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ARTICLE INFO ABSTRACT

Keywords: This paper investigates the leaching behaviour of sodium ferrocyanide, a known crystallisation
Natural hydraulic lime mortar inhibitor of sodium chloride, which is added to mortars for mitigation of salt decay. Leaching and
Crystallisation inhibitor depletion of the inhibitor is a practical performance related issue that might over time, make the
Sodium ferrocyanide inhibitor less effective against salt decay. In this research, the inhibitor was added to natural
Leaching hydraulic lime (NHL) mortars during the mixing stage. Leaching of the inhibitor from the
igggggﬂ hardened mortar was assessed experimentally in laboratory. Both diffusion- and advection-driven

transport mechanisms were considered. Diffusion experiments were carried out in a tank leaching
test setup. Capillary absorption and drying cycles were used as a driving force to study advection-
driven transport. Quantification of the leached species was carried out using various analytical
techniques, including UV-VIS spectroscopy, ICP-OES and ion chromatography. The results from
the tank leaching test show a high effective diffusion coefficient of ferrocyanide ions, in the same
order of magnitude as sodium chloride transport. The advection test shows accumulation of the
inhibitor at the evaporative surface and depletion of the inhibitor in the inner layers with suc-
cessive wet-dry cycles. Based on these results it can be inferred that the degree of inhibitor
leaching is significant and needs to be minimised to prolong the positive effect of the inhibitor on
mortar durability. Potential solutions to reduce inhibitor leaching are discussed.

Sodium chloride
Salt damage

1. Introduction

Salt crystallisation in pores can result in significant damage to building materials, such as brick, natural stone and mortars. The
damage is attributed to the development of crystallisation pressure as salt crystals grow against confined pore walls [1-3]. Soluble salts
like sodium sulphate (NazSO4) [4,5] and sodium chloride (NaCl) [6,7] are commonly found in buildings and responsible for salt
crystallisation damage. NaCl, despite being much less damaging than sodium sulphate in accelerated crystallisation tests is found to
cause severe decay in the field, in a wide range of environments [8]. Salt-spray, groundwater and de-icing salts are some of the
common sources for NaCl accumulation in buildings [9]. Repeated crystallisation-deliquescence of NaCl crystals have shown to
aggravate the damage [10,11]. Exposed parts of the buildings (e.g. plasters and renders) are particularly susceptible to salt induced
weathering, due to repeated crystallisation-deliquescence cycles on account of a continuously changing environment (temperature and
humidity changes) [12]. The damage manifests in the form of progressive material loss and is noticeably evident in the built cultural
heritage. In fact, ancient mortars, which are mostly based on (hydrated) lime, are particularly vulnerable to salt crystallisation
pressures, due to their low mechanical strength [13] and high potential to accumulate salts [14]. However, even in modern concrete,
physical salt attack is of concern and cannot be neglected [15]. Current conservation techniques against salt damage, such as
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desalination, are costly and not always feasible [16]. Repair materials, such as stone-repair mortars and renovation plasters and
renders, often have a limited durability and/or compatibility with the existing materials [17]. In the last decades, considerable
research has been undertaken to seek alternative, durable solutions. The use of crystallisation inhibitors in porous building materials
has shown promising results in numerous studies.

Crystallisation inhibitors are chemical compounds that modify salt crystallisation. Ionic compounds containing ferrocyanide ions
(Fe(CN)g’) such as sodium ferrocyanide (NaFeCN) or potassium ferrocyanide (KFeCN), are known to inhibit sodium chloride (NaCl)
crystallisation by increasing supersaturation and thereby delaying the onset of crystal nucleation [18]. This favours mass transport of
solutes over longer distances before precipitation [19]. Selwitz and Doehne were first to study the potential of alkali ferrocyanides as a
treatment for salt damage mitigation in porous building materials [20]. The authors reported an increase in the amount of efflores-
cence and a decrease in damage in porous limestone contaminated with NaCl in presence of KFeCN, when compared to specimens
contaminated with NaCl only. Alkali ferrocyanides are also shown to be habit modifiers, altering NaCl crystal from a regular cubic
structure to a dendritic pattern [21]. Changes to the crystal habit are a result of a charge mismatch between Fe(CN)é’ ion and the
sodium chloride cluster blocking further crystal growth, by forming weak inter-crystal bridges [22]. This habit modification makes
alkali ferrocyanides excellent anticaking agents for table salt, by preventing agglomeration of big crystals [23]. Studies in building
materials also confirm NaFeCN’s anticaking activity in increasing nucleation density and forming smaller NaCl crystals [24]. This
could prevent pore clogging and reduce crystallisation pressure. Additionally, the dendritic crystal structure has shown to increase the
surface area of salt crystals, thereby contributing to faster evaporation and salt transport to the surface [25]. Other studies performed
on various porous substrates (stones, bricks, mortars and soil) have reported similar results i.e. increased salt (NaCl) transport out of
the substrate (efflorescence), modification of the crystal habit and most importantly, minimal material damage in presence of Fe(CN)g ™~
ions [21,26-29].

