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1.1. Problem definition

S oluble salts, ubiquitous in nature, are powerful weathering agents and are re-
sponsible for various geological formations in the universe. Unfortunately, salt-

induced weathering poses a threat to buildings, sculptures and art objects (e.g.
murals and frescoes) made of porous materials [1]. Salt induced weathering, also
referred to as salt damage, follows a two step process. In the first step, soluble salts
(e.g. containing chlorides, sulfates and nitrates) originating from various sources,
such as ground water, sea salt-spray, de-icing salts permeate in porous building
materials through capillary pores and are transported in the material along with
moisture. In the second step, crystallisation of salts within the pore network im-
pose stresses on the pore-walls and cause damage [2]. The damage is manifested
in the form of a progressive material loss and, if left untreated, can lead to severe
decay (see Figure 1.1 for examples).

Mortar, a common building material often used as bedding or pointing in ma-
sonry or as plaster and render in buildings, is highly susceptible to salt damage.
Mortars composed of weaker binders, such as hydrated and hydraulic lime, are
especially vulnerable, due to their relatively low mechanical properties. However,
even cement-based mortars, despite their high strength, are likely to deteriorate
under repeated action of salts [3]. Plasters and renders, which lie on the evapora-
tive surfaces of the buildings, are in particular at risk, due to high salt accumulation
and a constant exposure to a changing environment (temperature and humidity).
As a result, the service life of plasters and renders is usually compromised and
these materials need to be replaced regularly, with high maintenance costs for the
owner. The stakes are even higher in the built cultural heritage, when valuable
historic buildings and objects are at risk.

Despite few centuries of research on salt crystallisation, effective solutions to
prevent salt damage remain elusive. In the building industry, traditional approaches,
such as increasing mechanical properties of building materials (using cement binders)
or suppressing moisture transport (and thus salt transport) using water repellent
additives, have often exhibited low compatibility with existing materials [4]. Other
solutions, such as desalination treatments and controlling indoor climate, are not
always feasible [5]. In the last two decades, the use of crystallisation inhibitors
has been proposed as an alternative to the traditional solutions and has shown
promising results [6]. Crystallisation inhibitors are chemicals that can delay crys-
tal nucleation and suppress crystal growth of salts, and in doing so, mitigate salt
damage.

In recent years, incorporating crystallisation inhibitors during mortar production
has been shown to significantly improve the resistance of air-lime mortar against
salt-induced weathering, in both laboratory setting and in field applications [7].
However, two issues still need to be resolved before this technology can be devel-
oped commercially.

The first issue concerns the possibility of mixing inhibitors in hydraulic mortars
to prevent salt damage. Until now, the effect of inhibitor on salt crystallisation
has been studied only in air-lime mortars. This mortar constitutes only a small
fraction of today’s mortar production, and it is mainly used in the restoration of
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Figure 1.1: Examples of salt damage in different parts of the world (a) Lime mortar fresco, The Nether-
lands (b) Ornamental Limestone (Lecce) lintel, Italy. Picture by Barbara Lubelli (c) Limestone (Lecce)
column, Italy. Picture by Barbara Lubelli. (d) Bricks, The Netherlands.(e) Plaster, The Netherlands. (f)
Basalt (Deccan), India

built cultural heritage. Whereas, hydraulic binders which are more widely used
in renovations and new constructions, are also susceptible to salt damage. Since,
hydraulic mortars and air lime-based mortars have a different chemical composition
and hardening behaviour, the presence of inhibitor might affect hydraulic mortars
differently than air lime. Hence, the interaction between the inhibitor and hydraulic
binders requires investigation.

The second issue which needs further investigation concerns the inhibitor’s sus-
ceptibility to leaching out of the mortar [8]. Rapid leaching of the inhibitor would
deplete its concentration in the mortar and, over time, reduce its effectiveness to
mitigate salt damage. Assessing the leaching of the inhibitor from mortar is there-
fore crucial. Subsequently, if needed, a solution needs to be devised to minimise
leaching of the inhibitor, so that the service life of the mortars can be prolonged.

1.2. Objectives and research questions
The main objective of this research is to develop hydraulic mortars with crystallisa-
tion inhibitors for a better salt-weathering resistance and a longer service life than
currently existing solutions. The mortar prototype to be developed is targeted but
not limited to repair/ renovation mortars for plastering and rendering of old and
new buildings. To achieve this research objective, the two main issues (i) possi-
ble interaction between the inhibitor and hydraulic binders and (ii) leaching of the
inhibitor out of mortar need to be addressed. To tackle these issues, following re-
search questions, as identified based on the knowledge gaps from the literature
review (Chapter 2) need to be answered:
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1. What is the effect of the inhibitor on the properties of hydraulic mortars?

2. How severe is the leaching of the inhibitor from mortar and how can it be
quantified?

3. What is the feasibility of encapsulating the inhibitor and tuning its release
from capsules?

4. How effective is encapsulation in slowing down leaching of the inhibitor from
mortar?

5. How are the properties of hydraulic mortars affected due to capsule incorpo-
ration?

6. What is the durability of hydraulic mortars with encapsulated and/or mixed-in
inhibitor with respect to salt damage?

1.3. Scope of the research
The research scope is defined to make this study feasible within a four year period.
Therefore, the scope is narrowed down to one salt, sodium chloride and its well-
known crystallisation inhibitor, sodium ferrocyanide. The effect of salt mixtures is
not considered in this research. Among the hydraulic binders, natural hydraulic lime
and ordinary Portland cement are considered.

1.4. Research plan
The research consists of a series of experiments designed to answer the research
questions and address the two main issues related to the inhibitor-binder interaction
and leaching of the inhibitor. The overall research plan is shown in Figure 1.2. The
plan consists of five phases (I) hypothesis formulation (II) exploratory study (III)
prototype development (IV) prototype testing (V) Conclusions.

In phase I (hypothesis formulation), the relevant literature is reviewed to iden-
tify knowledge gaps, formulate research questions and propose hypotheses for ad-
dressing them. The scope of the literature, when needed, is expanded beyond the
field of building materials, to borrow inspiration from various disciplines, such as
polymer chemistry and bio-medicine.

In phase II (exploratory study), the research branches in two parallel exploratory
studies. One study focuses on the interaction between the inhibitor and the hy-
draulic binder (marked in blue, Figure 1.2) and another on assessing the leaching
of the inhibitor (marked in orange, Figure 1.2). The conclusions from this phase
informs the design of phase III.

In phase III (prototype development), a proof-of-concept involving encapsula-
tion of the inhibitor is proposed, as a mean to reduce leaching of the inhibitor from
the mortar. First, based on the literature review, capsule materials with a suitable
release mechanism are selected. Next, the feasibility of encapsulating the inhibitor
is determined experimentally and relevant capsule properties, such as release re-
sponse and encapsulation efficiency, are characterised. Based on the results of
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these tests, the most suitable capsules are selected to be incorporated in the pro-
totype mortar and the leaching of the encapsulated inhibitor from the mortar is
assessed.

In phase IV (prototype testing), prototype mortar specimens are prepared and
the effect of capsules on the properties of mortar is investigated. To conclude the
research, the durability of prototype mortars, containing the inhibitor in encapsu-
lated and mixed-in form, is assessed using an accelerated salt weathering test in
the laboratory.

In phase V (conclusions), conclusions are drawn by analysing and correlating the
findings from the different research phases and an outlook is provided for further
research.

Figure 1.2: A flowchart showing the research plan with its different phases. The research flow of the
two main issues is marked in blue and orange. The research questions are shown with a prefix Q and
reference of each phase to the chapters in this thesis is also provided. The arrows show the connection
between different phases.

1.5. Outline of the thesis
The thesis consists of 8 chapters and follows a paper-based format. Chapter 3 to
Chapter 7 are based on peer-reviewed articles. The connections between chapters,
research questions and different research phases are shown in Figure 1.2.
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Chapter 1 (This chapter) introduces the reader to the problem definition, the re-
search objectives, the research scope and the structure of this thesis.

Chapter 2 is a literature review, subdivided in three parts. The first part provides
the theoretical background on the mechanisms of salt damage and transport. The
second part reviews the state of the art in the field of crystallisation inhibitors and
their applications to porous building materials. The third part reviews pros, cons
and limitations of different encapsulation strategies, and speculates on the choice
of capsule materials suitable to the scope. The research gaps are highlighted and
the research questions are formulated keeping in mind the final research objective.

Chapter 3 studies the effect of the crystallisation inhibitor on the properties of
mortar and binder paste made using (i) natural hydraulic lime (ii) ordinary port-
land cement. Experimental characterisation techniques are used to study fresh and
hardened properties of mortars with the mixed-in inhibitor in different concentra-
tions. Various properties such as workability, hydration, mechanical and transport
properties are measured.

In Chapter 4, a test protocol for assessing the leaching behaviour of the inhibitor
from mortar is proposed. The protocol is tested experimentally on mortars pre-
pared with the mixed-in inhibitor under two transport mechanisms:- diffusion and
advection. Analytical techniques are used to quantify the leached inhibitor.

Chapter 5 reports the preliminary results on the preparation of capsules containing
the inhibitor. The capsule composition is varied, and the release of the inhibitor from
the capsules is tested in bulk solutions having a pH range from 7 to 13.

In Chapter 6, capsules, based on the results of Chapter 5, are further charac-
terised and the release of the inhibitor from capsules is measured in a synthetic
pore solution. Subsequently, select capsules containing the inhibitor are added to
the mortar and the leaching of the inhibitor the from mortar is measured, as per
the methodology developed in Chapter 4. The leaching rate of the inhibitor from
mortars with encapsulated inhibitor is compared to that measured in mortars with
mixed-in inhibitor.

Chapter 7 involves assessing the effect of the capsules on the properties of mor-
tar and testing the durability of the mortar prototypes against salt damage. The
physical and chemical properties of the mortar prototypes are assessed using com-
plementary characterisation techniques. Hydraulic mortar specimens with encap-
sulated inhibitor, mixed-in inhibitor and reference mortar (without inhibitor) are
subjected to an accelerated salt weathering test. Two types of mortar systems are
tested: (i) a single layer natural hydraulic lime mortar; (ii) a commercial two-layer
cement based salt accumulating plaster system. The results of mortars with encap-
sulated and mixed-in inhibitor are compared to their respective reference mortars.

Chapter 8 summarises the main findings of the research and provides an outlook
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for future work.

Appendix A and Appendix B provide supporting data to Chapter 6 and Chapter
7 respectively, while Appendix C provides data on additional experiments carried
out during this PhD thesis that can be valuable for future research.
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Literature Review

This chapter presents the reader with background information on the general
concepts of salt damage, the state-of the art on the use of crystallisation
inhibitors to mitigate salt damage and reviews potential capsule materials to
slow down leaching of the inhibitor in mortar. At the end of the chapter, the
research gaps are identified, and hypotheses are formulated to set the stage
for the experimental campaign.
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2.1. Introduction

T he main objective of this research is to improve the service life of hydraulic mor-
tars against salt weathering. The research explores the use of a crystallisation

inhibitor to mitigate salt (NaCl) crystallisation-induced damage. In this regard, a
literature review is carried out with the aim to understand the state of the art on
the applications of the crystallisation inhibitor in building materials and identify the
underlying challenges and bottlenecks. The literature review is structured in three
parts:

In the first part (Section 2.2 and Section 2.3), the reader is introduced to the
general concept of salt crystallisation damage in porous building materials and its
underlying mechanism. This part provides the reader with background information
necessary to understand the problem and the reasoning behind various concepts
that will emerge in the subsequent chapters of this thesis.

In the second part (Section 2.4), the state of the art on the use of the crys-
tallisation inhibitor in porous building materials is critically reviewed with a focus
on mortars with mixed-in inhibitors. The advantages, limitations and bottlenecks
of mortars with mixed-in inhibitors are identified and discussed. One of the key
identified challenges pertains to the susceptibility of the inhibitor to leach out of
mortar. To address this challenge, a third part is added to this chapter.

In the third part, (Section 2.5), encapsulation of the inhibitor is explored as
a potential solution to slow down leaching of the inhibitor out of mortar. Vari-
ous materials for designing capsules are reviewed based on the capsule’s release
mechanism. Due to a lack of available options within the field of building materials,
the review is extended to other fields, such as medicine, pharmacy and polymer
chemistry. Potential capsule materials from these fields are identified to address
the problem. However, applying these materials to mortar lead to new challenges
and knowledge gaps. These are also identified and discussed.

Finally, the research gaps are pointed out that lead to the formulation of the
research questions reported in Section 1.2.

2.2. Mechanism of salt damage
Soluble salts exist everywhere in nature and can enter building materials in a variety
of ways. Ground water is a primary source of salts containing chlorides, nitrates
sulfates [1]. Salts can permeate in the porous building materials that are in contact
with the groundwater through capillarity. Salts can also originate from other sources
e.g. deicing salts, salt spray (marine environment) and can be already present in
the building materials [2].
Salt damage mechanism is governed by two processes: Salt transport and devel-
opment of crystallisation pressure within the porous building materials.

• Salt crystals precipitate when solutions become supersaturated. Transport
processes such as moisture evaporation and ionic mass transport greatly in-
fluence salt concentrations and supersaturation. Salts crystallising within the
pores may lead to severe damage and is referred to as subflorescence [4].
Salts that crystallise/ precipitate on the surface, referred to as efflorescence,
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Figure 2.1: Example of salt damage to a lime-based render, garden wall of Stolzenfels Castle [3]. The
left panel shows spalling of the render caused due to subflorescence (in-pore salt crystallisation). The
right panel shows presence of salt efflorescence (minor aesthetic issue)

are relatively harmless and do not cause damage (also evident in Figure 2.1).
Salt transport can lead to localised accumulation of salts in porous media and
can affect the severity of damage. (See Section 2.2.2)

• Crystallisation of salts (from supersaturated solutions) within the pores cause
stresses on the pore walls. Generation of stresses has been attributed to
various mechanisms e.g. development of crystallisation pressure, hydration
pressure and differential thermal expansion [5]. Damage occurs when these
stresses exceed the material strength [6]. So far, there is no unanimous con-
sensus on the relevance of each damage mechanism. However, for anhydrous
salts such as sodium chloride, hydration pressure is not valid as NaCl does not
have any hydrated phases above 0°C [7] while differential thermal expansion
would need high temperatures (greater than 54°C) to develop stresses from
NaCl crystals that are uncommon in the built environment [8]. Development
of crystallisation pressure is thus the most relevant mechanism to explain NaCl
induced damage. (See Section 2.2.1).

To fully understand the salt damage mechanism , it is essential to understand
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both the above aspects. In the next sections, the main concepts about the crystalli-
sation pressure theory and dominant salt transport mechanisms are summarised.

2.2.1. Development of crystallisation pressure
In 1905, Becker and Day were the first to observe pressure exerted by a crystal
growing in between two glass plates [9]. The experiment measured the displace-
ment of the glass plates as a consequence of a growing alum crystal exerting pres-
sure on them. The setup of Becker and Day worked only under certain conditions.
One of the conditions required for the development of crystallisation pressure was
the presence of a thin liquid film between the surface of the crystal and the surface
of the constraint [10]. Further, the thin film postulated to be of order 1-2 nm (𝛿
in Figure 2.2) had to be supersaturated [6]. As per Flatt, the thin film acts as a
diffusive layer that transports ions along the confined side which are necessary for
the crystal growth [11].

Correns and Steinborn were the first to propose a mathematical model for the
crystallisation pressure based on supersaturation [12, 13] as shown in Equation
2.1:

𝑃፜ =
𝑅𝑇
𝑉፦
𝑙𝑛 ( 𝑐𝑐፬

) (2.1)

Where, 𝑃፜ is the crystallisation pressure, 𝑅 is the universal gas constant, 𝑇 is the
temperature, 𝑉፦ is the molar volume of the crystal and the ratio ፜

፜ᑤ
is expressed

as supersaturation. The supersaturation ratio corresponds to the concentration
of the salts in a solution to its concentration at saturation. As per the model, the
crystallisation pressure is directly proportional to the supersaturation. However, the
equation of Correns does not take into account the hydrated phases of salt crystals
and non-ideality of aqueous phases, leading to erroneous results [14].

Figure 2.2: Schematic of a crystal going in a cylindrical confined pore and in contact with a supersaturated
solution. the pore walls are separated by a thin film of super-saturated solution.

An alternative to the Correns model, the equation proposed by Everett has been
also widely used in the literature [15]. The model is based on the curvature of the
crystal-liquid interface (Equation 2.2) and relates crystallisation pressure to the pore
radius.



