried at 105°C for 24 hours and
weighed again for calculation of water content. Thied pieces were powdered by hand in
a mortar. Extractions in distilled water (10 g p@ned tile in 25 ml) were made with this
powder and after 24 hours agitation pH was measwitda pH electrode directly in the

suspension, which was subsequently filtered andGheoncentration was measured by
titration and the Na concentration with AAS.

Results and discussion

Profiles of Cl and Na concentrations in the refeeetile segment and in the tile segments
where electrokinetic desalination was tested (EK® ahown in figure 5a and 5b,
respectively. The tile segments were desalinatetessfully. At figure 5a the limiting
concentrations from ONORM B 3355-1 are shown togetlith the profiles from the
experiments. It is seen that initially the chlormcentration exceeded the upper limit from
the ONORM where desalination is advised and aftertteatment the concentration was
decreased to a level less than the lowest limitimgcentration from the ONORM where the
concentration is considered harmless. The chlarideentration in the anode poultice was
about 0.28 wt% and in the cathode poultice 0.00% velearly showing the effect of
electromigration which will transport the negativedharged chloride towards the anode.
The sodium was removed as efficiently as the ctidori

The next experiments will be conducted with a graduration to see if the desalination was
actually concluded after the 2 days of applied entrrwhere the resistivity increased
dramatically. The increase may very well be andation of this.

The pH in the reference tile was 9.6 + 0.4% andptHeof the EK tiles were 9.9 + 0.4%. The
pH was not decreased closest to the anode andotiiécp neutralized the produced acid
from the anode process successfully
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Figure 5 - concentration profiles in the tile segment aftiee electrokinetic experiments (EK) in
comparison with the reference experiment where uroent was applied and the upper and
lower limits of the ONORM B 3355-1.

CONCLUSIONS

Electrokinetic desalination of sandstone monuments$ stone sculptures is a conservation
method under development. The results so far han eghly encouraging both in
laboratory and pilot scale. In the present papelimmary experiments with electrokinetic
desalination of glazed tiles were conducted andorenefficiencies of 96% for chloride in
less than 6 days were obtained. On basis of thssstiggested to continue the research to
cover electrokinetic treatment of tile panels. Tinethod may be applicable for salt removal
from both tiles and the wall behind.
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