In recent years, hydrated lime mortars with mixed-in inhibitors have been tested with positive results [30]. A notable difference
with the previous studies is the way the inhibitor is introduced to the porous substrate. In these studies, NaFeCN was added directly
during the mortar preparation (mixing) stage. Accelerated salt weathering tests showed lower damage on specimens with the inhibitor
compared to control specimens [31-33]. This was also evident in a case study, where hydrated lime plaster with mixed-in NaFeCN
showed negligible material loss when applied on a salt-contaminated brick wall, after a period of 4 years [34]. Moreover, research has
shown that the addition of inhibitor up to 1 % of binder weight to lime mortars (hydrated or hydraulic) does not affect the physical and
chemical properties of mortar [35,36]. All these studies point towards NaFeCN/KFeCN as a suitable crystallisation inhibitor to be
mixed in mortars in order to mitigate NaCl-induced decay.

In spite of all the mentioned advantages, one issue could limit the application of NaFeCN in mortar. Sodium ferrocyanide deca-
hydrate, a commonly used source of Fe(CN)g~ ions, has a high water solubility (17 g/100 mL at 25 °C) [37] and might leach out with
time, losing its positive effect. Some preliminary observations from past research suggest that this inhibitor might leach out during
wet-dry cycles [31] and accumulate at the outer surface due to capillary transport [34]. However, until now no systematic study is
done to understand the inhibitor transport and its consequent leaching.

In porous materials, two mechanisms play an important role in transport of the inhibitor: Diffusion and advection. In fact, in all
practical situations a competition of advection leading to accumulation (and crystallisation) of solute near the surface and simulta-
neous levelling of the concentration gradient due to diffusion dictates the transport mechanism [38]. Study of both mechanisms is
equally relevant to understand the leaching behaviour. Studying the degree of leaching under both, diffusion and advection, will help
in improving the durability of mortars with mixed-in NaFeCN.

This paper investigates transport and leaching of the NaFeCN inhibitor in mortar specimens made with natural hydraulic lime
(NHL). In the first part, diffusive transport in mortar specimens containing the inhibitor is studied under controlled conditions using a
standard test. The effective diffusion coefficient of Fe(CN)g~ ions from mortar is measured and compared to effective diffusion co-
efficient of chloride ions from mortar specimens with similar properties. In the second part of the paper, advection driven inhibitor
transport under realistic conditions is simulated experimentally. Capillary wetting and drying cycles are used as a driving force for
advection. The changes to the spatial distribution of the inhibitor are monitored. The results from the two tests are discussed and
solutions are proposed to minimise leaching.

2. Materials and methods

2.1. Test materials, specimen preparation and storage

Natural hydraulic lime (NHL) with a strength class of 3.5 was used as the binder. Standard river sand conforming to NEN-EN 196-1
[39] with a particle size distribution between 0.08 and 2 mm was used in mortar preparation. Laboratory grade reagent sodium
ferrocyanide decahydrate (chemical formula: NasFe(CN)g.10H20) purchased from Acros organics was used as the crystallisation in-
hibitor. Laboratory grade sodium chloride (NaCl) was purchased from Sigma Aldrich.

Mortar was cast as cylindrical specimens (® = 30 mm and H = 50 mm) in smooth PVC cylindrical containers. Three types of
cylindrical specimens were prepared: (1) Reference samples without any inhibitor [R]. (2) Specimens containing the inhibitor [I]. (3)
Specimens containing sodium chloride [S]. All the specimens were cast with NHL and sand in a volumetric proportion (1:3). A water-
binder (w/b) ratio of 1.19 was used for all mixes, based on the flow requirements of 165 mm [40] measured on the reference mix [R].
Mixing was carried according to the standards [40].