2

14 2. Literature Review

𝑃፜ = 𝛾፜፥ (
𝑑𝐴
𝑑𝑉) (2.2)

Where, 𝛾፜፥ is the inter-facial energy of the crystal-liquid interface. The curvature
𝑑𝐴/𝑑𝑉 is proportional to 1/𝑟 with 𝑟 being the pore radius. This approach has been
preferred by some researchers to the Correns approach as pressure can be related
to a measurable parameter i.e. pore radius [16]. Applying this equation, a pore
radius in the range of nano-metres would be required to develop pressures that
exceed the tensile strength of most rocks or mortar [11]. However, salt damage is
also observed in materials with larger pores than nanometer scale and that cannot
be directly explained by this model.

In 2005, a model combining both supersaturation and pore geometry was pro-
posed by Steiger [16, 17] and can calculate crystallisation pressure (based on ther-
modynamic equilibrium) for small as well as large crystals (Equation 2.3).

Δ𝑝። =
𝜈𝑅𝑇
𝑉፦

(𝑙𝑛 𝑚𝑚ኺ
+ 𝑙𝑛 𝛾±𝛾±,ኺ

+ 𝜈ኺ𝜈 𝑙𝑛
𝑎፰
𝑎፰,ኺ

) − 𝛾፜፥,።
𝑑𝐴።
𝑑𝑉 (2.3)

where, ፦
፦Ꮂ

corresponds to the supersaturation expressed as molality and similar to
the one in Corren’s equation described earlier (Equation 2.1). 𝛾± is the mean ionic
coefficient introduced to take into account the non-ideal behaviour of the solution.
𝜈 corresponds to the number of ions on complete dissociation of the salt where
as, 𝜈ኺ refers to the number of water molecules in a salt hydrate. 𝑎፰ refers to
the water activity. These additional model parameters overcome the discrepancies
of the Corren’s model and can be generalised to salts with hydrated phases. The
second part of the equation is similar to the model proposed by Everett [15] and
becomes only relevant for crystallisation in small pores. The main advantage of this
model is that it can explain development of crystallisation pressure for hydrated as
well anhydrous phases and in small as well as large pores.

Despite Steiger’s generalised approach, experimental validation of crystallisation
pressure still remains challenging. Studies in drying of salt contaminated porous
media have shown that changes in solubility (and therefore supersaturation) can
be observed using nuclear magnetic resonance (NMR) and may be related to the
crystallisation pressure [18]. So far, only a few macroscopic experiments have been
able to measure the force due to growing crystals between glass plates (confine-
ment) [19, 20]. Both these studies recorded pressure below the thermodynamic
limit proposed by Steiger’s model. Accurate measurement of the contact area of the
growing crystals was cited to be a bottleneck in the measurement of crystallisation
pressure [20]. Recently, a controlled crystallisation experiment [21] with an accu-
rate measurement of crystal’s load bearing contact area also measured pressure
below the thermodynamic limit, similar to [19]. The authors concluded that the
equilibrium conditions assumed in Steiger’s model (Equation 2.3) may not be suffi-
cient to explain the experimental findings and the maximum pressure limit maybe
be governed by the disjoining pressure instead of the thermodynamics limit. Factors
like nature of surface roughness, surface charge and fluid composition would thus
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need to be considered to explain the mechanism more accurately. Furthermore,
the equilibrium conditions (the basis for the crystallisation pressure model) from a
drying porous medium seldom exist. Thus, the crystallisation pressure model may
not perfectly represent field conditions.

2.2.2. Transport of moisture and salts in porous materials
Transport of moisture and soluble salts play a key role in development of the crys-
tallisation pressure. The salts can be introduced or transported in porous materials
only as dissolved ions (aqueous state). The ionic transport of the salts is there-
fore directly coupled to the moisture transport. The moisture transport in porous
materials is driven by two processes, capillary transport and evaporation (drying).
The salt transport is driven by two processes, namely, advection and diffusion. The
combination of all these processes lead to phase transition from salt ions to crys-
tals and determine the location of crystallisation within porous materials. These
mechanisms are discussed in the following sub-sections.

2.2.2.1. Capillary transport and evaporation of moisture
When porous materials come in contact with water (e.g. ground water), the water
is drawn and transported in the porous materials due to differences in capillary
pressure. The capillary pressure depends on the pore size distribution and the
wetting properties of the water-material interface, such as the interfacial tension
and the contact angle. The transport flux J, due to capillary pressure in a porous
material follows Darcy’s law (Equation 2.4) [22]:

𝐽 = −𝑘𝑛∇𝑝 (2.4)

where, 𝑘 is the permeability of the porous material, 𝑛 is the viscosity of the
liquid (water) and ∇𝑝 is the pressure gradient.

Evaporation is a moisture transport mechanism that results in the drying of
porous materials. During evaporation, the moisture transport takes place as the
liquid phase transforms into a gaseous phase by overcoming the vapour pressure.
Evaporation is driven by the temperature and the relative humidity.

In porous materials, when coupled with capillary transport, the drying of a satu-
rated porous material is characterised by two stages. In the first stage, the outgoing
moisture at the surface, due to evaporation, is less than the incoming moisture due
to capillary transport [23]. As a result, a continuous liquid flow is maintained in the
porous medium as seen in Figure 2.3a. During this stage, the moisture transport
within a porous material takes place completely through a liquid phase, meaning
the dissolved salt ions, if present, are also transported.

In the second stage of drying, the rate of incoming moisture via capillaries is
lower than the rate of evaporation. This results in the loss of uniform moisture flow
and causes formation of isolated liquid pockets [23] as shown in Figure 2.3b. Air
invades the pores and a receding drying front is formed. Moisture transport cannot
take place through a liquid phase and is now dominated by the vapour phase. In
specimens that are contaminated with salts, the salts can no longer be transported
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(a) Stage 1 (b) Stage 2

Figure 2.3: Drying of porous media is characterised by two stages. (a) through a continuous liquid film
(b) Receding drying front and formation of isolated liquid pockets (yellow arrows)

to the surface and precipitate when the solution becomes supersaturated. De-
pending on the location of the drying front, salts may crystallise as subflorescence
causing severe damage.

2.2.2.2. Advection of salt ions
Advection is defined as the transport of mass (salt ions) due to the bulk motion
of the solution. The bulk motion of the solution in a porous material is driven
by the capillary transport and evaporation. The resulting velocity of the solution,
transports the ions (solute). The advection equation is shown in Equation 2.5. 𝑣፥
is the bulk velocity of the solution and 𝑐 is the concentration of the salt ions.

𝜕𝑐
𝜕𝑡 + ∇(𝑐 � 𝑣፥) = 0 (2.5)

The direction of the salt ions is the same as the direction of the liquid transport,
i.e. towards the drying surface. As water evaporates, the ions precipitate from a
supersaturated solution as salt crystals.

2.2.2.3. Diffusion of salt ions
Diffusion is a transport mechanism driven by a concentration gradient. In the case
of salt ions in a solution, they flow from a higher to a lower concentration. The
process of diffusion continues until a levelling of concentration is achieved. Diffusion
equation as described by the Fick’s law is shown in Equation 2.6.

𝜕𝑐
𝜕𝑡 − 𝐷፞፟፟∇

ኼ𝑐 = 0 (2.6)

Where, 𝑐 is the concentration of ions and 𝐷፞፟፟, the effective diffusion coefficient
for a porous material, is a function of the porosity, the tortuosity (degree of inter-
connectivity of pores) as well as the diffusion coefficient of ions in a bulk solution.

2.2.2.4. Advection-diffusion and Péclet’s number
Advection and diffusion occur simultaneously with one mechanism usually dominat-
ing the other. The competition between advection and diffusion is mathematically
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expressed as a dimensionless ratio called Péclet’s number (𝑃𝑒). Experimentally for
a uni-directional flow, 𝑃𝑒 can be approximately calculated using Equation 2.7 [24]:

𝑃𝑒 = |𝑢|𝐿
𝐷𝜀 (2.7)

Where, u is the first approximation of the drying rate (velocity of the liquid)
during the first stage of drying. 𝐿 corresponds to the characteristic length scale
and can be approximated to the length of the specimen. 𝐷፞፟፟ is the effective
diffusion coefficient as a function of tortuosity, and 𝜀 is the maximum porosity that
can be saturated with the fluid. The numerator represents the rate of advective
transport and the denominator is related to the rate of diffusive transport. Thus,
a high value of Pe (𝑃𝑒»1) is an indication of a dominant advective transport and a
𝑃𝑒<1 is dominated by diffusive transport.

As an example, a high 𝑃𝑒 (𝑃𝑒>1) is usually observed during the first drying
stage, where most of the salts are transported near the evaporative surface. Dur-
ing the second stage, the 𝑃𝑒 drops below 1 as the continuous liquid transport is
broken and bulk velocity of the solution decreases. Lower 𝑃𝑒 coincides with a dif-
fusion dominated transport where levelling of concentration takes place [25, 26].
Additionally, factors like pore clogging due to salt crystallisation have shown to also
make salt transport diffusion-controlled [27]. In summary, the distribution of salts
is localised at the evaporation surface during advection dominated transport and
is more uniformly distributed during diffusion driven transport. Higher advection
thus encourages salt efflorescence, while diffusion may lead to a more in depth
crystallisation (subflorescence).

2.3. Crystallisation of sodium chloride
Sodium chloride (NaCl) is the most commonly occurring salt in the environment [1].
Ground water and salt-spray along coastal regions are common sources of NaCl. In
low lying areas like the Netherlands, sea flooding is also a source of NaCl loading
in buildings [28]. NaCl is often responsible for damage which can be observed in
materials and structures.

The solubility limit of sodium chloride (6.1 mol kgዅ1) is independent of the tem-
perature and the sodium chloride crystals do not contain any hydrated phases above
0°C (Figure 2.4a) [7]. Thus, the crystallisation of sodium chloride is generally an
evaporation driven process. Being a very soluble salt, NaCl is also hygroscopic, i.e.
it can exchange moisture with the environment. As per Figure 2.4b, equilibrium
of moisture exchange is achieved at a relative humidity (RH) of 0.75. The RH of
equilibrium does not change much depending on the temperature. NaCl crystals
when exposed to a RH above 0.75, adsorb moisture from the surroundings until an
equilibrium is reached. In the process, the crystal undergoes dissolution (deliques-
cence) if the salt concentration drops below the solubility limit. On the contrary,
when a salt solution is exposed to a RH less than 0.75, the crystals precipitate from
the solution as the water evaporates and the solution becomes supersaturated.

NaCl crystals (halite), have a different macroscopic crystal morphology depend-
ing on various environmental conditions. The evolution of the crystal morphology
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(a) Solubility of NaCl (b) Equilibrium RH of NaCl

Figure 2.4: Sodium chloride solubility and phase diagram adapted from [7]. Solubility and equilibrium
RH, and thus the crystallisation of NaCl is only slightly dependent on temperature changes.

is dependent on crystal’s contact area with the saturated solution [29]. A NaCl
crystal growing from a completely immersed saturated solution, tends to develop
face-centered cubic crystals {100}, typically observed in large pores of building ma-
terials. Differently, a NaCl crystal growing from a thin film of a saturated solution
on a substrate, develops whisker-like forms reminiscent of the efflorescence [29].
This change of morphology is strongly related to the degree of supersaturation and
growth kinetics. When the supersaturation is low, NaCl crystals show a spiral growth
forming from the centre to the outward edges of the cube resembling a pyramid on
each cubic face [30]. After crossing a critical supersaturation, 𝑆 ≈ 1.45, the crystal
cannot grow as a cube, due to a limited surface area and needs to form new sur-
faces. This results in the formation of interconnected cubes (hopper crystals) along
one direction [31] and is followed by an increase in the crystal growth rate. At even
higher supersaturation, the hopper crystal needs to form newer surfaces, resulting
in a rougher, branched crystal morphology resembling dendrites or whiskers [32].
Besides, the presence of surface impurities has a role in the evolution of the crystal
morphology. For instance, NaCl crystals growing from a saturated solution with no
impurities, nucleates homogeneously i.e. spherical nucleation in a bulk solution.
The result is also a cubic habit (equilibrium form) (Figure 2.5a). Whereas, the crys-
tals precipitating for instance on a mortar surface cause heterogeneous nucleation
i.e. nucleation on an available surface or an impurity like a dust particle [33]. The
resulting crystal habit is not perfectly cubic (Figure 2.5b).

Damage due to NaCl crystallisation reported in the field is often seen in the
form of flaking, sanding and powdering of building materials [4, 36]. Various case
studies report severe progressive damage due to NaCl crystallisation [1, 37, 38].
Despite the aggressive damage observed in the field, laboratory experiments have
had less success in replicating the damage. Studies involving partial or continuous
immersion of porous specimens in salt solutions i.e. wetting the specimens with
a salt solution from one side and drying from the other side have failed to induce
damage, leading only to efflorescence formation [39, 40]. Especially, in case of
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(a) (b)

Figure 2.5: (a): Example of a homogeneous nucleation; SEM image showing cubic crystals of NaCl from
a droplet of a supersaturated salt solution [34]. (b): Example of a heterogeneous nucleation: SEM
image showing crystals of halite precipitated on a mortar substrate likely to contain impurities. The
habit of NaCl is not perfectly cubic. [35]. Reproduced with permission

.

continuous immersion, a receding drying front is prevented enhancing the advec-
tion of salt ions to the surface as efflorescence, with Na ions measuring 𝑃𝑒 >> 1
[26]. As per Gentillini et al. the high tendency of NaCl to form efflorescence instead
of subflorescence can also be attributed to the small size of chloride ions, giving
them high mobility in porous media [41]. Alternatively, subjecting NaCl contami-
nated substrates to crystallisation-deliquescence cycling under humidity changes
has been more effective in inducing salt crystallisation damage [42–44] as ob-
served in Figure 2.6. Repeated deliquescence-crystallisation cycles on a drop of
saturated NaCl solution have shown to reduce nucleation density and increase the
crystal size [45, 46]. Perhaps, formation of larger crystals lead to higher pore
clogging and higher crystallisation pressures causing more damage to porous sub-
strates. Recently published RILEM accelerated test recommendations [47] based
on deliquescence-crystallisation cycles has shown promising results [48]. Experi-
ence from the laboratory suggests that recurrent in-pore crystallisation cycles are
necessary to induce damage.

2.4. Reducing salt damage using crystallisationmod-
ifiers

Various strategies exist to address salt damage in building materials. In mortar,
traditionally, strategies focused on increasing the mechanical strength of materials
e.g. using high strength cement-based mortars or preventing salt ingress in building
materials by using water-repellent additives in mortar. Both these repair strategies
have shown negative outcomes in the long term, especially in historic buildings
due to low compatibility with low-strength existing materials [50]. Other strategies
such as using desalination poultices [51, 52], efflorescence removal by brushing
[23] and controlling relative humidity to prevent dissolution cycles are not always
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Figure 2.6: Successive humidity cycles cause higher irreversible strains in NaCl contaminated lime-
mortar specimens. Blank specimens (without NaCl) show negligible and reversible strains [49]. Image
reproduced with permission.

feasible [53]. This has led to research alternative solutions to tackle salt damage
such as polymeric surface treatments to prevent disjoining pressure [54] and use
of consolidants to improve mechanical properties [55]. In the last decades, use
of crystallisation modifiers has shown promising results in mitigating salt damage
[33, 56]. In the next sub-section, keeping in mind the main aim of this research,
a background on the use of crystallisation modifiers, and in particular inhibitors, is
provided.

2.4.1. Crystallisation modifiers
Crystallisation modifiers are chemicals that alter the process of salt crystallisation.
Based on their mechanism, crystallisation modifiers are further classified [33] as (a)
crystallisation promotors: chemicals that promote crystal nucleation at a lower su-
persaturation, therefore inducing lower crystallisation pressures; (b) crystallisation
inhibitors: chemicals that inhibit/ delay crystallisation. allowing salt ions to remain
longer in the solution, facilitating their transport outside the porous medium; (c)
crystal habit modifiers: chemicals that alter crystal morphology by adsorbing pref-
erentially on specific crystal faces and blocking crystal growth on those faces.

Crystallisation modifiers are selective to specific salts/ compounds [57]. For
instance, modifiers made of polyphosphonates [58, 59] that have shown to be
effective on modifying sodium sulphate (Na2SO4) crystallisation are not effective in
modifying other types of salt crystals e.g. NaCl [60].