For specimens containing the inhibitor [I], sodium ferrocyanide decahydrate (abbreviated as NaFeCN), in the amount equivalent to
10 % by weight of the binder, was first dissolved in the water used for mixing (0.17 mol kg_l) and then added to NHL and sand. This
very high concentration of the inhibitor, much higher than that used in past research (1 %) [31], was necessary to stay within detection
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limits of the used analysis techniques (Section 2.3.2).

For specimens containing salt [S], NaCl, in the amount of 0.17 mol kg ! (corresponding to 1.17 % of the binder weight) was first
dissolved in water and then added to NHL and sand during mixing. This way, [S] and [I] specimens contained the same concentration
of C1~ and Fe(CN)¢™ ions respectively, making possible to compare the leaching of these ions across different specimens.

An overview of specimen mix design is shown in Table 1.

All specimens were cured in the fog room at > 95 % RH and 20 °C. Specimens were kept sealed inside PVC cylindrical containers
with a screw lid to avoid any leaching during the curing stage and cured for at least 28 days.

Additionally, binder paste (without sand) specimens corresponding to [R], [S] and [I] were prepared to measure fresh properties.
For paste specimens, w/b = 1 was used. The specimens were tested immediately after mixing.

2.2. Materials characterisation

The aim of this section is to evaluate if different types of specimens [R], [I] and [S] used in the leaching tests are comparable to each
other. Relevant properties that affect moisture and salt transport are studied in detail.

An overview of characterisation tests is shown in Table 2. Their open porosity, bulk density and pore size distribution were
measured using mercury intrusion porosimetry (MIP) (Autopore IV by Micromeritics). The test was performed on samples ~1 cm?,
freeze dried after the curing period.

Water absorption via capillary suction was performed according to the NEN-EN 1925 standard [41]. The Capillary Moisture
Content (CMC) and the time required for reaching CMC was obtained. At the end of the absorption test, the bottom side of the
specimens was sealed with a paraffin film and the specimens were dried at 20 °C and 50 % RH. The specimens were weighed at defined
time intervals, to obtain the drying curve.

The heat of hydration was measured on [R], [S] and [I] paste specimens. Measurements were carried out at a constant temperature
of 20 °C for a period of 7 days, using calorimeter (Tam-AIR).

2.3. Leaching by diffusion

This test aims to study leaching of the inhibitor from mortar specimens under diffusion driven transport. The rate of leaching is
obtained by estimating the effective diffusion coefficient of the inhibitor leached from mortar specimens [I] under controlled con-
ditions. This is compared to the effective diffusion of chloride ions, as measured on mortar specimens [S], which are tested inde-
pendently. In this way, rate of leaching of the inhibitor relative to the rate of leaching of salts (NaCl) is obtained from a similar type of
mortar.

2.3.1. Test setup for study of leaching

The leaching test is based on ASTM C1308-21 standard [42]. The ASTM procedure was chosen as it enables to estimate the effective
diffusion coefficient in a relatively short time (10 days).

The cylindrical mortar specimens (Section 2.1) were suspended in a plastic cylindrical tank using a fishing line as shown in Fig. 1
(a). A known volume of deionised water was added as the leachant (V;). V; was chosen such that the ratio of the surface area of the
specimen (S) and the volume of the leachant (V;) was 0.15 cm~ L. The leachate (leachant with dissolved species) was renewed using
exactly the same volume (V)) of deionised water, at the prescribed time intervals as per the standard. Prior to each renewal step, 20 mL
of leachate was collected as an eluate analysed for relevant leached ions (section 2.4.3). The temperature and humidity in the lab were
recorded and found to be around 25 °C and 55 % RH. The test was conducted in two series, as shown in Fig. 1(b). In the first series, one
reference specimen [R] and 3 replicates of specimens containing the inhibitor [I] were tested for leaching of the inhibitor (Fe(CN)g ™~
ions). In the second series, one reference specimen [R] and 3 replicates of specimens containing sodium chloride [S] were tested for the
leaching of chloride ions. For the sake of simplicity, possible binding of chloride (or Fe(CN)g~ ions) to mortar components was not
taken into account.

The cold water extraction (CWE) test based on the work done by Plusquellec et al. [43] was used to estimate amount of inhibitor
present in the mortar specimens. The test was conducted on:

- [I] and [S] specimens that were tested in the tank leaching test, to determine the amount of inhibitor (or chlorides) left within the
specimens at the end of the test. The results were then used as an input to calculate the effective diffusion coefficient (Section 2.3.3).