2.4.2. Alkali-ferrocyanides and NaCl crystallisation
Several crystallisation modifiers of NaCl exist (e.g. alkali ferrocyanides, nitrilotri-
acetamide, cadmium chloride, sodium metaphosphate and Iron(III) meso-tartaric
acid) [61]. Among these, alkali (i.e. Na and K) ferrocyanides are the most effec-
tive inhibitors of NaCl crystallisation [62]. The effect of alkali ferrocyanides (i.e.
tetrasodium (or potassium) hexacyanoferrate(II), hereafter referred to as FeCN) as
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a crystallisation inhibitor [63] and a crystal growth modifier of NaCl [64] has been
known for a long time. FeCN is extensively used as an anti-caking agent in prevent-
ing agglomeration of NaCl crystals in the production of table salt [65]. The active
part of the inhibitor is the hexacyanoferrate(II) ([Fe(CN)6]

4– ) ion composed of a
central iron (II) coordinating atom, complexed by six cyanide ligands having a net
negative charge as shown in Figure 2.7.

Figure 2.7: Hexacyanoferrate (II) anion with a net negative charge, the active component of the inhibitor

The working mechanism of FeCN on crystal growth of sodium chloride has
been explained in the last decade [65]. During nucleation, the [Fe(CN)6]

4– an-
ions are sorbed onto {100} faces of NaCl crystals replacing [NaCl5]

4– cluster. The
[Fe(CN)6]

4– cluster fits perfectly in the NaCl lattice but a charge mismatch blocks
crystal growth, resulting in crystal growing along the <111>direction and the for-
mation of dendritic rather than cubic {100} crystals [34]. The blocking of crystal
growth on specific crystal surfaces lowers the surface energy and increases su-
persaturation [66]. The interaction between FeCN and NaCl in bulk solutions has
been studied by various researchers. High supersaturation values (1.6 to 3 (C/C0))
[63, 67] and a delayed onset of crystal nucleation [34, 62], combined with dendritic
crystal growth have been reported (Figure 2.8). Moreover, FeCN has been shown
to remain stable in an alkaline pH range, similar to that of mortars [68]. All the
above effects of FeCN on NaCl crystallisation have sparked interest in exploring the
possibility of using FeCN as an additive to prevent salt damage in porous materials.

2.4.3. Use of inhibitor in porous building materials
In 2002, Selwitz and Doehne were the first to study the effect of FeCN on NaCl
crystallisation in limestone specimens [70]. Specimens were contaminated with
NaCl solution via capillary absorption. In some specimens, FeCN was added to the
NaCl solution during the contamination phase. Specimens containing FeCN exhib-
ited higher NaCl efflorescence (Figure 2.9) and no visible damage when compared
to NaCl contaminated specimens without FeCN. The efflorescent crystals were not
adherent to the surface and could be easily brushed off. In a follow up experiment,
Rodriguez-Navarro et al. reported a delay in NaCl crystal nucleation in presence of
FeCN, even at concentrations as low as 10-4 mol Lዅ1 [34]. This delay in nucleation
allows Na+ and Cl– ions to remain in solution for a longer time, aiding them to be
easily transported to the drying surface. Lubelli et al. showed that FeCN in salt con-
taminated porous materials enhanced the drying rate of specimens and favoured
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(a) (b)

Figure 2.8: NaCl crystallisation from a drop of saturated brine (Original droplet boundaries are also
indicated) (a) Regular cubic halite precipitation and limited creeping observed in the absence of FeCN.
(b) Dendrtitic crystals and creeping of crystals away from the original drop boundary observed in the
presence of FeCN. [69] Reproduced with permission.

.

efflorescence [59]. Gupta et al. investigated transport of NaCl in presence of FeCN
in fired-clay bricks also reported higher transport of salt ions to the surface. They
attributed this behaviour to the formation of dendritic crystal habits with a high
surface area, inducing faster evaporation with advection governing the ionic trans-
port of salts [67]. Dendritic crystal growth also promotes creeping of salts and aids
advection of salts to the evaporating surface (see Figure 2.8). Subsequent studies
have demonstrated that FeCN when present in solution along side NaCl, supports
effective desalination of various porous materials such as stones, bricks, mortar and
brine rich-soil by delaying nucleation and favouring efflorescence. [71–74].

A study on NaCl contaminated lime-cement mortars under crystallisation and
deliquescence cycles showed irreversible dilation. Such dilation was not observed
on specimens which were contaminated with NaCl solution containing FeCN [42].
SEM images of mortar pores showed that the NaCl crystals in presence of FeCN
were localised and not adhering to the porewalls, thereby possibly not transfer-
ring stresses from the crystals to the pore walls. Gupta et al. showed that NaCl
crystals in presence of FeCN tended to be smaller and irregular [67]. As per the
observations of Granneman et al.[35], FeCN increases nucleation density of NaCl
crystallisation i.e. produces higher number of nucleating sites resulting in smaller
crystals instead of an agglomerated large crystal (Figure 2.10). Small crystals may
lead to less pore clogging and these factors may contribute towards mitigating salt
damage by lowering the crystallisation pressure. However, this hypothesis is not
yet investigated experimentally [35].

In the studies cited so far, FeCN was introduced along with NaCl solution through
capillary absorption. However, it has been shown that FeCN is only effective in de-
laying nucleation of Na+aq and Cl

–
aq ions and does not alter the crystal morphology or

solubility of already precipitated crystals [34]. Introducing FeCN solution (e.g. with
a spray), as a means to desalinate salt contaminated porous materials has shown
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(a) without FeCN (b) with FeCN

Figure 2.9: Effect of FeCN on NaCl crystallisation in porous limestone [70]. (a) Crystallisation of NaCl
on porous limestone forming an adherent layer. (b) Enhanced efflorescence and higher salt desalination
observed on porous limestones in presence of FeCN. Salt crust appears fluffy and non-adherent to the
limestone substrate. Reproduced with permission.

limited success. Simply spraying FeCN solution on an already salt contaminated
limestone surface, did not lead to increased efflorescence in limestone specimens
[75]. As per Rivas et al. spraying FeCN on salt contaminated granite surface led
to desalination, limited to a depth of first 1.5 mm from the surface i.e. only in the
region where moisture could penetrate and dissolve the existing NaCl crystals [71].
Gupta et. al showed that spraying FeCN solution on contaminated specimens works
by taking measures to prevent moisture evaporation and allowing enough time for
the salts to dissolve and FeCN anions to diffuse in the specimen depths [76]. These
measures are difficult to implement on a building site.

2.4.4. Development of mortars with mixed-in inhibitors
As discussed in the previous section, in order to maximise the effectiveness of FeCN
in limiting salt damage, it is necessary that FeCN is present in the porous materials
prior to salt crystallisation. In mortars, one way to achieve this is by incorporating
FeCN during the mortar production process. In a pilot study dating back to 2010,
FeCN was incorporated in lime-cement mortar specimens during mixing stage of
mortar preparation [78]. As a result, FeCN was available in the substrate before
the salt ingress. The specimens were contaminated with NaCl solution and sub-
jected to a salt weathering test. Mortars with mixed-in inhibitors showed 100 times
less material loss compared to control specimens; the inhibitor favoured NaCl ef-
florescence and dendritic crystal growth. The study concluded that FeCN remains
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Figure 2.10: Electron microscope image of the changed crystal habit of NaCl in presence of FeCN on
a mortar substrate. High nucleation density (high number of nucleation sites with smaller crystals) of
altered NaCl crystals is visible alongside cubic NaCl crystals [77]. Reproduced with permission.

effective when mixed directly in mortar during production. Since then, these posi-
tive results have also been reported in other experimental studies in air lime-based
mortars [77, 79, 80]. Experimental research also showed that addition of FeCN
does not affect fresh and/or hardened properties of air lime mortars [81]. A field
application of lime plaster containing FeCN on a NaCl contaminated wall showed
no damage after four years of application. Differently, the lime plaster without the
inhibitor showed severe damage in the form of powdering [82]. All these results
make mortars with mixed-in FeCN a promising strategy to address salt damage in
repairs, renovations and new constructions. However, these studies also revealed
some challenges that still need to be investigated. These are discussed in the fol-
lowing sub-section.

2.4.4.1. Potential challenges for mortars with mixed-in inhibitor
Until now, the research on mortars with mixed-inhibitors has been carried out on
air-lime mortars. Air-lime mortars constitute only a small fraction of the mortars
used in the building industry today [83]. Hydraulic binders, such as natural hy-
draulic lime (NHL) and ordinary portland cement (OPC), are more commonly used
in restoration/renovation works and new constructions respectively and are also
susceptible to salt damage [84, 85]. Therefore, the resistance of hydraulic mortars
against salt crystallisation could be possibly improved by incorporating FeCN during
mortar preparation. One of the first steps in this direction would be to understand
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any possible interaction between FeCN and hydraulic binders that could negatively
affect the mortar properties. Past research has shown that some additives can have
negative effects on fresh and hardened properties of various cementitious materials.
For instance, the addition of plasticisers containing polycarboxylate ethers (PCE) for
improving concrete workability have an unintentional effect in retarding cement hy-
dration [86] or addition of hydrophobic agents have a negative effect on concrete’s
compressive strength [87]. Even though FeCN did not affect properties of air-lime
mortar negatively [81], this does not guarantee the same effect on hydraulic mor-
tars, as these binders differ in chemical compositions.

One of the major differences between hydraulic and air-lime mortars is their
primary mechanism of strength development and hardening behaviour. Air-lime
binders rely solely on the process of carbonation i.e. the reaction of calcium hy-
droxide (Ca(OH)2) with with carbon dioxide (CO2) from the atmosphere to form
different phases of calcium carbonate (CaCO3) [88]. Whereas, hydraulic mortars
contain additional reactive phases such as monocalcium silicate (CS), dicalcium sil-
icate (C2S), and tricalciumsilicate (C3S) (this last only occurring in OPC) and minor
phases such as calcium (ferro) aluminate (C3A, C4AF). [89]. The calcium silicate
phases react with water (hydration reaction) to form calcium-silicate hydrate (CSH)
phases that are primarily responsible for the development of the micro-structure and
the mechanical properties of hydraulic mortars. Carbonation plays only a secondary
role in the micro-structure development of hydraulic mortars. FeCN ions might in-
terfere with the hydration of these reactive phases by forming different hydrates.
This interaction needs to be investigated to establish the feasibility in extending the
application of mixed-in inhibitors to mortars based on hydraulic binders.

Another important challenge in the development of mortars with mixed-in in-
hibitors emerged during the study by Granneman et al. [77]. Mortar specimens
containing FeCN subjected to a test consisting of several wetting and drying cycles
showed negligible amount of FeCN inside the specimens at the end of the test. The
loss in FeCN was attributed to leaching of FeCN out of the substrate. In fact, the
high solubility of NaFeCN (17g/100 mL at 25°C) [90] in water makes FeCN vulnera-
ble to leaching. When in solution, [Fe(CN)6]

4– ions can be easily transported to the
evaporation surface, both by advection and diffusion. Excessive transport of FeCN
will lead to depletion of FeCN in the depths of the mortar and might diminish its
positive effect on salt crystallisation damage in the long term. Despite being crucial
for durability of mortars with mixed-in inhibitors, the leaching behaviour of FeCN is
still unexplored. Difficulties pertain to a lack of methodology in quantifying FeCN
leaching from mortar. Several standard tests exist for assessing leaching of soluble
species from mortar but they would need to be adapted to replicate the FeCN trans-
port observed in the field and to accurately measure FeCN concentrations. Thus,
a systematic leaching test needs to be designed; able to take into account FeCN
leaching under both diffusion and advection driven transport. Implications of such
a study may provide insights in controlling leaching and assessing the effectiveness
of these strategies. Some strategies to control leaching are discussed in detail in
the Section 2.5.

A third issue with using FeCN in porous materials pertains to a chromatic alter-
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ation that may limit the application of FeCN. Blue stains have been reported when
FeCN was used in desalination of granite [71] and on a lime plastered wall panel
[82]. Blue colour is a result of a reaction between Fe(III) and [Fe(CN)6]

4– ions
forming ’Prussian blue’ (Ferric ferrocyanide), a common inorganic pigment [91].
Prussian blue can be even formed without any need of solvent (moisture) as long
as Fe and FeCN come in mechanical contact with each other [92]. Fe is usually
present as trace elements in various mineral aggregates and bricks. Even in the
absence of Fe in the building materials, Prussian blue can be formed from a partial
photolytic degradation of FeCN to Fe(III) ions [93]. Thus, preventing or controlling
the formation of blue is challenging. More research is needed in this direction to
address this bottleneck.

2.5. Encapsulation and release of the inhibitor
In the previous section, rapid leaching of the inhibitor has been identified as one
of the primary challenges in the development of (hydraulic) mortars with mixed-
in inhibitor. Slowing down leaching of the inhibitor from the mortar can prolong
its effectiveness over an extended period and thus, improve the service life of the
mortar. Encapsulation of the inhibitor may offer a solution to this issue.

Encapsulation, i.e. a technique to enclose active ingredients inside relatively
stable shells called capsules, has been prevalent since the 19th century in the phar-
maceutical field, as a way to protect and deliver medicines [94]. Today, capsules
are used in a wide range of fields, including medicine [95, 96], food and agriculture
[97], fragrance and cosmetics [98] as well as construction [99]. There is an exten-
sive literature available on encapsulation techniques, capsule materials [100] and
capsule release mechanisms [101]. In this review, capsule materials potentially
suitable for application in mortar are classified based on the release mechanisms
of their cargo (diffusion, rupture and dissolution/disintegration) as shown in Figure
2.11, [102], and discussed in the following subsections.

2.5.1. Rupture-based release
The encapsulated chemicals (cargo) can be released from the capsules by inducing
rupture/ fracturing in the capsule shells. This is an active form of release, where the
capsules protect the cargo until rupture of the capsule shell. Rupture-based release
is one of the most commonly used mechanisms in self-healing materials [103]. The
rupture of the capsules is induced by mechanical loads that propagate cracks in
the material and the cracks are then repaired by the healing agent released from
the capsules. The rupture-based capsules can be optimised to crack under specific
loads by tuning the thickness, diameter and the stiffness of the capsule shells [104].

In the research on self-healing cementitious materials, various materials for
making rupture-based capsules have been tested such as glass, ceramics [105, 106]
and an array of synthetic polymers, including polystyrene [107, 108], methacrylate
[109], phenolformaldehdye [110] and polyurea [111–113]. Brittle capsule materi-
als such as glass, have shown low survivability during concrete mixing process and
consequently, a premature release of the cargo [104, 114]. On the other hand,
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Figure 2.11: Different types of release mechanisms in capsule based systems. Image adapted from
[102].

flexible materials like polylactic acid are able to survive the concrete mixing pro-
cess but face the risk of erosion and disintegration in alkaline conditions, present
in cementitious materials. Other polymers such as polyurethane and polystyrene
face difficulties in getting ruptured under mechanical loads, preventing the release
of the cargo [110]. It seems that a good compromise between survivability during
mixing and rupture during service life can be obtained by using capsules made of
preheated thermoplastics, such as polystyrene and polymethyl methacrylate [108].
These capsules transition from a flexible state during mixing to a brittle state after
concrete hardening.

The major advantage of rupture-based of release is that the cargo is released
only when needed i.e. when rupture is initiated (e.g. when material is damaged).
However, application of rupture-based capsules leads to an instantaneous (burst)
release of the complete cargo and the process is irreversible i.e. the capsules once
triggered, cannot be reused.

2.5.2. Dissolution/disintegration-based release
The release of the cargo from capsule shells can be triggered by dissolution or
disintegration of the capsule shell. This is an active form of release which relies on
chemical reactions that induce dissolution or disintegration of the capsule shells. For
example, a chemical reaction can be induced that can remove the cross-linker or de-
polymerise the capsule shells [101]. Xiong et al. designed silver alginate capsules
based on chloride ion trigger [115]: the presence of chloride ions remove the cross-
linking silver ions from the silver alginate network, leading to disintegration of the
capsule shell and release of the cargo. In other cases, pH changes have been
used to trigger the release of the cargo [116, 117]. In this research, the release
of the cargo was delayed/ tuned by controlling the thickness of the capsule shell
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[116, 117]. Other triggers used to depolymerise the capsule structure to release
the cargo include near-infrared radiation [118], NaCl concentration [118], hydrolysis
[101], and acids [119, 120].

The dissolution-based capsules can be used in cases where mechanical rup-
ture of capsules is not desired or possible. In contrast to rupture-based capsules,
dissolution-based capsule shells can be designed to obtain a delayed release by
taking into account the specific chemical trigger and the rate of reaction. However,
the major disadvantage of dissolution-based capsules is an irreversible change to
the capsule structure, meaning, the capsules once triggered, cannot be reused.

2.5.3. Diffusion-based release
Release of the cargo from the capsules via diffusion is driven by the concentration
gradient between the cargo inside and outside the capsules through a permeable
membrane. This is a passive form of release, where a triggering event is not nec-
essary to release the cargo. The permeability, porosity and the thickness of the
capsule control the rate of transport of the cargo from the capsules. Additionally,
the molecular weight and the bulk diffusion coefficient of the cargo affect the rate
of release from the capsules.

Diffusion as a release mechanism from capsules has been thoroughly investi-
gated in the pharmaceutical industry to obtain controlled-release of drugs. One
of the classic examples is the delivery of aspirin using capsules. Introduction of
high doses of aspirin directly leads to peptic ulcers. However, when introduced
through semipermeable ethyl cellulose [121] or pentaestergum-coated capsules
[122], aspirin is released slower and health hazards are minimised. Early stud-
ies have shown that polymeric membranes, such as polyvinyl-alcohol (PVA) and
ethylene-vinyl acetate (EVA), can be engineered to obtain a sustained release of
proteins and macromolecules through diffusive shells [123]. Koole et al. demon-
strated that the rate of release can be adjusted by changing the porosity and the
size of capsules [124]. Mun et al. managed to obtain a controlled release of the
cargo from alginate-polycaprolactone capsules by controlling its amount in the cap-
sule. Higher the amount of cargo in the capsules, higher the rate of release, due
to a larger concentration gradient [125].

Diffusion-based capsules have been shown to be effective in obtaining controlled
release of macromolecules (molecular weight > 1000 gmolዅ1), such as proteins
and enzymes, which have diameters comparable to capsule pores [126]. However,
controlling the release of small molecules such as glucose, ethanol and NaFeCN
(molecular weight: 484.06 gmolዅ1) using just diffusion-based release is challeng-
ing, due to small size of the molecules. Triggers such as pH changes, heat, light,
etc. have shown to be able to modify capsule permeability, by inducing swelling
or constriction of the capsule pores, thereby supplementing diffusion-based release
and allowing for a better control of release of small-molecule cargo [101].

For example, Zheludkevic et al. designed capsules [99] for aluminium surface
coatings to deliver corrosion inhibitors (molecular weight 119 gmolዅ1) by tuning the
capsule permeability in response to pH changes. In this research, Zheludkevic et
al. showed that the corrosion activity of aluminium lead to pH changes and that in
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turn increase the capsule permeability, facilitating the release of the encapsulated
corrosion inhibitor. As the pH is recovered by the corrosion inhibitor, the capsule
permeability decreases again, preventing further release of the corrosion inhibitor.
A similar strategy was also adopted using methyl methacrylate acid (MMA) as shell
material to control release of corrosion inhibitors in highly alkaline and highly acidic
environments [127]. Hofmeister et al. used polymeric nanocapsules to encapsu-
late ’fragrance-imparting volatile liquids’ for a controlled release of the fragrance
[98]. The authors created a high diffusion barrier, sensitive to pH and tempera-
ture changes, and showed that the release kinetics can be tailored by changing the
polymer shell thickness.

In construction materials, within the field of bacteria-induced self-healing con-
crete, porous capsules have been used both to protect bacteria from harsh envi-
ronments [128] and to provide reservoirs for storing and delivering nutrients for
bacterial growth [129]. In another study within building materials, diffusion-based
insoluble acrlyate capsules have been used to obtain a controlled-release of super-
plasticisers in bulk solutions of different pH [130]. The authors showed that the
release rate of the superplasticisers was dependent on the swelling behaviour of
the capsules driven by pH changes.

Diffusion-based capsules have several advantages over capsules based on other
release mechanisms. Firstly, the release of cargo from the capsules does not affect
the integrity of the capsules structure. Secondly, external stimuli e.g. pH can be
used to design smart tunable release from capsules. A possible disadvantage of
diffusion-based release capsules is the difficulty in controlling the release of small
molecule cargo. Additionally, since diffusion-based release is a passive form of
release, release of the cargo might still occur when not necessary, and thus lead to
a wastage of the cargo.

2.5.4. Suitability of capsules based on the release mechanism
In the context of this PhD research, the main aim is to design capsules that can
slowly release the crystallisation inhibitor to prevent the occurrence of salt-induced
damage, and thereby extend the service life of the mortars. Considering this aim,
rupture-based and dissolution-based capsules do not seem appropriate. In both
cases, the complete cargo is released instantaneously at the first triggering event.
The capsules undergo irreversible changes and the cargo cannot be released again,
meaning this cannot be a long-term solution. Moreover, rupture based capsules
require a triggering event, like fracture, to release the cargo; such capsules would
thus only work at the moment damage induced by salt damage has already occurred
and thus would not be effective to prevent salt damage.

Differently, capsules with a diffusion-based release may be designed to slow
down the release of the inhibitor from the capsules and reduce its leaching from
mortar. In mortar, pH changes over its service life are expected due to carbonation.
Thus, diffusion-based capsules supplemented with a response to a pH-stimulus can
be useful to design smart capsules. Additionally, considering the low molecular
weight of the inhibitor, controlling its release just under diffusion could be chal-
lenging and relying on an additional pH-stimulus could provide a better control
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over the inhibitor release.
Among materials which can be used for diffusion-based release, bio-based poly-

mer hydrogels might offer a suitable option for application in this research, i.e.
encapsulation and controlled release of the inhibitor. Bio-based polymer hydro-
gels belong to a class of capsules that also rely on external stimulus such as pH
changes.The properties of hydrogels, with focus on their pros and cons for potential
application in this research for encapsulation of the inhibitor, are presented in the
next subsections.

2.5.5. Bio-based polymer hydrogels
Hydrogels are three-dimensional hydrophilic polymer networks capable of changing
their pore-size by swelling or shrinking and therefore; this property make hydro-
gels a suitable candidate for the preparation of capsules with a diffusion-based
release mechanism [131]. In recent years, there is a growing interest in using hy-
drogels composed of naturally occurring (bio-based) polysaccharides and proteins
as delivery systems in a wide range of fields [132]. The interest stems from the
presence of rich functional groups on these polymers that can be exploited to tune
reversible swelling and release response [133]. Besides, polysaccharides-based hy-
drogels (e.g. alginates, agarose, chitosan and cellulose) or protein-based hydrogels
(e.g. gelatin, pectin and collagen) are abundant in nature, low cost and commer-
cially available [134]. Furthermore, they are non-toxic and bio-degradable and thus
more sustainable than synthetic polymers [132]. They are also relatively easy to
be produced; simple techniques such as extrusion dripping can be used to prepare
capsules.

Among bio-based hydrogels, alginate and chitosan have been extensively re-
searched in controlled-release systems in the field of medicine. Moreover, in ce-
mentitious materials, these hydrogels have been shown to be suitable as an ad-
ditive to aid curing and improve frost resistance [135]. Although not particularly
researched for controlled-release applications in the building industry, some of the
properties of alginate and chitosan can make them a possible candidate for the en-
capsulation and release of FeCN in mortars. Therefore, the relevant properties of
alginate and chitosan, their potential in controlled-release applications across dif-
ferent fields and their suitability to mortar-based applications are discussed in the
following sub-sections.

2.5.5.1. Alginate
Alginate (salt of alginic acid) is an anionic polysaccharide derived from brown algae
[136]. It is composed of linear alternating chain blocks of α-1,4-L-guluronic acid
(G block) and β-1,4-D-manuronic acid (M block), both containing carboxyl groups
(-COOH) [137]. In presence of divalent cations, like Ca2+, Sr2+ or Ba2+, alginate
strands ionically cross-link to form a 3D polymer network [138, 139] (Figure 2.12).
In the production of alginate capsules, a soluble calcium source (e.g. CaCl2) is
usually preferred as a cross-linking agent over other divalent metals [138] due
to its low toxicity. The production of alginate capsules is relatively simple. They
can be synthesised using simple extrusion dripping technique and in mild gelation
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conditions (e.g. in aqueous solutions, at room temperature and neutral pH) [140].

Figure 2.12: Crosslinking of alginate (ALG) with divalent metal ions (M2+) to form the 3D structures with
an intrinsic porosity. [141].

Alginate capsules show a pH-responsive swelling and shrinking behaviour. When
in aqueous solutions with pH above its acid dissociation constant value (pKa), the
carboxyl group ( –COOH) on alginate chains de-protonates (loses H+) and becomes
negatively charged ( –COO– ). For alginates this occurs above a pH of 4-4.5 [126].
The negative charge on adjacent alginate strands leads to inter-molecular repulsion
between the strands and consequent swelling of the 3D network [137]. As the pH
increases, the repulsion increases leading to higher swelling and to an increased
capsule permeability. Conversely, under acidic conditions, alginates shrink and re-
duce their permeability, thereby preventing the release of the cargo. The swelling
behaviour of alginate capsules has been exploited to tune controlled-release of
cargo in response to pH changes [95] (Figure 2.13 ). In physiological conditions,
alginate hydrogels have been used towards targeted delivery of drugs in alkaline
intestinal fluid by-passing the acidic gastric environment [142].

Figure 2.13: pH response of alginate capsules. As the pH increases, alginate chains become negatively
charged repelling each other. The repulsion causes the alginate chains to move away from each other,
swelling the capsules and releasing the cargo. [137]. The net charge on alginates range from neutral
in low pH to negative in high pH. Reproduced with permission.

Within construction materials, alginate capsules have found applications as suit-
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able superabsorbent polymers to improve internal curing and frost resistance of
concrete [135]. In self-healing asphalt, calcium alginate capsules have been used
to introduce ashpalt rejuventors [143, 144]. The above studies have shown that
alginate capsules do not interact chemically with these building materials and have
been shown to survive the mixing process. However, alginate capsules have not
been explored in construction/building materials for controlled-release applications.

Main advantages of alginate capsules are easy production methods and chem-
ical inertness in cementitious materials. One of the main disadvantage of alginate
capsules for application in this research can be its high swelling or disintegration
in alkaline conditions [145], conditions prevalent in mortar. These conditions could
result in a faster release of the cargo. A second possible disadvantage of alginate
capsules is the loss of cargo due to leakage during production, that can lead to a
wastage of the cargo [146].

2.5.5.2. Chitosan
Chitosan (D-glucosamine) is a cationic polysaccharide obtained from deacetyla-
tion of chitin (i.e. exoskeleton of shrimps, crabs and other crustaceans) and is
the second most abundant natural polymer after cellulose [147, 148]. Chitosan
is commonly used for targeted drug delivery and wound dressing, thanks to its
bio-compatibility and non-toxic nature. Chitosan is pH responsive and its swelling
behaviour is opposite to that of alginates [149]. Amine groups ( –NH2) on chi-
tosan are positively charged ( –NH3

+) in acidic conditions with pH <6.5 and de-
protonate to –NH2 in alkaline conditions [150] (see Figure 2.14). Thus, in alkaline
conditions, chitosan capsules shrink forming a low permeability network, retain-
ing higher amount of cargo. This behaviour has been demonstrated and exploited
in drug-delivery applications, where chitosan has been shown to better retain the
cargo at high pH and to release it faster at low pH [151].

Figure 2.14: Protonation and deprotonation of amine groups NH2 of chitosan in low and high pH re-
spectively. The net charge on chitosan ranges from positive in low pH and neutral in high pH [148]

Compared to alginate, chitosan capsules have lower permeability and have thus
a greater control on the release of small molecules [152]. Chitosan being mainly
used for controlled-release of medicines, its response to pH changes is well known
up to 7.4, as this is relevant in the physiological conditions [133, 147, 153, 154].
However, there are only few studies available on chitosan’s behaviour at higher pH,
a condition which is relevant to cementitious materials.
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In cementitious materials, Wang et al. explored pH-response of chitosan modi-
fied with methacrylic anhydride for application in immobilisation of bacteria in self-
healing concrete [155]. The authors reported that chitosan capsules shrank in the
concrete environment (pH>12) and did not disintegrate.

Summarising, the main advantage of chitosan is its pH-driven swelling/shrinking
behaviour; at high pH, chitosan will shrink and release the cargo slower. This prop-
erty of chitosan can be exploited to slow down release of the inhibitor in mortar. A
possible limitation of chitosan for the specific application foreseen in this PhD work,
could be an electrostatic interaction between the negatively charged [Fe(CN)6]

4–

ions and positively charged amine groups on chitosan [156]. This might interfere
in the encapsulation process of the inhibitor.

2.5.5.3. Chitosan-alginate polyelectrolyte complex
Alginate and chitosan can be combined together to form a polyelectrolyte complex
(PEC) through a process called complex coacervation. In this process, the nega-
tively charged carboxyl group on the alginate chains (COO– ) forms ionic bonds with
the positively charged amine groups (NH3

+) on the chitosan chains [157] . Pres-
ence of calcium ions alongside complex coacervation is also necessary to improve
the mechanical strength and the stability of the PEC capsules (Figure 2.15). The
resulting chitosan-calcium alginate PEC is more robust than just chitosan-alginate
PEC (without calcium) [158].

Figure 2.15: Formation of a chitosan-alginate complex due to interaction between two oppositely
charged polymers. Addition of calcium to the polymer further reinforces the complex with additional
cross-links and improves stability. Modified from [157] and reproduced with permission.

Due to the presence of both, carboxyl and amine groups, the PEC has different
properties than individual alginate or chitosan [159]. Some of the limitations of
alginate, such as swelling in high pH, can be overcome by incorporating chitosan in
the alginate matrix, thanks to an opposite pH response (See Figure 2.16). As per
George et al., for the PEC, ”The easy solubility of chitosan in low pH is prevented
by the alginate network and the possible dissolution of alginate at higher pH is
prevented by chitosan which remains stable at high pH” [145]. Incorporation of
chitosan in alginate networks counteracts the swelling of alginate networks [149]
and decreases the permeability of alginate networks for slowing down the release
of the cargo [160, 161].
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Various studies have demonstrated the superiority and tunability of the PEC over
individual alginate and chitosan. Pasparakis et al. showed that chitosan-alginate
PEC retarded release of an encapsulated drug (Verapamil) by 30% as compared to
alginate-only capsules [162]. One of the reasons for the slower release is the reduc-
tion of permeability via chitosan-alginate bonding [160]. Moreover, the presence
of a multi-layered structure due to chitosan-alginate cross-links has been shown to
reduce the diffusivity of the encapsulated cargo, slowing down its release [163].
The PEC exhibits a higher stability and integrity of the hydrogel network under high
pH conditions. This higher stability is attributed to the presence of chitosan that re-
sists erosion of the alginate networks [164]. Encapsulation in chitosan-alginate PEC
has been successfully used in vitro for the controlled-release of various chemicals,
including small molecules, up to a pH of 7.4 (physiological conditions) [161, 165–
168]

Figure 2.16: Opposite pH response of chitosan (cationic) and alginate (anionic) polymers. The image is
adapted from [169]. Combination of both the polymers in a polyelectrolyte complex and varying their
proportions can be used to tune a specific swelling response

Research on application of chitosan-alginate PEC in construction materials is
very limited. In the only study of PEC application in concrete, chitosan-alginate
capsules were studied as a medium to encapsulate and protect bacteria for self-
healing applications [170]. The authors investigated the swelling of the different
hydrogels (calcium alginate and PEC) under a pH range of 6-12 and concluded that
above pH 12, chitosan-calcium alginate PEC capsules shrink, while calcium alginate
capsules (without chitosan) swell. These results suggest that chitosan-alginate PEC
capsules might be suitable for encapsulation and controlled release of inhibitor in
mortar.
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The main advantage of the PEC is that the swelling of the capsules and there-
fore, the release of the cargo at a certain pH, can be tuned by altering the individual
alginate and chitosan concentrations. A possible limitation could be a more com-
plicated capsule production process and possibly, high production costs.

2.5.6. Possible effects of capsules on the properties of mortar
Some studies have shown that incorporating capsules in concrete has a negative
effect on the mechanical properties of the concrete, such as compressive and flex-
ural strength [170, 171]. Low mechanical properties have been associated with the
introduction of weak capsule-mortar interfaces and higher defects in the concrete
matrix [172]. Another drawback might lie in the hydophilicity of the hydrogels. Hy-
drogels, such as alginates and chitosan, added during concrete/ mortar production
have shown to adsorb large amount of mixing water, negatively affecting the work-
ability/ slump of the fresh concrete/ mortar [135]. Aditionally, adsorption of water
by hydrogel capsules may also affect the process of hydration and micro-structure
formation in mortars.

2.6. Identified research gaps
Based on the literature review, it is clear that incorporating sodium ferrocyanide in
air-lime mortars has positive effects in preventing NaCl induced damage. However,
the application of crystallisation inhibitors is still in its early stage of development
and several knowledge gaps have been identified:

• The crystallisation inhibitor may interact with hydraulic mortars and affect
their properties, such as workability, setting-time, hydration and carbonation,
mechanical and physical properties. Until now, the effect of crystallisation
inhibitor on properties of hydraulic binders is still unexplored.