- [I] and [S] specimens not used for the leaching test, to estimate the initial amount of inhibitor and chloride respectively and
validate the findings from the tank leaching test.

The specimens were first dried in an oven at 40 °C until constant mass. The entire specimens were then crushed to a fine powder in a
Retsch ball milling machine. An amount of demineralised water equal to the dry weight of the specimen was added to the finely ground

Table 1

Mix design of mortar and different types of specimens used.
Component Reference [R] Inhibitor [I] Salt [S]
Binder: Sand [volume] 1:3 1:3 1:3
w/b 1.19 1.19 1.19

Na,Fe(CN);10H,0 [mol kg1] - 0.17 -
NaCl [mol kg '] - - 0.17
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Table 2

Characterisation tests and type of specimens.
Material property Test Type of specimen Specimen size Number of Replicates
Pore size distribution MIP Mortar specimens [R], [I1, [S] 1 cm® 2

Open porosity

Bulk density

Heat of hydration Isothermal calorimetry Binder paste [R], [I], [S] 5g 2
Water absorption and drying Gravimetry Mortar specimens [R], [I], [S] ® =30 mm H = 50 mm 3

Diffusion of Fe(CN)g*

<—— Removable
lid

Leachant
<« — —
Embedded - (Demi-water) R

hook for Eluate at time
suspension intervals

] (for analysis) Diffusion of CI-
Mortar specimen

($=30 H=50)mm

Lo,

< Leaching cylindrical tank

(®=100 H=140)mm R 81 Sz S3
o (b)

Fig. 1. (a) Experimental setup for leaching by diffusion (b) Series of specimens tested in the test.

powder. The mixture was stirred at 600 rpm for 5 min using a magnetic stirrer at room temperature. The free species were then allowed
to dissolve for 24 h. Subsequently, a sample (5 mL) was passed through a qualitative medium speed filter and analysed for relevant
species. Samples from [I] specimens were analysed using ICP-OES to quantify the present Fe ions. Samples from [S] specimens were
analysed using ion-chromatography (IC), for measuring the amount of Cl ions (See section 2.3.2).

The initial amount of species (Fe(CN)g’ or C17) was calculated as per Equation (1) where: Ay [mg] = absolute amount of species
present at the start of the test; a, [mg] = absolute amount of species leached at each n time interval. The absolute value a, was obtained
my multiplying the measured concentration [mg/L] with V; [mL].

ar [mg] = absolute amount of species left in the specimen at the end of the leaching test. The absolute value a; was obtained my
multiplying the measured concentration [mg/L] with the volume of water used in CWE [mL].

N
Ag= an+ar m
n=1

2.3.2. Eluate analysis: quantification of leached species
2.3.2.1. Ultraviolet-visible (UV-VIS) spectroscopy. A spectrophotometer (Shimadzu UV2600) was used to quantify the concentration of

1.2 -
—25mg/L
1 ——12.5mg/L 12 +
6.25 mg/L P
_08 i
e 208
M Bos C=21.77"Ab
g A =21. S
<4 < R2=0.99
0.4 -
A
0.2 0.2
0 : 0= :
200 220 240 260 280 0 5 10 15 20 25 30
A [nm] Concentration [mg/L]
(a) (b)

Fig. 2. UV-VIS calibration using solutions containing sodium ferrocyanide with known concentrations (a) Presence of Fe(CN)¢~ shows a strong peak at 218 nm (b)
correlation between measured absorbance and concentration of sodium ferrocyanide obtained using linear regression.



A. Kamat et al. Journal of Building Engineering 79 (2023) 107933

NaFeCN in eluates. In the presence of Fe(CN)g™ ions, a strong absorption peak is measured at a wavelength of 218 nm [18,44]. The
concentration was measured as per Equation (2), following the Beer-Lambert’s law [45].

I
Abs =log,, <TO) =keC ®)

Where, (Abs) is the characteristic wavelength, C is the concentration of NaFeCN, k is the proportionality constant, and Iy and I
correspond to the incident and the transmitted light intensity respectively.