• The long-term effectiveness of the inhibitor in mortars can be compromised
due to inhibitor’s susceptibility to leach out of mortar. Quantifying the rate of
leaching of the inhibitor from mortar is therefore crucial for assessing its long
term effectiveness. Despite the practical relevance, there is a lack of data
and test methods on assessing the leaching behaviour of the inhibitor from
mortar.

• If necessary, encapsulation and controlled-release of inhibitors may provide a
solution to reduce the leaching rate of the inhibitor and prolong the service life
of mortars. Hydrogels, such as chitosan, alginate or their combination have
been identified as potential materials for encapsulation and diffusion-based
release of the inhibitor. Despite their applications for controlled-release in
several fields, such as medicine, agriculture and cosmetics, their behaviour in
building materials is still unknown.

• The effectiveness of hydraulic mortars with mixed-in inhibitor against salt
damage is still unknown. Similarly, the effect of the encapsulated inhibitor



2

36 References

on the properties, durability and service life of mortar against salt damage
still miss experimental validation.
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3
Effect of a mixed-in

crystallisation inhibitor on
the properties of hydraulic

mortars

In this chapter, the possibility to develop hydraulic mortars with mixed-in in-
hibitor is explored. As an essential first step, the influence of the inhibitor
addition on the properties of hydraulic mortars is investigated. Two common
types of hydraulic binders, natural hydraulic lime (NHL) and ordinary Port-
land cement (CEM I), are studied; the inhibitor is added in different concen-
trations during mortar (and binder paste) preparation. Relevant properties of
mortar and binder paste, in fresh (hydration, workability, setting time) and
hardened (mechanical strength, elastic modulus, pore size distribution, wa-
ter absorption) state, are assessed using several complementary methods
and techniques.

This chapter is based on the article published in AIMS Materials Science 9, 4 (2022).
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3.1. Introduction

S alt crystallisation in porous building materials (e.g. bricks and mortar) induces
stresses [1] and is a recurrent/main cause of damage in buildings. Salt damage

is particularly evident in plasters and renders making them vulnerable to salt decay,
owing to various reasons. Due to their proximity to the outer, evaporative surface of
the walls, plasters and renders are the location where salts tend to accumulate and
undergo dissolution and crystallisation cycles in response to changing environment
(RH and temperature changes, rain etc.).

Plaster and renders show therefore often a limited durability in the presence of
moisture and salts. Different solutions have been proposed to improve the service
life of these materials, such as the use of water repellent additives mixed in the
mass (the so-called salt accumulating plasters) [2]). However, the durability of
such solutions is limited and their compatibility with existing (historic) buildings is
low, especially in the presence of high moisture content in the underlying masonry.
Alternative solutions have been therefore sought to improve the durability of plaster
and render mortars against salt decay. In the past years, the use of crystallisation
inhibitors has been considered as a potentially durable solution against salt decay.

crystallisation inhibitors are molecules that alter the process of crystallisation by
delaying nucleation and/or by modifying the crystal habit [3]. Alkali ferrocyanides
(FeCN) have been shown to be effective in inhibiting NaCl growth and are commonly
used as anti-caking agents [4]. In studies performed on bulk solutions, the presence
of FeCN has shown to alter sodium chloride crystal morphology from a cubic habit
to a dendritic pattern having a higher surface area [5]; this habit modification has
shown to increase the rate of evaporation [6]. In early studies, the inhibitor was
introduced in the building materials with salt solutions through capillary absorption.
Researchers observed a larger amount of efflorescence in materials contaminated
with an aqueous solution of NaCl and FeCN with respect to materials contaminated
with NaCl solution, suggesting increased salt transport outside the porous substrate
[6–8]. This was been attributed to both the inhibition of crystal nucleation, leading
to a higher advection of salt ions to the surface, and to the faster evaporation
rate, induced by the large evaporation surface of the branched crystals [9]. As
per Granneman et al. [3], FeCN in porous materials leads to an increase in NaCl
nucleation density due to high supersaturation and consequently smaller crystals.
This is also thought to reduce pore clogging and lower crystallisation pressure in
the pores.

A study revealed that FeCN was effective only if added prior to crystallisation
(when Na and Cl are present as ions) whereas, its effect on modifying salt crystals
and/or favouring their dissolution was not evident [6, 10]. Thus, for the inhibitor to
be effective, it must be present in the building materials before salt crystallisation
takes place. In mortars, a way to obtain these conditions is to add the inhibitor
during mortar preparation. This approach was tested for the first time with promis-
ing results in air-hardening, (hydrated) lime-based mortars, to which sodium FeCN
was added [11]. The lime mortar with mixed-in inhibitor showed an increased
resistance to salt decay, in comparison to mortar without the inhibitor under an
accelerated salt weathering test [12, 13], while showing a negligible effect on rele-
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vant physical/chemical properties of mortar [14]. Hydrated lime-based mortars are
often used in restoration works owing to good compatibility with historic materials.
However, in renovation works and new constructions, hydrated lime mortars have
been replaced with hydraulic mortars, on account of higher mechanical strength
and faster setting. Even in the field of restoration, natural hydraulic lime as well as
blended cement-lime mortars are seen to be potential alternatives to overcome lim-
itations of traditional lime mortars [15–19]. Nonetheless, hydraulic mortars remain
vulnerable to salt decay and the use of crystallisation inhibitors can be beneficial in
improving their durability in those cases where moisture and salts are present.

Until now, the potential for the use of crystallisation inhibitors in hydraulic mor-
tars has not been yet explored, which is limiting its application. The different
mechanism of strength gain and setting between hydrated lime mortars and hy-
draulic mortars, may invalidate the positive results observed in the case of hydrated
lime mortars with FeCN. In fact, whereas in hydrated lime mortars, carbonation is
solely responsible for microstructure development, in hydraulic mortars hydration
(i.e exothermic reaction between water and the binder) plays a primary role. In
order to extend the concept of mixed in crystallisation inhibitors to hydraulic mor-
tars, therefore, a first essential step towards the developments of hydraulic mortar
with mixed-in inhibitor, consists in assessing if any interaction occurs between the
inhibitor and the hydraulic binders (e.g. NHL or Portland Cement) that could neg-
atively affect the mortar properties and/or performance.

This paper investigates the effect of sodium ferrocyanide on the properties of
hydraulic mortars prepared with NHL and CEMI binders, by means of tests and
experiments carried out in laboratory.

3.2. Materials
3.2.1. Building materials
Two types of hydraulic binders were tested, natural hydraulic lime (NHL) with a
strength class of 3.5 and ordinary Portland cement (CEM I) with a strength class of
42.5. Standard river sand, as per EN 196-1 with a particle size distribution of 0.08-2
mm was used to prepare mortar specimens [20]. Sodium ferrocyanide decahydrate
(Na4Fe(CN)6 ⋅ 10H2O) (Sigma Aldrich) was used as the crystallisation inhibitor.

3.2.2. Specimen preparation and storage conditions
Two types of specimens were prepared for performing various tests, namely, binder-
paste specimens and mortar specimens. An overview of different types of speci-
mens used in different tests can be found in Table 3.1.

3.2.2.1. Binder paste specimens
Control specimens (without inhibitor) were prepared by mixing binder and dem-
ineralised water to form a paste. The water-binder ratio (w/b) was maintained at
1 and 0.5 by weight for NHL and CEM I respectively.

To prepare specimens with mixed in inhibitor, sodium ferrocyanide decahydrate
(FeCN) was first dissolved in demineralised water and subsequently added to the
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binder to form a paste. Specimens with different inhibitor concentrations were pre-
pared: 0.01%, 0.1% and 1% (weight of the inhibitor is expressed as a percentage
of the binder weight). The concentrations were selected based on previous re-
search [6, 12]. Paste specimens were immediately tested (heat of hydration and
setting time) in their fresh state.

3.2.2.2. Mortar specimens
Mortar specimens were prepared according to the European standards, EN 459-2
[21] for NHL and EN 196-1 [20] for CEM I. Binder and sand were weighed in a 1:3
ratio. This ratio was chosen as per the standards to test the binder strength and
was used for all the other tests to make meaningful comparisons. FeCN specimens
were prepared with concentrations of 0.1% and 1% by weight of the binder. FeCN
was first dissolved in the water used for the preparation of the mortar. The water-
binder ratio (w/b) was fixed at 0.5 for CEM I and 0.6 for NHL. Additionally, control
specimens (without inhibitor) were prepared as a reference. Mortar specimens were
cast as prisms as well as slabs. Prisms were used for assessing the mechanical
properties and the slabs were used to study transport related properties. Prisms
were cast in polystyrene molds with dimension 160x40x40 mm and were compacted
using a vibrating table as per EN 196-1 [20]. Mortar slabs were cast on a fired-
clay brick and compacted by hand to obtain field comparable mortar which is more
representative for studying moisture transport [22, 23]. A paper towel was placed
on top of the brick before casting the mortar, to facilitate demoulding of the mortar
slabs. The slabs had a size of 200x100 mm with a thickness of 20 mm.

After casting, all mortar specimens were covered in plastic and stored at lab
conditions for the first 24 hours. CEM I specimens were demoulded/ detached
from the brick substrate after 24 hours and transferred to the curing room. NHL
specimens were transferred to the curing room after 24 hours with the moulds and
demoulded/detached on day 5, in order to prevent damage during demoulding on
account of slower hydration. The conditions in the curing room were maintained
at 20°C / > 95% RH. Specimens were stored in the curing room until tested, to
minimise carbonation.

3.3. Test methods
Various tests were performed on the paste and mortar specimens to assess the
effect of the inhibitor on early age (fresh) properties and hardened properties of the
mortars. A summary of the test methods, specimen number and size are presented
in Table 3.1.

3.3.1. Characterisation of early age/fresh properties

3.3.1.1. Measurement of heat of hydration
The primary mechanism for the development of microstructure in hydraulic mor-
tar takes place through hydration (reaction between binder and water). Since, the
reaction is exothermic, monitoring the heat released during hydration provides in-
direct information on the microstructure development and the reaction products.
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Table 3.1: Overview of test methods and specimens

Measured
properties

Test
method

Specimen
type

Binder
type

Inhibitor (%)ኻ Replicates
Size/
weight

Heat of hydration Isothermal
Calorimetry

Binder
paste

NHL3.5,
CEM I

0, 0.01, 0.1, 1 2 ∼7.5 g

Setting time Vicat penetration Binder
paste

NHL3.5,
CEM I

0, 1 2 -

Workability Flow table test Fresh
mortar

NHL3.5,
CEM I

0, 0.1, 1 2 -

Compressive and
flexural strength

Compression/
3-point bending

Mortar
prisms

NHL3.5,
CEM I

0, 0.1, 1 3 160×40×40
mm

E-modulus Compression test Mortar
prisms

NHL3.5,
CEM I

0, 0.1, 1 3 160×40×40
mm

Open porosity and
Pore size distribution

MIP/N2 Mortar
slabs

NHL3.5,
CEM I

0, 0.1, 1 2 ∼4/1 g

Moisture transport Capillary
absorption and
drying

Mortar
slabs

NHL3.5,
CEM I

0, 0.1, 1 4 50×20×20
mm

ᎳPercentage of binder weight

The possible effects of binder-inhibitor interaction on early age reaction products
can be thus captured.

The heat flow and the cumulative heat of hydration was measured on fresh
binder paste specimens using an 8 channel thermometric isothermal calorimeter
(TAM-Air). The test procedure is based on EN-196-11 [24]. Paste was prepared
in the glass ampoule directly and placed in the calorimeter immediately. Quartz
specimens with a known specific heat were used as a reference to eliminate back-
ground noise. The temperature of the calorimeter was set to 20±0.2 °C and the
heat evolution was monitored continuously for 168 hours (7 days).

3.3.1.2. Setting time
Setting time is defined as the time required for the binder to completely lose its
plasticity and attain a certain resistance to external pressure. The setting time of
binder paste specimens, with and without the addition of the inhibitor, was mea-
sured using an automated Vicat Penetration test. The test was carried out according
to EN 196-3 [25]. The depth of needle penetration was recorded automatically at
fixed time intervals until the paste was completely set. The penetration curve was
obtained as a function of time.

3.3.1.3. Workability
Workability refers to the measurement of consistency and in turn the ease of com-
paction/application during construction. A good workability is necessary for easy
application of a mortar in practice. The workability was measured using a flow table
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test as per EN-1015-3 [26]. Freshly mixed mortar was placed on a standard flow
table in a cone in two steps. The table was jolted 15 times at a rate of 1 jolt/s. Two
diametric readings of the flow were recorded and the mean value reported.

3.3.2. Characterisation of hardened properties

3.3.2.1. Measurement of compressive strength, flexural strength and elas-
tic modulus

Compressive and flexural strength are indicative of load bearing capacities and to an
extent durability of mortars. Whereas, elastic modulus provides information about
stiffness of mortar and its ability to accommodate movements. Compression and
flexural strength was measured on mortar prisms following EN 1015-11 norm [27].
The loading rate was maintained at 2.4 kN/s and 0.1 kN/s for compression and
flexural test for CEM I specimens. In case of NHL specimens, the loading rate was
reduced to 0.1 kN/s and 5 N/s for compression and flexural strength respectively.
The test was performed at 28 days and at 90 days, to capture the short term and
the long term mechanical effects.

Elastic modulus was measured on mortar prisms using an Instron universal test-
ing machine. 4 Linear Variable Differential Transformer (LVDT) were glued to the
specimen on the 4 sides to record the deformation (Figure 3.1(a)). The specimens
were subjected to three compressive loading and unloading cycles (Figure 3.1(b)).
The maximum force that the specimens were subjected to was limited to 9.5kN
(5.9 MPa) for CEM I and 3kN (1.87 MPa) for NHL, in order to stay within the elastic
limits. The elastic modulus was calculated as the ratio of the applied stress to the
measured strain. The test was carried out on 28th day after casting.

Figure 3.1: (a) Experimental setup for measuring Young’s modulus. Displacement measured using LVDT
(b) Applied loading-unloading cycles for E-modulus measurements
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3.3.2.2. Porosity and pore size distribution
Mercury intrusion porosity (MIP) was used to measure open porosity and the pore
size distribution of the mortar specimens. The test was performed in Autopore IV
series machine from Micromeritics. Solid samples were collected from the middle
of the mortar slabs after 28 days of curing and were dried in a freeze drier to a
constant weight. This was done to remove the moisture as well as prevent further
hydration. Approximately, 4 g of sample was used on 2 replicates. The samples
were subjected to a maximum intrusion pressure of 210 MPa and the contact angle
between the mercury and the samples was assumed to be 141°. These conditions
facilitated pore throat measurements between 400 μm and 0.01 μm.

In addition to MIP, Nኼ adsorption method was used to obtain the pore size
distribution of pores smaller than 0.01 μm. Micromeritics Gemini VII machine was
used for the test. The test was performed on 1 g of freeze dried specimens. The
size of the fragments that were tested were between 2-4 mm.

3.3.2.3. Measurement of water absorption and drying rate
The moisture transport properties of the mortars with the inhibitor and without the
inhibitor were assessed through capillary absorption followed by drying. EN 1925
[28] was used as a guideline for capillary absorption. 50x50x20mm specimens were
cut using a saw from the mortar slabs after 28 days of curing. 4 specimens from 4
different slabs were used as replicates, in order to keep the sampling representative.
The specimens were first dried in an oven at 40°C until a constant weight was
obtained. The lateral sides of the specimens were sealed using paraffin film to
have a uni-directional moisture flow. The base of the specimens was in immersed
in water to facilitate capillary absorption. The immersion level of the water was kept
constant. Samples were weighed at prescribed time intervals with a precision of
0.01 g. For NHL, the time intervals as per the high absorbing substrate guidelines
were used whereas, for CEM I, the time intervals as per the low absorbing substrate
guidelines were used [28]. Two stages of water absorption with distinct slopes were
recorded. The water absorption coefficient (𝑊𝐴𝐶) calculated from Equation (3.1).

𝑊𝐴𝐶 = 𝑊። −𝑊ኺ
𝐴 ⋅ (√𝑡። − √𝑡ኺ)

(3.1)

Where, 𝑊ኺ is the dry weight of the specimen at time 𝑡ኺ. 𝑊። is the weight of the
specimen at time 𝑡። which is the time at which transition between two absorption
stages occur. A is the surface of the specimen in contact with water. Following
capillary absorption, the specimens were dried in the oven at 40°C. The weight of
the specimens was recorded regularly to obtain a drying curve. The measurements
were performed until the specimens reached a constant weight.

3.4. Results and discussion
3.4.1. Effect of ferrocyanides on early age/ fresh properties
The results obtained from the heat of hydration measured using isothermal calorime-
ter are presented in Figure 3.2. The results are normalised to the weight of the
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Figure 3.2: (a) Rate of hydration for CEMI (b) Cumulative heat of hydration for CEM I (c) Rate of
hydration for NHL (d) Cumulative heat of hydration for NHL

specimen for comparative purposes. The hydration behaviour in CEM I is different
to that of NHL due to different proportions of hydraulic phases (e.g. Alite (𝐶ኽ𝑆) and
Belite (𝐶ኼ𝑆) phases) [29]. A higher heat was generated in CEM I than in NHL: this
is due to the presence of higher amount of 𝐶ኽ𝑆 in CEM I; differently in NHL spec-
imens 𝐶ኼ𝑆 is the dominant hydraulic phase. However, irrespective of the binder
and their hydraulic components, the difference in the cumulative heat evolution
between specimens with and without inhibitor negligible. The presence of FeCN
ions in the pore solution do not seem to interact or form products with different
hydraulic phases in CEM I or NHL.

The results of the Vicat penetration test (Figure 3.3) show that the penetration
curve obtained in time is unaffected by the addition of inhibitor for both CEM I and
NHL. The initial and final setting times for specimens with the inhibitor and without
the inhibitor are comparable to each other.

The results of the workability measurements (Table 3.2 and Table 3.3), show
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a minor increase in flow for CEM I specimens in which the inhibitor was added.
On the other hand, a slight decrease in flow for NHL specimens. Considering the
variation observed in the data, a correlation between addition of the inhibitor and
the flow test cannot be clearly established; in any case the impact of the inhibitor
on the workability of the mortar is minor.

0 1 2 3 4 5 6
Time [hours]

0

10

20

30

40

P
en

et
ra

tio
n 

[m
m

]

CEM I

Control
1% FeCN

(a)

0 5 10 15 20 25
Time [hours]

0

10

20

30

40

P
en

et
ra

tio
n 

[m
m

]

NHL

Control
1% FeCN

(b)

Figure 3.3: Vicat penetration test for (a) CEM I paste (b) NHL paste

3.4.2. Effect of ferrocyanides on hardened properties of mortar
The mechanical properties measured on mortar prisms are reported in Table 3.2 for
CEM I and Table 3.3 for NHL. The results obtained for specimens with and without
the inhibitor, at both 28 days and 90 days, show minor differences. The compressive
(fc) and flexural strength (fb) observed at 90 days is higher than that at 28 days,
as expected due to continued hydration.

Table 3.2: Comparison of CEMI mortar properties with different inhibitor content

Measured property
Control
μ ± σ

0.1% FeCN
μ ± σ

1% FeCN
μ ± σ

Flow [mm] 151.7 ± 5.7 164 ± 4.6 165.7 ± 6.3
fc28 days [MPa] 38.87 ± 1.69 37.29 ± 1.3 36.83 ± 2.8
fc90 days [MPa] 41.02 ± 4.08 39.61 ± 2.88 37.82 ± 2.55
fb28 days [MPa] 7.12 ± 0.8 8.14 ± 0.61 8.23 ± 0.29
fb90 days [MPa] 8.13 ± 0.75 8.06 ± 0.07 7.56 ± 0.4
E-modulus28 days [MPa] 35529 ± 1511 37105 ± 2514 35900 ± 2590
WAC [g/m2s0.5] 13.16 13.95 14.53
Open Porosity [%] 11.75 10.98 11.41
μ= mean, σ= standard deviation
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In case of NHL specimens, the 28th day elastic modulus shows some scatter, but
the values are not necessarily in the proportion of the added FeCN. The large scat-
ter observed in NHL mortars is attributed to possible micro-cracking during cyclic
loading. The applied maximum load of 1.87 MPa (50% of compressive strength)
in combination with NHL’s low mechanical strength probably induced inelastic be-
haviour in some specimens.

The pore size distribution for CEM I and NHL mortars, as measured by MIP (pore
diameter between 100 μm and 0.01 μm) and N2 adsorption (pore diameter less than
0.01 μm) is presented in Figure 3.4. The average mean pore diameter of around
0.05 μm and 0.15 um was obtained for CEM I and NHL respectively, irrespective of
the amount of inhibitor. The cumulative intrusion obtained for mortar specimens
with and without FeCN is almost identical. The open porosity, as measured by MIP
for CEM I ( 11.3 %) and NHL ( 23%), does not change significantly with the addition
of the inhibitor. The pore size distribution for pores smaller than 0.01 μm is also
unaffected (Figure 3.4b and 3.4d). Based on these results, it can be concluded that
FeCN does not alter the pore structure in the studied hydraulic mortars.
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Figure 3.4: Pore size distribution measurements (a) MIP for CEM I (b) N2 adsorption for CEM I (c) MIP
for NHL (d) N2 adsorption for NHL
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The capillary water absorption curves for CEM I and NHL mortar specimens with
and without inhibitor is shown in Figure 3.5. The water absorption is normalised
to the dry weight of the specimens to take into account the thickness variation
across specimens resulting from hand compaction. The two stages of absorption
can be distinctly seen for both CEM I and NHL. Linear regression was performed on
two absorption stages and the intersection point was used to calculate the water
absorption coefficient (WAC) as per Equation 3.1. The WAC values for different in-
hibitor contents, as shown in Table 3.2 (CEM I) and Table 3.3 (NHL), are comparable
to their respective control specimens. Moreover, the normalised water absorption
curves (Figure 3.5) in both the absorption stages show negligible differences be-
tween specimens with and without inhibitor.
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Figure 3.5: Moisture absorption through capillarity for different FeCN concentrations (a) CEMI (b) NHL
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Figure 3.6: Drying behaviour of mortar specimens with different FeCN concentration (a) CEMI (b) NHL

The drying behaviour of CEM I and NHL is shown in Figure 3.6. In case of
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CEM I (Figure 3.6a), the specimens with FeCN dry slightly slower than the control
specimens. However, considered the high scatter observed in the drying curves of
the control specimens, the effect of inhibitor on the drying can be judged to be
minor. In the case of NHL specimens the drying curves for specimens with and
without FeCN addition are very similar. Based on these results, and taking into
account the outcome of the pore size distribution, it can be concluded that the
moisture transport properties are not significantly affected by the addition of FeCN.

Table 3.3: Comparison of NHL mortar properties with different inhibitor content

Measured property
Control
μ ± σ

0.1% FeCN
μ ± σ

1% FeCN
μ ± σ

Flow [mm] 143.2 ± 1.8 139 ± 3.7 136.5 ± 2.1
fc28 days [MPa] 3.22 ± 0.24 3.52 ± 0.06 3.75 ± 0.09
fc90 days [MPa] 5.64 ± 0.87 5.88 ± 0.2 6.28 ± 0.48
fb28 days [MPa] 1.30 ± 0.02 1.44 ± 0.13 1.44 ± 0.04
fb90 days [MPa] 2.23 ± 0.87 2.62 ± 0.07 2.65 ± 0.13
E-modulus28 days [MPa] 3441 ± 1025 4324 ± 879 3217 ± 811
WAC [g/m2s0.5] 137.11 123.46 131.97
Open Porosity [%] 23.44 23.51 23.54
μ= mean, σ= standard deviation

3.5. Conclusion
In this paper, the interaction between sodium ferrocyanide, a well-known inhibitor
of NaCl crystallisation, and two types of hydraulic binders (NHL and OPC) was stud-
ied. Various properties of the binders in fresh paste and of the fresh and hardened
mortars were assessed on specimens with different inhibitor concentrations (0%,
0.01%, 0.1% and 1%). The results of all the measurements agree with each other
and clearly show that the addition of inhibitor, up to 1%, of the binder weight does
not affect the mechanical and moisture transport properties in the studied hydraulic
mortars. The hydration of binder paste as well as the setting time is unaffected by
the addition of the inhibitor. Therefore, it can be inferred from the results that
sodium ferrocyanide remains inert and does not participate in development of the
microstructure of the studied mortars. Sodium ferrocyanide thus proves to be a
suitable crystallisation inhibitor that can be added during the mixing stage. These
results constitute a first step in the development of hydraulic mortars with crys-
tallisation inhibitors, opening new possibilities for the wider use of this inhibitor in
different applications, from building renovation to new construction. In future work,
the durability of the hydraulic mortars with mixed-in FeCN with respect to salt decay
will be assessed, both in laboratory and in situ.
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4
Leaching behaviour of a

crystallisation inhibitor in
mortars

The results from the previous chapter show that the addition of inhibitor does
not have any negative effects on the properties of hydraulic mortars, mean-
ing that it is feasible to mix the inhibitor in hydraulic mortars. However, the
high solubility of the inhibitor in water makes it susceptible to leach out of
mortar due to mass transport mechanisms, such as advection and diffusion.
Leaching and depletion of the inhibitor from mortar might over time, make the
inhibitor less effective against salt damage. In this chapter, an experimental
leaching test protocol is designed, for the assessment of both diffusion- and
advection-driven leaching of the inhibitor in mortar. Natural hydraulic lime
(NHL) mortar specimens with mixed-in inhibitor are subjected to the leaching
tests and the leaching of the inhibitor is quantified using experimental tech-
niques such as Ultraviolet-visible spectrophotometry (UV-VIS) and inductively
coupled plasma-optical emission spectroscopy (ICP-OES).

This chapter is based on the article published in Journal of Building Engineering 9, 107933 (2023).
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4.1. Introduction

S alt crystallisation in pores can result in significant damage to building materi-
als, 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 (Na2SO4) [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 acceler-
ated 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]. Ex-
posed 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 crystalli-
sation 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 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 crystallisa-
tion. Ionic compounds containing ferrocyanide ions ([Fe(CN)6]

4– ) 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 so-
lutes over longer distances before precipitation [19]. Selwitz and Doehne were first
to study the potential of alkali ferrocyanides as a treatment for salt damage miti-
gation in porous building materials [20]. The authors reported an increase in the
amount of efflorescence and a decrease in damage in porous limestone contami-
nated 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)6]

4– 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 increas-
ing nucleation density and forming smaller NaCl crystals [24]. This could prevent
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pore clogging and reduce crystallisation pressure. Additionally, the dendritic crystal
structure has shown to increase the surface area of salt crystals, thereby contribut-
ing to faster evaporation and salt transport to the surface [25]. Other studies
performed on various porous substrates (stones, bricks, mortars and soil) have re-
ported similar results i.e. increased salt (NaCl) transport out of the substrate (efflo-
rescence), modification of the crystal habit and most importantly, minimal material
damage in presence of [Fe(CN)6]

4– 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 decahydrate, a commonly used source
of [Fe(CN)6]

4– 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 simultaneous 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 mor-
tar 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)6]

4–

ions from mortar is measured and compared to effective diffusion coefficient 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.
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The results from the two tests are discussed and solutions are proposed to minimise
leaching.

4.2. Materials and methods
4.2.1. 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 dis-
tribution between 0.08-2mm was used in mortar preparation. Laboratory grade
reagent sodium ferrocyanide decahydrate (chemical formula:Na4Fe(CN)6 ⋅ 10H2O)
purchased from Acros organics was used as the crystallisation inhibitor. Laboratory
grade sodium chloride (NaCl) was purchased from Sigma Aldrich.

Mortar was cast as cylindrical specimens (Φ=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 (ab-
breviated 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 kgዅ1) 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 limits of
the used analysis techniques (Section 4.2.3.2).

For specimens containing salt [S], NaCl, in the amount of 0.17 mol kgዅ1 (cor-
responding 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 Cl – and [Fe(CN)6]

4– ions respectively, making possible
to compare the leaching of these ions across different specimens.

An overview of specimen mix design is shown in Table 4.1.

Table 4.1: 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
Na4Fe(CN)6 ⋅ 10H2O [mol kgዅ1] - 0.17 -
NaCl [mol kgዅ1] - - 0.17

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
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measure fresh properties. For paste specimens, w/b=1 was used. The specimens
were tested immediately after mixing.

4.2.2. 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 4.2. Their open poros-
ity, bulk density and pore size distribution were measured using mercury intrusion
porosimetry (MIP) (Autopore IV by Micromeritics). The test was performed on sam-
ples ∼ 1 cm3, 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. Mea-
surements were carried out at a constant temperature of 20°C for a period of 7
days, using calorimeter (Tam-AIR).

Table 4.2: Characterisation tests and type of specimens

Material property Test Type of specimen
Specimen
size

Number of
Replicates

Pore size distribution
MIP Mortar specimens 1 cm3 2Open porosity

Bulk density

Heat of hydration
Isothermal
calorimetry Binder paste 5 g 2

Water absorption
and drying Gravimetry Mortar specimens

Φ=30 mm
H=50 mm 3

4.2.3. Leaching by diffusion
This test aims to study leaching of the inhibitor from mortar specimens under dif-
fusion driven transport. The rate of leaching is obtained by estimating the effective
diffusion coefficient of the inhibitor leached from mortar specimens [I] under con-
trolled conditions. This is compared to the effective diffusion of chloride ions, as
measured on mortar specimens [S], which are tested independently. 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.
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4.2.3.1. 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 4.2.1) were suspended in a plastic
cylindrical tank using a fishing line as shown in Figure 4.1a. 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
cmዅ1. 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 4.2.3.2). 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 Figure 4.1b. 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)6]

4– 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)6]

4– ions) to mortar components was not taken into account.

(a) (b)

Figure 4.1: : (a) Experimental setup for leaching by diffusion (b) Series of specimens tested in the test.

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:

• Specimens [I] and [S] 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 4.2.3.3).

• Specimens [I] and [S] 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.
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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 powder. The mixture was stirred at 600 rpm for 5 minutes
using a magnetic stirrer at room temperature. The free species were then allowed
to dissolve for 24 hours. 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 4.2.3.2).

𝐴ኺ =
ፍ

∑
፧዆ኻ

𝑎፧ + 𝑎፟ (4.1)

The initial amount of species ([Fe(CN)6]
4– or Cl– ) was calculated as per Equa-

tion 4.1 where: 𝐴ኺ [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]. 𝑎፟ [mg] = absolute amount of species left in the specimen at the
end of the leaching test. The absolute value 𝑎፟ was obtained my multiplying the
measured concentration [mg/L] with the volume of water used in CWE [mL].

4.2.3.2. Eluate analysis: Quantification of leached species

Ultraviolet-visible (UV-VIS) spectroscopy
A spectrophotometer (Shimadzu UV2600) was used to quantify the concentration of
NaFeCN in eluates. In the presence of [Fe(CN)6]

4– ions, a strong absorption peak
is measured at a wavelength of 218 nm [18, 44]. The concentration was measured
as per Equation 4.2, following the Beer-Lambert’s law [45].

𝐴𝑏𝑠 = logኻኺ (
𝐼ኺ
𝐼 ) = 𝑘 ⋅ 𝐶 (4.2)

Where, 𝐴𝑏𝑠 is the characteristic wavelength, 𝐶 is the concentration of NaFeCN,
𝑘 is the proportionality constant, and 𝐼ኺ 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 stan-
dard solutions containing 25 mg/L, 12.5 mg/L and 6.25 mg/L of NaFeCN (Figure
4.2b). Samples showing high absorbance (>1.5) were diluted such that the results
remained within the linear calibration range.

Inductive Coupled Plasma Optical Emission Spectroscopy (ICP)
ICP was performed as a complimentary technique to cross validate the results ob-
tained using UV-VIS. The eluates from [I] specimens were measured for Fe(II)/Fe(III)
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Figure 4.2: : UV-VIS calibration using solutions containing sodium ferrocyanide with known concentra-
tions (a) Presence of [Fe(CN)6]

4– shows a strong peak at 218 nm (b) correlation between measured
absorbance and concentration of sodium ferrocyanide obtained using linear regression.

cations. 1 mL of the sample was diluted and acidified with 9 mL of 2% (v/v) HNO3
and analysed using optical emission spectrometer (Perkin Elmer Optima 5300DV).

Ion Chromatography (IC)
IC was performed on eluates of the sampled leachate from [S] specimens to mea-
sure the chloride content. Dionex ICS 90 (by Thermo Fischer) ion chromatographs
were used. The anions were separated using AS14A column where a solution of
Na2CO3 and NaHCO3 was used as an eluent.

4.2.3.3. 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 (𝐷፞) 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)6]
4– or

Cl– ) are expressed as cumulative fraction leached (CFL), which is a dimensionless
quantity. The CFL at nth interval is calculated as per equation 4.3.