The optical path length of 1 cm was used for all the samples. The value of k was obtained by performing a linear regression with
three freshly prepared standard solutions containing 25 mg/L, 12.5 mg/L and 6.25 mg/L of NaFeCN (Fig. 2(b)). Samples showing high
absorbance (>1.5) were diluted such that the results remained within the linear calibration range.
2.3.2.2. Inductive coupled plasma optical emission spectroscopy (ICP). ICP was performed as a complimentary technique to cross
validate the results obtained using UV-VIS. The eluates from [I] specimens were measured for Fe(II)/Fe(III) cations. 1 mL of the sample
was diluted and acidified with 9 mL of 2 % (v/v) HNOs and analysed using optical emission spectrometer (PerkinElmer Optima
5300DV).
2.3.2.3. Ion chromatography (IC). IC was performed on eluates of the sampled leachate from [S] specimens to measure the chloride
content. Dionex ICS 90 (by Thermo Fischer) ion chromatographs were used. The anions were separated using AS14A column where a
solution of Na;CO3 and NaHCO3 was used as an eluent.

2.3.3. Model for estimation of the effective diffusion coefficient
The amount of the leached species measured at each time step was used to estimate the effective diffusion coefficient (D) of the
inhibitor and chloride ions from [I] and [S] specimens respectively, as per finite cylindrical model presented in the standard [46].
As a first step, at each time interval (n), the leached species (i.e., Fe(CN)é’ or C17) are expressed as cumulative fraction leached
(CFL), which is a dimensionless quantity. The CFL at nth interval is calculated as per equation (3).

N
CFL, = Zf\l 3)
“— Ao

The analytical solution is presented in Equation (4) [46],. The test setup and the analytical solution assume the same boundary
conditions. A complete mathematical derivation using Fourier-Bessel series can be obtained from the works of Nestor and Pescatore
[47,48]. The CFL obtained from Equation (3) is fitted to Equation (4) in order to obtain the effective diffusion coefficient D, .

CFL= (1 —%sp(z)sf(t)) )

V3

Initial inhibitor distribution T T T
(before wet-dry cycles)

Analysed for Inhibitor Paraffin film

distribution at the end

Cycle 1 of the cycle
Cycle 2 Subjected to the
subsequent cycles T T T
Cycle 3 A

Demi Water=Capillary moisture content

(a) (b)

Capillary suction 5mm
10mm
Drying at 20°C 50% RH
50mm 10mm
Drying at 40°C 15% RH
25mm
+— Pt P4— >
~45’ 10 days Until constant
weight

(©) (d)

Fig. 3. (a) Overview of specimens used in each cycle (b) Schematic of capillary suction (¢) Composition of the wet-dry cycle (d) schematic for inhibitor distribution.



A. Kamat et al. Journal of Building Engineering 79 (2023) 107933

With the series,

S,(t) = 5
(1) ; 2 — 1)2 )
2
o SXP < {%} Det>
S.(t)= e 6)
=%

Where, R is the radius of the specimen, H is the height of the specimen, t is the time. j represents the number of terms used in the series
and m represents the series index that satisfy the zeroth order cylindrical Bessel function (4). A tolerance of 108 was used for the
number of terms needed in the series for convergence during the iterative process.

2.4. Leaching by advection

The aim of the test is to monitor the advection-driven transport of inhibitor over the specimen height during repeated capillary
absorption-drying cycles.

2.4.1. Test setup for study of advection

A scheme of the test setup is presented in Fig. 3. Twelve cylindrical specimens containing the inhibitor [I], prepared as described in
Section 2.1, were used in this test. Before the start of the test, 3 specimens were analysed to assess the initial inhibitor distribution (see
Section 2.4.2). The remaining 9 specimens were oven dried to a constant weight. Later, the sides of the specimens were sealed with a
paraffin film to allow only for unidirectional flow. The specimens were subjected to 3 cycles of capillary suction via their bottom
surface followed by drying via the opposite, evaporation surface. This procedure aims to replicate the moisture transport mechanism,
which is common in the field, where plaster/renders are subjected to water supply (e.g., due to rising damp) from the wall on which
they are applied and allowed to dry only through the exposed surface.

Each cycle consisted of three stages (Fig. 3 (c)). In the first stage, specimens were saturated with demineralised water via capillary
suction (Fig. 3 (b)). The amount of water used for capillary absorption was equal to the maximum capillary moisture content value
obtained from Table 3. After absorption was completed, the bottom of the specimens was sealed with a paraffin film. In the second
stage, specimens were dried in a climate chamber at 20 °C and 50 % relative humidity. These conditions reflect common indoor field
conditions and were used to facilitate liquid transport to the evaporative surface. In the third stage, at day 10, the specimens were
moved to an oven at 40 °C/15 % RH. This procedure was defined in order to speed-up drying, without significantly affecting the
transport of the inhibitor: after 10 days, the moisture content in the specimen is such that liquid transport does not play a significant
role anymore and thus no further transport of the inhibitor can occur. At the end of each cycle, 3 specimens were used to analyse for the
inhibitor distribution (Section 2.4.2), and the remaining specimens were subjected to the next cycle. During the test, the weight of the
specimens was recorded regularly, and changes to the specimen surface were photographically recorded.