𝐶𝐹𝐿፧ =
ፍ

∑
፧዆ኻ

𝑎፧
𝐴ኺ

(4.3)

The analytical solution is presented in in Equation 4.4 [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 4.3 is fitted to
Equation 4.4 in order to obtain the effective diffusion coefficient 𝐷፞ .
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𝐶𝐹𝐿 = (1 − 32𝜋ኼ 𝑆፩(𝑡)𝑆፜(𝑡)) (4.4)

with the series,

𝑆፩(𝑡) =
ጼ

∑
፣዆ኻ

𝑒𝑥𝑝 [− ( (ኼ፣ዅኻ)᎝ፇ )
ኼ
𝐷፞𝑡]

(2𝑗 − 1)ኼ (4.5)

𝑆፜(𝑡) =
ጼ

∑
፦዆ኻ

𝑒𝑥𝑝 [− (ᎏᑞፑ )
ኼ
𝐷፞𝑡]

𝛽ኼ፦
(4.6)

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 𝛽. A tolerance
of 10ዅዂ was used for the number of terms needed in the series for convergence
during the iterative process.

4.2.4. 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.

4.2.4.1. Test setup for study of advection
A scheme of the test setup is presented in Figure 4.3. Twelve cylindrical specimens
containing the inhibitor [I], prepared as described in Section 4.2.1, were used in
this test. Before the start of the test, three specimens were analysed to assess
the initial inhibitor distribution (see Section 4.2.4.2). 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 three 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 (Figure 4.3c). In the first stage, specimens
were saturated with demineralised water via capillary suction (Figure 4.3b). The
amount of water used for capillary absorption was equal to the maximum capillary
moisture content value obtained from Table 4.3. 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 speci-
mens 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: af-
ter 10 days, the moisture content in the specimen is such that liquid transport does
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(a)
(b)

(c)
(d)

Figure 4.3: (a) Overview of specimens used in each cycle (b) Schematic of capillary suction (c) Compo-
sition of the wet-dry cycle (d) schematic for inhibitor distribution.

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 4.2.4.2), 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.

4.2.4.2. 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 speci-
mens were then sliced over the depth (Figure 4.3d) with a dry saw and crushed to
a fine powder. 500 mg of the powdered sample passed through 250 micron sieve
was dissolved in 30 mL of demineralised water for 24 hours. The concentration of
inhibitor in each solution was analysed using UV-VIS (Section 4.2.3.2). Additionally,
a small sample from the efflorescence developed on the top surface of the speci-
men 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 distribu-
tion 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 pol-
ished using ethanol to prevent any dissolution of the NaFeCN crystals. The grinding
and polishing procedure was followed as per past research [49]. The images were
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acquired at a voltage of 15kV.
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.

4.3. Results
4.3.1. Materials characterisation
The pore size distribution of different types of specimens is presented in Figure
4.4a. It can be seen that the pore size distribution is similar for [R], [I] and [S]
specimens. The heat of hydration (Figure 4.4b) 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 4.3
and are comparable across different specimens.
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Figure 4.4: (a) Pore size distribution obtained using MIP. (b) Cumulative heat of hydration measured
using isothermal calorimetry.

The results of capillary absorption and drying behaviour are presented in Figure
4.5. 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
(Figure 4.5a) is significantly slower than the [R] and [S] specimens. A crust of the
crystallised inhibitor is formed on the surface as shown in Figure 4.10b 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 4.2.4.1) was defined.

4.3.2. Leaching by diffusion
The concentration of leached species measured at each renewal of water step is
presented in Figure 4.6. The trend obtained for [I] and [S] specimens, contain-
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Figure 4.5: (a) Water absorption due to capillary suction (b) drying behaviour.

Table 4.3: 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/m3] 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

ing NaFeCN and NaCl respectively, is similar. The high concentration measured
at the first time step (2h) 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 4.2.3.3.

A comparison of the effective diffusion coefficient (𝐷፞) of [Fe(CN)6]4– and Cl–
ions obtained by regression analysis is shown in figure 4.7. The model shows a
good fit with the measured data and has a high coefficient of determination (R2).
It can be seen that the 𝐷፞ for Cl – transport is roughly twice that of [Fe(CN)6]4–

transport. This is logical, since a Cl– ion has a smaller volume than a [Fe(CN)6]
4–

ion. However, 𝐷፞ of [Fe(CN)6]4– 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)6]
4– and Cl– in the mortar specimens at the

end of the leaching test is presented in Figure 4.8, 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
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Figure 4.6: Concentration measured at each renewal step (a) Sodium ferrocyanide using UV-VIS from
[I] specimens (b) Chloride ions using Ion Chromatography from [S] specimens.

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 (24h)
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)6]
4–

and ICP for Fe ions. The results are presented in Figure 4.9.The results obtained by
these techniques are in good agreement. UV-Vis has the advantages of measuring
the concentration of [Fe(CN)6]

4– 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.

4.3.3. Leaching by Advection
The drying process and efflorescence development at each wet-dry cycle is pre-
sented in Figure 4.10. An increase in the efflorescence, most probably (Na-FeCN
crystallisation), is observed in time, indicating a progressive transport of the in-
hibitor to the surface. After 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 crust 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
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Figure 4.7: Comparison of effective diffusion coefficient (ፃᑖ ) between specimens containing the inhibitor
[Fe(CN)6]

4– and Cl– obtained from regression analysis

with a dry brush and weighed at the end of each cycle; at the end of the first cycle,
no efflorescence 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 Figure 4.11a. At the start of the test, the inhibitor was
homogeneously distributed over the entire height of the sample. At the end of the
first cycle, the inhibitor had 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. Figure 4.11b 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 Figure 4.12. Figure 4.12a shows a lighter colour (indicating the
presence of heavier elements) in the outer 200-400 μm: 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 μm 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 (figure 4.12d) 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 (Figure
4.13). In the cross-section crystals of sodium ferrocyanide (NaFeCN) are visible in
the mortar matrix. The efflorescence is entirely composed by crystals of NaFeCN,
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Figure 4.8: Amount of inhibitor or chlorides present in the specimens at the end of the tank leaching
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Figure 4.9: Amount of inhibitor or chlorides present in the specimens at the end of the tank leaching
test.

larger than those observed in the cross section.

4.4. 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)6]

4– 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 gra-
dient. 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 acceler-
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Figure 4.10: (a) Moisture loss during the drying cycles (b) Visual inspection of the NaFeCN efflores-
cence/crust at the end of each cycle
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Figure 4.11: (a) Inhibitor distribution over the height of the specimen (b) Weight of Na-FeCN efflores-
cence measured at the end of each cycle. * Cycle 1 had a tightly adherent efflorescent crust and was
not weighed

ates the flux of [Fe(CN)6]
4– ions by maintaining zero surface concentration. Despite

the above mentioned points, the effective diffusion coefficient of [Fe(CN)6]
4– and

Cl– can be reliably compared, as the model considers the above parameters and
measurements are done at the same experimental conditions. The effective diffu-
sion coefficient of [Fe(CN)6]

4– (5.88 x 10-7 cm2/s) is lower the Cl – (11.3 x 10-7
cm2/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.

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
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(a) (b) (c)

(d) (e) (f)

Figure 4.12: (a) 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

the test). SEM-EDS observations confirmed that most of the inhibitor was localised
within the first 400 μm from the outer surface. With successive cycling, an increase
in the amount of efflorescence was observed at the specimen surface. UV-VIS
spectrophotometry 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 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)6]

4– 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 quanti-
tative analysis on the leaching of NaFeCN (crystallisation inhibitor) in mortar. This
is the first instance that such a study has been undertaken on crystallisation in-
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(a) (b)

(c) (d)

Figure 4.13: : SEM images for morphology (a) cross-section (b) magnified image of the cross-section
(c) NaFeCN efflorescent crust (d) magnified image of the crust.

hibitors. Studying leaching of NaFeCN in other porous media e.g. natural stone
and brine-contaminated salt could provide more relevant insights. Besides NaFeCN,
other water soluble additives are vulnerable to leaching. A commonly used corro-
sion 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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5
Tunable chitosan-alginate
capsules for a controlled
release of crystallisation

inhibitors in mortars

The previous chapter concluded that the leaching of the inhibitor, when di-
rectly mixed-in mortar, is severe. To improve the service life of mortars, the
rate of leaching of the inhibitor needs to be reduced. In this chapter, encap-
sulation of the inhibitor is considered as a potential solution to slow down its
leaching. Herein, capsules composed of a polyelectrolyte complex of calcium
alginate and chitosan are investigated for the controlled-release of the in-
hibitor. In the capsule production process, the inhibitor is encapsulated in cal-
cium alginate capsules using extrusion dripping technique and the obtained
capsules are complexed with chitosan by varying the chitosan:alginate ratio.
The release of the inhibitor from the produced capsules in solutions of various
pH values, ranging from 7 to 13 is investigated.

This chapter is based on the article published in MATEC web of conferences, 378, 02011 (2023).
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5.1. Introduction

M aterials used in the built cultural heritage are often susceptible to salt weath-
ering. Salts, like sodium chloride (NaCl), are responsible for crystallisation-

induced damage [1]. These salts (as ions) are either originally present in the build-
ing materials or find entry into the building materials through capillary transport
from various sources (e.g., groundwater, salt spray etc.). Under super-saturated
conditions in confined pore networks, salt crystallisation leads to crystallisation pres-
sure in the porous matrix and progressive damage in the form of material loss [2, 3].
Historic buildings are particularly prone to salt damage due to the limited strength of
traditional materials they are made of, such as lime mortars, and the accumulation
of salts and stresses over time. The costs associated with the repair and mainte-
nance of these buildings are considerable. In particular, plaster and renders are
often affected by salt decay and need replacement. The use of salt crystallisation
inhibitors mixed in mortar is seen as a potential preventive solution that could re-
duce costs by improving the durability of repair works. Crystallisation inhibitors are
chemical compounds that inhibit salt crystallisation by delaying crystal nucleation
and/or modifying crystal habit by adsorbing on specific crystal surfaces, altering
crystal growth [4].

Among inhibitors, alkali ferrocyanide (FeCN) is a well-known and an effective
inhibitor of NaCl crystallisation, commonly used as an anti-caking agent in table
salt [5]. FeCN suppresses NaCl nucleation by increasing the critical supersaturation
[6]. Therefore, NaCl in solution in the presence of FeCN remains as ions (Na+ and
Cl– ) at higher supersaturation, allowing transport of the ions towards the evapo-
ration surface. In porous building materials, this property has been exploited to
promote harmless efflorescence (free crystallisation at the surface) against more
severe subflorescence (confined subsurface crystallisation) [7, 8]. Secondly, the
presence of FeCN alters NaCl crystal habit, resulting in the NaCl crystals having dis-
ordered dendritic growth forms, as opposed to their equilibrium cubic form. FeCN
ions preferentially sorb on the {100} face of NaCl crystals. A charge mismatch be-
tween FeCN and the NaCl cluster prevents crystal growth on the {100} faces of the
NaCl crystals resulting in dendritic growth forms [9]. Gupta et al., have demon-
strated that the increase in the crystal surface area due to the dendritic growth
further increases the evaporation rate and promotes the advection of salt to the
surface [10]. Crystallisation with high nucleation density (resulting in a high num-
ber of small crystals), as observed for NaCl in the presence of FeCN, is also thought
to reduce pore clogging and limit crystallisation pressure [11]. Lower damage due
to salt crystallisation has been reported in the presence of FeCN on different porous
substrates [11–15].

FeCN, when mixed in fresh mortar during preparation, has effectively reduced
salt decay [16] without significantly altering the mortar properties [17, 18]. How-
ever, Granneman et al. [11], showed that after repeated crystallisation cycles,
less than 1% of the initially added inhibitor was left in the mortar specimens; the
rest of the inhibitor possibly leached out during moisture transport. Recent results
from a case study, where plaster with mixed-in inhibitor was applied on a salt-
contaminated wall, showed localised accumulation of FeCN in the outermost layer
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of the plaster, suggesting high mobility of FeCN ions and potential leaching [19].
If FeCN is leached out of renovation mortars, it will be depleted, reducing its ef-
fectiveness over time. Immobilisation and the controlled release of inhibitors from
designer capsules could be an effective solution to this challenge.

Encapsulation and controlled release are common concepts that find many use-
ful applications in drug delivery, fragrance release and corrosion treatments [20].
Even in cementitious materials, the use of capsules to protect and deliver self-
healing agents has shown promising results [21–24]. Encapsulated crystallisation
inhibitors prevent salt crystallisation and the progressive damage of the mortar.
Therefore, a fracture based capsule trigger deployed in various self-healing cemen-
titious materials would be too late to prevent the damage. In order to slow down
and sustain the release of the inhibitor, a semi-permeable diffusion-based cap-
sule shell is therefore more suitable than a rupture/dissolution-based trigger [25].
Naturally occurring semi-permeable hydrogels, like alginates, pectin, gelatine and
chitosan, show interesting swelling behaviours that can be exploited for controlled
release. Alginate-based hydrogels are easy to produce and have shown good sur-
vivability in construction materials [26]. However, alginates have one disadvantage
in high-alkaline environments typically observed in cementitious systems: alginates
are negatively charged (anionic) at pH >5.5 and swell due to electrostatic repul-
sion creating open structures [27]. These open structures result in high diffusion
rates or even burst release of the core [28]. Several studies report improvements
to the alginate stability by coating alginate capsules with cationic polymers like
chitosan [29]. The positive charged chitosan forms an additional membrane with
the negatively charged alginates. Moreover, chitosan shows the opposite swelling
behaviour to alginates; chitosan shrinks in high pH solutions, thereby reducing its
permeability. Studies with chitosan-coated alginate capsules have reported higher
stability, lower leakage and improved controlled release of different encapsulated
drugs compared to alginate-only capsules [30, 31]. By using the above concepts,
a superior technology with polyelectrolyte hydrogel capsules can be developed to
engineer slow inhibitor release in building materials.

This study explores the feasibility of encapsulating FeCN in calcium-alginate (CA)
capsules with a chitosan (Cs) coating. In addition, the release of encapsulated
FeCN from capsules with different Cs:CA ratios under different pH conditions is
investigated.

5.2. Materials and methods
Sodium alginate (SA) and calcium chloride dihydrate were purchased from Sigma
Aldrich. Medium molecular weight chitosan (Cs) (190,000-310,000 Da) was ob-
tained from Merck. Cs contained Fe impurities equivalent to ≈0.18% by mass
as measured using inductively-coupled plasma (ICP)-optical emission spectroscopy
(OES). Acetic acid was bought from J.T.Baker. Lab grade sodium ferrocyanide dec-
ahydrate (NaFeCN) used as the crystallisation inhibitor was purchased from Acros
organic (Thermo Fischer Scientific).
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5.2.1. Preparation of inhibitor loaded capsules
A schematic of the capsule preparation process is presented in Fig. 1

Figure 5.1: Encapsulation of FeCN. (a) Preparation of calcium alginate (CA) capsules with FeCN where
the solution containing sodium alginate (2% w/v) and FeCN(2% w/v) is added drop-by-drop into a
crosslinking bath containing Ca2+ ions (3% w/v CaCl2 + 2% w/v FeCN) at a constant rate using a
peristaltic pump (b) Freshly prepared CA-FeCN capsules are coated with chitosan (Cs) by adding them
to a gently stirring Cs solution (varying concentration) for a cross-linking time of 15 min.

5.2.1.1. Production of calcium alginate capsules
Capsules were prepared by a simple extrusion dripping technique [32]. SA (2%
w/v) was first dissolved in demineralised water using vigorous stirring (1000 rpm)
until SA was completely dissolved. Next NaFeCN was mixed in the alginate solu-
tion at a concentration of 2% (w/v) and stirred for 30 min. The obtained mixture
was extruded drop-by-drop (under gravity) into a 3% (w/v) CaCl2 bath using a
peristaltic pump (Masterflex console drive, ColePalmer instruments) connected to a
needle with a 0.9 mm internal diameter, forming calcium alginate droplets/capsules
with encapsulated FeCN. NaFeCN was added to the CaCl2 bath with the same con-
centration as in the SA solution to minimise FeCN diffusion from the capsules dur-
ing production. The bath was continuously stirred using a magnetic stirrer at 300
rpm. The alginate beads were allowed to cross-link with Ca2+ ions from the bath
overnight to form stable gel capsules. The capsules were filtered out using a Büch-
ner funnel (no paper/vacuum) and washed with demineralised water to remove
excess unlinked Ca2+ ions. These capsules are denoted CA as they do not have any
chitosan coating.
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5.2.1.2. Production of calcium alginate capsules with a chitosan coating
Cs solutions were prepared by dissolving chitosan in 0.3 M acetic acid using a mag-
netic stirrer at 40°C for at least 6 h. Three different Cs baths were prepared con-
taining 1%, 1.5% and 2% of Cs (w/v), respectively. The CA capsules, obtained
as described in Section 5.2.1.1 (Figure 5.1(a)), were added to the different Cs
baths and cross-linked for 15 minutes. Subsequently, the capsules were filtered
and washed with deionised water. At the end, Cs-coated CA capsules with Cs:CA
ratios of 0.5, 0.75 and 1 by mass were obtained.