2.4.2. Distribution of the inhibitor

At the end of each wet-dry cycle, 3 specimens were brushed to remove any non-adhering efflorescence, which was collected and
weighted separately. The specimens were then sliced over the depth (Fig. 3 (d)) with a dry saw and crushed to a fine powder. 500 mg of
the powdered sample passed through 250 pm sieve was dissolved in 30 mL of demineralised water for 24 h. The concentration of
inhibitor in each solution was analysed using UV-VIS (Section 2.3.2). Additionally, a small sample from the efflorescence developed on
the top surface of the specimen was analysed using UV-VIS to quantify the amount of NaFeCN present in the efflorescent crust.

Environmental scanning electron microscope (ESEM) from FEI Quanta 650 FEG equipped with EDS (Noran EDS system) was used
on a polished section of a mortar specimens subjected to one wet-dry cycle, in order to assess the inhibitor distribution in the outer 5
mm layer, by mapping of Fe, Na, N, Ca and Si. The specimen was epoxy impregnated to stabilise the mortar and sawed along the cross-
section without using water. The cross-section was again impregnated with epoxy and polished using ethanol to prevent any disso-
lution of the NaFeCN crystals. The grinding and polishing procedure was followed as per past research [49]. The images were acquired
at a voltage of 15 kV.

The crystal morphology of the NaFeCN crystals was studied on both a cross-section of the mortar and the efflorescence crust on the
surface. Back-scattered electron (BSE) and secondary electron (SE) detectors were used. The sample for studying morphology was
prepared by fracturing the mortar specimen along the height using a tensile splitting test.

Table 3

Overview of transport related properties.
Property Reference [R] Inhibitor [I] Salt [S]
Porosity [%] 26.06 + 0.92 24.43 + 0.63 25.55 + 0.02
Bulk Density [kg/m®] 1963.5 + 26.45 1997.3 + 24.3 1973.5 £ 6.25
Capillary moisture content [% dry wt] 10.84 + 0.15 9.7 £ 0.9 10.23 + 0.35
Cumulative heat of hydration [J/g] 26.77 £ 3.25 25.61 + 1.89 23.25 +5.25
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3. Results

3.1. Materials characterisation

The pore size distribution of different types of specimens is presented in Fig. 4. It can be seen that the pore size distribution is similar
for [R], [I] and [S] specimens. The heat of hydration (Fig. 5) also does not show formation of any anomalous hydrates due to the
presence of inhibitor or salts. Other relevant microstructure properties (bulk density and open porosity) are shown in Table 3 and are
comparable across different specimens.

The results of capillary absorption and drying behaviour are presented in Fig. 6. The rate of capillary absorption and the capillary
moisture content across [R], [I] and [S] specimens are similar to each other.

The drying of [I] specimens (Fig. 6(b)) is significantly slower than the [R] and [S] specimens. A crust of the crystallised inhibitor is
formed on the surface as shown in Fig. 11 (b) due to a high amount of the added inhibitor. This could have resulted in pore clogging and
thereby slowing the drying process. Based on these results the drying cycle to be used in the study of advection (section 2.5.1) was
defined.

3.2. Leaching by diffusion

The concentration of leached species measured at each renewal of water step is presented in Fig. 7. The trend obtained for [I] and
[S] specimens, containing NaFeCN and NacCl respectively, is similar. The high concentration measured at the first time step (2 h) is
related to surface washing rather than diffusion. For subsequent time steps, a diffusion controlled leaching process is observed.

No significant scatter is observed between results from replicates samples. The control samples as expected show absence of
NaFeCN or NaCl. Therefore, the obtained results can be reliably used to estimate the effective diffusion coefficient, according to the
procedure described in section 2.4.4.

A comparison of the effective diffusion coefficient (D) of Fe(CN)‘é— and Cl™ ions obtained by regression analysis is shown in Fig. 8.
The model shows a good fit with the measured data and has a high coefficient of determination (R?). It can be seen that the D, for C1~
transport is roughly twice that of Fe(CN)¢~ transport. This is logical, since a Cl~ ion has a smaller volume than a Fe(CN)¢~ ion.
However, D, of Fe(CN)¢™ is of the same order of magnitude of Cl~, meaning the rate of leaching and the subsequent depletion of
NaFeCN from the mortar is significant.

The remaining amount of Fe(CN)¢~ and Cl~ in the mortar specimens at the end of the leaching test is presented in Fig. 9, expressed
as a percentage of the amount present at the start of the test. At the end of the leaching test, less than 20 % inhibitor was still present in
the mortar, meaning more than 80 % inhibitor had leached out. In case of chloride, less than 10 % of the initial amount was left. The
results of the CWE show slightly higher amount of remaining inhibitor, compared to the leaching test. A significant scatter is observed
in CWE results; this can be due to the fact the CWE measurements were carried out on other specimens than those used in the leaching
test or to the limited stirring (5 min) and dissolution time (24 h) used for in the CWE test, which might not be sufficient to fully dissolve
NaFeCN, leading to underestimation of the initial inhibitor content. Taking the scatter into account, it can be concluded that the results
obtained by CWE confirm and validate the results of the leaching test.

The eluates from [I] specimens were analysed by both UV-VIS for Fe(CN)¢~ and ICP for Fe ions. The results are presented in Fig. 10.
The results obtained by these techniques are in good agreement. UV-Vis has the advantages of measuring the concentration of Fe
(CN)é’ ions (while ICP can only measure generic Fe ions). Furthermore, UV-VIS is a faster and an inexpensive method compared to ICP.
Owing to these reasons, UV-VIS has been preferred to ICP in the following steps of this research.

3.3. Leaching by advection

The drying process and efflorescence development at each wet-dry cycle is presented in Fig. 11. An increase in the efflorescence,
most probably (Na-FeCN crystallisation), is observed in time, indicating a progressive transport of the inhibitor to the surface. After
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the end of the first cycle, there is a crust adhering to the top surface of the mortar specimens. After rewetting, the crust is seen to lift up.
The effect of this is also partially evident in the drying process: the rate of drying is slow during the first cycle, when the well-adhering
crust is delaying the evaporation. With subsequent cycles, when the curst was lifted up, the rate of drying increased.

The amount of inhibitor in the efflorescence and in the mortar specimens after each cycle was measured by UV-VIS. The non-
adhering efflorescence was collected with a dry brush and weighed at the end of each cycle; at the end of the first cycle, no efflo-
rescence could be collected, as they formed a crust very adherent to the surface.

The distribution of the inhibitor over the specimen height as assessed at the end of each cycle is shown in Fig. 12(a). At the start of
the test, the inhibitor was homogenously distributed over the entire height of the sample. At the end of the first cycle, the inhibitor had
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Fig. 11. (a) Moisture loss during the drying cycles (b) Visual inspection of the NaFeCN efflorescence/crust at the end of each cycle.

accumulated in the outer layer of the mortar specimen, at the evaporation surface. With successive cycling there was only a minor
increase in the accumulation of the inhibitor in the top layer.

Fig. 12(b) shows the amount of efflorescence brushed from the surface at the end of the second and third cycle; it is evident that the
amount of efflorescence increases with cycling. The composition of the efflorescence, analysed by UV-VIS, shows that these are mainly
composed of NaFeCN (89.5 % by weight).

The SEM-EDS mapping of the specimen cross-section at the end of first cycle is presented in Fig. 13. Fig. 13(a) shows a lighter colour
(indicating the presence of heavier elements) in the outer 200-400 pm: here a high concentration of Na, Fe and even N (low detection
accuracy) is measured, confirming the massive presence of sodium ferrocyanide in this layer. The presence of NaFeCN is negligible
beyond 400 pm from the evaporation surface. These results are in agreement with those of UV-VIS. Other components of mortar
namely Ca and Si are, as expected, homogenously distributed in the mortar matrix. A thin layer of Ca is found at the very surface
(Fig. 13(d)) possibly indicative of a binder-rich layer at the mortar surface.

The morphology of the crystallised inhibitor has been studied by BSE on a cross-section of the mortar and on parts of the detached
efflorescence crust (Fig. 14). In the cross-section crystals of sodium ferrocyanide (NaFeCN) are visible in the mortar matrix. The
efflorescence is entirely composed by crystals of NaFeCN, larger than those observed in the cross section.

4. Discussion and conclusions

In this study, the inhibitor leaching behaviour driven by diffusion and advection, has been experimentally investigated. The
diffusion test, based on a combination of ASTM C1308-21 and cold water extraction, was able to reliably measure leaching of Fe(CN)é’
ions from mortar under a concentration gradient. At the end of the diffusion test, more than 80 % of the inhibitor had leached out of the
specimens, suggesting a strong ability of the inhibitor to transport under a concentration gradient. It should be mentioned that (1) The
initial concentration of NaFeCN (10 % of binder weight) is higher than the concentration of the inhibitor necessary for obtaining the
desired inhibition effect in actual mortars. This high concentration explains the high initial concentration gradient. (2) Replenishing
leachant accelerates the flux of Fe(CN)g~ ions by maintaining zero surface concentration. Despite the above mentioned points, the
effective diffusion coefficient of Fe(CN)¢~ and CI~ can be reliably compared, as the model considers the above parameters and
measurements are done at the same experimental conditions. The effective diffusion coefficient of Fe(CN)é‘ (5.88 x 1077 ecm?/s) is
lower the CI~ (11.3 x 1077 e¢m?/s) thus still in the same order of magnitude. This indicates that the inhibitor is expected to be
transported only marginally slower compared to NaCL
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Fig. 12. (a) Inhibitor distribution over the height of the specimen (b) Weight of Na-FeCN efflorescence measured at the end of each cycle. * Cycle 1 had a tightly
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Fig. 13. SEM-EDS mapping of the outer 1.5 mm of the polished section of a mortar specimen after 1 wet-dry cycle. (a) Grey scaled image (b) sodium (Na) map (c) iron
(Fe) map (d) calcium (Ca) map (e) silicon (Si) map and (f) Nitrogen (N) map. The yellow arrows in (a), (b) and (c) indicate accumulation of crystallised sodium
ferrocyanide layer and (d) indicates presence of binder rich layer on the mortar surface. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 14. SEM images for morphology (a) cross-section (b) magnified image of the cross-section (c) NaFeCN efflorescent crust (d) magnified image of the crust.

The advection test, consisting of capillary suction-drying cycles, confirmed that significant transport of the inhibitor occurs from
depth to the evaporation surface. After one wetting-drying cycle, the inhibitor had accumulated at the surface of the mortar, in the
form of a crust of efflorescence. In the outer layer of the mortar, inhibitor concentration increased 4 times to the initial concentration
(at the start of the test). SEM-EDS observations confirmed that most of the inhibitor was localised within the first 400 pm from the outer
surface. With successive cycling, an increase in the amount of efflorescence was observed at the specimen surface. UV-VIS spectro-
photometry showed that 89.5 % by mass of the efflorescence was composed of sodium ferrocyanide (inhibitor).

The results from both diffusion and advection studies show high leaching rates of ferrocyanide in presence of water. This suggests
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that this inhibitor, when mixed in the mortar, will be easily transported towards the surface and eventually leach out of the substrate or
accumulate at the evaporative surface. This will lead to depletion of the inhibitor in the inner layers and its positive effect in mitigating
salt decay may decline. It is therefore imperative to retard/slow down inhibitor leaching in order to prolong the durability of such
mortars.

Different solutions can be envisaged to limit leaching of the inhibitor and ensure a longer service-life to the mortar. One way would
be to reduce the mobility of Fe(CN)¢ ™ ions in the pore solution. This can be possibly done by encapsulating the inhibitor in (polymeric)
capsules [50] instead of adding it directly to the mixing water. The polymeric capsule shells would constitute a barrier [51] to transport
of the inhibitor into the pore solution. Possibly, capsule shells could be tuned to a smart release under external stimuli such as changes
in pH [52,53] or presence of NaCl [54]. Research is on-going to assess these possibilities.

The methodology adopted in this research was successful in providing a quantitative analysis on the leaching of NaFeCN (crys-
tallisation inhibitor) in mortar. This is the first instance that such a study has been undertaken on crystallisation inhibitors. Studying
leaching of NaFeCN in other porous media e.g. natural stone and brine-contaminated soil could provide more relevant insights. Besides
NaFeCN, other water soluble additives are vulnerable to leaching. A commonly used corrosion inhibitor in reinforced concrete, sodium
nitrite is such an example [55]. The methodology can be further modified and extended to such additives. This can provide a better
understanding in improving effectiveness of such additives across building materials.
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