5.2.2. Procedure for testing the inhibitor release at different
pH values

The release of FeCN from capsules containing different Cs:CA ratios was tested in
bulk solutions with different pHs in the range of 7–13. Demineralised water was
used for pH 7. Solutions with a pH of 13, 11 and 9 were prepared by adding potas-
sium hydroxide (KOH) to demineralised water at concentrations of 10-1 M, 10-3 M,
and 10-5 M, respectively. The pH of the solutions was measured using a pH meter
(Metrohm). 5 g of freshly prepared capsules were added to 40 mL of each solution
and placed separately in airtight plastic bottles. At day 7, eluates were sampled us-
ing a pipette and analysed using a UV-VIS spectrophotometer (Shimadzu UV2600)
at 218 nm. The amount of FeCN released from the capsules was quantified using a
calibration curve prepared with three FeCN solutions of known concentrations (6.25,
12.5 and 25 mg/L). When the absorption of the eluates was out of the calibration
range, they were diluted 50x to stay within the calibration curve.

5.2.3. Visual observations of the capsules
Capsules with different Cs:CA ratios were imaged and their size measured using a
digital light microscope (Keyence VHX-7000). 20 capsules were imaged and mea-
sured for each Cs:CA ratio, and the mean measured values with their coefficient of
variation are reported.

5.2.4. Measuring Fe impurities in chitosan solutions
The Cs solution used for coating the CA capsules was analysed using ICP-OES for
the presence of Fe ions. The samples were first acidified with 1% (v/v) nitric acid
(HNO3) and passed through a filter before analysing using ICP. Sample was diluted
10 times.

5.3. Results and Discussion
The capsules were ellipsoids and uniformly sized as shown in Figure 5.2. The mean
size along the longer dimension and shorter dimension of the ellipsoid was 2.6 mm
and 2.1 mm respectively. The coefficient of variation (C.V) was 0.11 along the
longer dimension, higher compared to the shorter dimension (C.V = 0.06). The
observed size was irrespective of the Cs:CA ratio.

Increasing the amount of chitosan is shown to alter the colour of the capsules to
a bluish-green hue as seen in Fig. 2. The blue colour might be due to formation of



5.3. Results and Discussion

5

97

Figure 5.2: FeCN loaded capsules with different chitosan (Cs): calcium alginate (CA) ratios. Inset:
microscope image of capsules showing the ellipsoidal shape.

Prussian blue (Iron (III) hexacyanoferrate(II)) as summarised in Equation 1 [32].

4Fe3ዄ + 3 [FeIII (CN)6]4ዅ −−−→ Fe4
III[FeII(CN)6]3 (blue) (5.1)

Trace amounts of Fe ion (<0.2%) were detected in the chitosan using ICP (data
not shown). This Fe ion in the form of Iron (III) hexacyanoferrate(II) (Equation 5.3)
would be sufficient for the blue colouration of the chitosan beads (Figure 5.2). Cs is
positively charged at pH <6.5 and could possibly bind with the FeCN ion which has
a net negative charge. Cs concentration is indicative of this interaction as we expect
that with increased Cs concentration there are more positively charged functional
groups on the Cs polymer for the FeCN to react with, thereby increasing the amount
of bound or complexed FeCN. This could also contribute to a deeper blue colour
(Figure 5.2). However, more research is needed to clarify Cs-FeCN interaction.

The release of FeCN obtained from UV-VIS spectroscopy is presented in Fig-
ure 5.3. The CA capsules (without Cs coating) are very permeable and release
high amounts of FeCN in the whole pH range (7-13). In general, CA is anionic in
nature, under alkaline conditions, the carboxyl group on the alginate ( – COOH) is
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deprotonated to –COO – . As the pH increases, the electrostatic repulsion due to the
negative charge increases. The repulsion results in the alginate swelling, increas-
ing the gel’s open network structure and permeability. The increased permeability
means that the release of encapsulated FeCN is very high.

Figure 5.3: Release of FeCN from the capsules in solutions with different pHs as a function of Cs:CA
ratio. Inset: zoomed-in image of capsules with Cs:CA ratios for greater clarity.

Increasing the Cs:CA ratio dramatically moderates FeCN release at pH 7-11.
Cs:CA capsules release almost 60 times less FeCN compared to CA, making Cs:CA
capsules almost impermeable in this pH range. The reduced release is because the
Cs coating creates an additional low permeable membrane reducing FeCN transport.
In addition, the cationically charged Cs coating shrinks and potentially restricts the
alginate from swelling, reducing the release.

At pH 13, the Cs:CA capsules show higher FeCN release compared to release at
pH 7-11. However, the Cs coating is still able to reduce the rate of release signifi-
cantly as compared to CA. It is possible that the Cs is no longer charged at high pH,
and the Cs-CA bond is broken, leading to the degradation of the coating. Some-
where between pH 11 and 13, the Cs coating changes its response. Investigating
the reason for the abrupt release is relevant for mortar application as the pH of the
pore solution in cementitious materials (cement or lime mortar) lies between pH
11-13.

It is expected that the very fast release in high alkaline conditions (pH 13) can
be controlled by adjusting the Cs:CA ratio. However, by increasing the Cs amount,
complete immobilisation of the inhibitor might arise at lower pH environments, such
as those present in carbonated mortar. Therefore, a compromise should be found
while designing the capsules.
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5.4. Conclusions
In this study, the crystallisation inhibitor FeCN was successfully encapsulated in
Cs-coated CA capsules. As expected, pure CA capsules demonstrated significant
release in alkaline environments. However, coating of the CA capsules with Cs as a
result of the ionic interaction between Cs and CA lowered the release FeCN due to
the Cs-coating lowering the permeability of the capsules. In addition, the capsule
can be designed to control FeCN release by optimising the Cs:CA ratio.

Furthermore, the presence of chitosan leads to colour alteration of the capsules.
The colour change is attributed to the trace iron impurities present in chitosan, that
react with the inhibitor. Coloured capsules could lead to unfavourable aesthetic
effects like chromatic alteration to mortar. Further research needs to understand
this reaction.

5.5. Outlook
This study shows promising results in designing of pH-controlled hydrogel capsules
for controlling the release of encapsulated FeCN in bulk solutions. In the future, the
effect of capsules will be studied in mortar, focusing on inhibitor leaching, capsule
survivability during mixing and the effect of capsules on the performance of mortar
against salt damage.

In addition to preventing leaching of FeCN, the application of such capsules
can be relevant to other (self-healing, corrosion inhibitors) applications [33, 34],
especially those where pH plays an important role.
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6
Capsule controlled release of
a crystallisation inhibitor in

mortars

The results from the previous chapter suggest that for a specific pH, the re-
lease of the inhibitor from chitosan-calcium alginate polyelectrolyte capsules
can be tuned by modifying the chitosan:alginate ratio. In this chapter, as a
next step in the prototype development, the effect of the capsules on the leach-
ing behaviour of the inhibitor in mortar is investigated. First, the release of the
inhibitor from the calcium alginate (CA) and chitosan-calcium alginate (CsCA)
capsules is measured in mortar pore solution. Next, CA and CsCA capsules
containing the inhibitor are incorporated in hardened mortar and the mortar
is subjected to diffusion- and advection-driven leaching tests, as per the pro-
tocol developed in Chapter 4. The results are compared with the leaching of
the inhibitor from a similar mortar with mixed-in inhibitor. Analytical tech-
niques, such as UV-VIS and ICP-OES, are used to quantify the released (or
leached) inhibitor and imaging techniques, such as optical microscopy and
scanning electron microscopy, are used to visualise the leached inhibitor.

This chapter is based on the article published in Materials & Design, 244, 113156 (2024).
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6.1. Introduction
The crystallisation of salts within porous building materials is a leading cause of
building damage [1]. Salts, particularly sodium chloride (NaCl) from various sources
like groundwater, salt spray and de-icing, permeate into building materials through
capillary transport [2]. Under supersaturated conditions, salts can exert a crys-
tallisation pressure exceeding the mechanical strength of building materials caus-
ing damage [3–5]. Exposure to fluctuating environmental conditions, including
variations in relative humidity and temperature, can result in repeated cycles of
dissolution-recrystallisation [6], exacerbating the damage [7]. Lime-mortar-based
plasters and renders, particularly those in exposed locations such as building sur-
faces, are susceptible to damage, necessitating frequent replacement. Frequent
repair and replacement costs can be significant. However, these costs can be min-
imised by improving the durability of repair mortars. In recent decades, the incor-
poration of crystallisation inhibitors within mortars has yielded promising results in
improving mortar durability by altering the process of salt crystallisation [8].

Crystallisation inhibitors are compounds that inhibit crystal nucleation and mod-
ify crystal growth by adsorbing onto specific crystal faces [9]. Sodium ferrocyanide
decahydrate (Na4Fe(CN)6 ⋅ 10H2O; hereafter referred to as NaFeCN) is one of the
most effective inhibitors of NaCl crystallisation [10]. Hexacyanoferrate(II), [Fe(CN)6]

4–

anions from NaFeCN inhibit and/or delay NaCl nucleation by increasing the critical
supersaturation [11]. The [Fe(CN)6]

4– anions sorb onto the {1 0 0} faces of the
NaCl crystals, blocking NaCl growth due a difference in the ionic surface charge
[12]. This difference results in NaCl crystal growth along the ⟨1 1 1⟩ direction, re-
sulting in the formation of dendritic rather than cubic {1 0 0} crystals [13]. Due to
their high surface area, dendritic crystals increase the evaporation rate and pro-
mote advection of salt ions away from the solution [14]. When present in NaCl
contaminated porous building materials, the delay in NaCl crystal nucleation and
the formation of dendritic crystals allows Na+ and Cl– ions to be easily transported
towards the evaporative surface where NaCl can crystallise as harmless efflores-
cence (surface crystallisation) without exerting crystallisation pressure within the
pore network [13–17]. In recent years, lime-based mortars incorporating NaFeCN
have demonstrated reduced salt damage in laboratory settings [8, 18, 19] and in
the field [20]. Notably, amongst various NaCl inhibitors, NaFeCN remains stable in
the alkaline pH range of mortars [21] and does not alter their physical and chem-
ical properties [22, 23]. This makes NaFeCN a promising additive for mitigating
salt damage in mortars. However, NaFeCN’s relatively high solubility (17% w/w at
25°C) [24] makes it susceptible to leaching. The depletion of NaFeCN from mortar
specimens after repeated wetting-drying cycles has been observed and attributed
to the leaching of NaFeCN [18]. A recent systematic study into the leaching be-
haviour of NaFeCN from mortar specimens incorporating NaFeCN by direct mixing
reported severe leaching, concluding that this method of addition may not prevent
salt damage in the long run [25]. By slowing down the rate of NaFeCN leaching
from mortars it may be possible to prolong their salt damage resistance.

The use of capsules, produced from natural polymer polysaccharides and pro-
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teins, for the protection and delivery various cargoes has gained momentum across
a wide range of fields [26–28]. These polymers offer rich functional groups, en-
abling controlled cargo release and distinct advantages over synthetic polymers, in-
cluding non-toxicity, abundance, commercial availability, and biodegradability [29].
Alginate, a polysaccharide derived from brown algae [30], exhibits pH-responsive
behaviour due to the presence of abundant carboxyl functional groups ( –COOH)
on its chains. Calcium alginate (CA) capsules, produced through the ionic gelation
of sodium alginate (SA) with calcium ions (Ca2+) [31] have long been exploited for
controlled drug release in physiological conditions (up to pH 7.4) [32, 33]. More
recently, CA capsules have been used to encapsulate bacterial spores within highly
alkaline concrete (pH ≈12) for self-healing concrete applications [34, 35]. However,
the employment of CA capsules for controlled release of cargo within alkaline con-
struction materials may pose some challenges as the –COOH deprotonate becom-
ing negatively charged carboxylate ions (COO– ) [36], resulting in capsule swelling
and rapid release of cargo [37]. Additionally, CA has been shown to disintegrate
in alkaline conditions [38]. Chitosan (Cs), a cationic biopolymer derived from crus-
taceans such as shrimps and crabs [39] also demonstrates pH responsiveness due
to the presence of amine functional groups ( –NH2) on its chains [40]. In highly
alkaline conditions, the positively charged ammonium ions (NH3+) lose its positive
charge resulting in contraction and renders the polymer insoluble [41]. Cs’ posi-
tive charge attracts net negatively charged ions, such as [Fe(CN)6]

4– , allowing Cs
capsule’s to retain such ions [42]. Furthermore, Cs because of its positive charge
can form a polyelectrolyte complex (PEC) with negatively charged alginate [38, 43].
Several studies have used this PEC to produce Cs-CA capsules that demonstrated
the sustained release of cargo and increased mechanical stability in the bio-medical
field [44–48]. Cs both limits the swelling of the CA capsules providing a tighter
physical barrier for slowing down the release of the cargo [49, 50] and reduces
the ease of solvation of CA capsules in high pH conditions [38, 51]. In the past,
attempts have been made to use synthetic pH-responsive capsules in simulated
concrete solutions [52], but so far controlled release of cargo using natural poly-
mers like Cs-CA in construction materials have not been explored.

In a preliminary study, we investigated the release of [Fe(CN)6]
4– from Cs-CA

capsules in solutions across a range of alkaline pH values (7–13) for the first time
[53]. The results suggest that the ratio between Cs and CA can be used to tune
[Fe(CN)6]

4– release in alkaline solutions. This raises an interesting question: Can
Cs-CA capsules be used for the controlled release of NaFeCN from within hardened
hydraulic lime mortar? To answer this question, we produce Cs-CA capsules con-
taining NaFeCN and incorporate these capsules within natural hydraulic lime mortar
and perform series of experiments to assess the controlled release of NaFeCN from
the mortar.

6.2. Experimental design
To investigate the controlled release of NaFeCN from mortar-capsule system, an
experimental plan was devised consisting of three phases: (1) capsule preparation,
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(2) capsule selection, and (3) capsule-controlled release in mortar (Figure 6.1). The
results of each phase informing the next phase.

In the initial phase, CA capsules containing NaFeCN were produced through ionic
gelation of SA with Ca2+. The subsequent CA capsules were then coated with Cs
to obtain Cs-CA capsules. The Cs:SA ratio and the initial concentration of NaFeCN
was varied to obtain diverse combinations of capsules.

In the second phase, the morphology of the capsules and encapsulated NaFeCN
were characterised. The release of NaFeCN from the capsules was assessed in
a synthetic lime mortar pore solution, to mimic conditions within a mortar pore-
network. Capsules were selected considering both the rate of release into the pore
solution and the total amount of encapsulated NaFeCN.

In the third phase, the selected capsules were incorporated in mortar speci-
mens and the controlled release of NaFeCN was evaluated based on two trans-
port mechanisms: (i) diffusion-driven transport: whereby the effective diffusion
coefficient of NaFeCN was measured based on the leaching rate under accelerated
conditions; and (ii) advection-driven transport: by subjecting mortar specimens to
cycles of capillary absorption-drying and the transport of NaFeCN was monitored.
The advection-driven test simulates realistic field conditions. The results were com-
pared with those for mortar specimens made with directly mixed-in NaFeCN.

Figure 6.1: The experimental design scheme is divided in three phases. The arrow indicates the workflow
where results from the preceding phase informs the experimental design of the subsequent phase.

6.3. Materials and methods
6.3.1. Materials
Sodium alginate (SA, mannuronic/guluronic ratio (M/G) of 1.56), calcium chloride di-
hydrate (CaCl2 ⋅ 2H2O), NaCl and Chitosan (Cs, molecular weight (Mw) ranging from
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190–310 kDa) were used to prepare the capsules (all from Sigma-Aldrich). Sodium
ferrocyanide decahydrate (NaFeCN; Acros organics) was used as the crystallisation
inhibitor. Acetic acid (CH3COOH; J.T. Baker) and sodium hydroxide (NaOH; Hon-
eywell) were also used in the study. Natural hydraulic lime (NHL) with a strength
class of 3.5 MPa (from St. Astier, France) and standard river sand (following NEN-EN
196-1 [54]) were used to prepare of mortar specimens.

6.3.2. Preparation of capsules
6.3.2.1. Calcium alginate capsules
CA capsules containing NaFeCN were prepared with various compositions (Table1)
using ionic gelation technique [31]. In brief, SA (2% w/v) and NaFeCN were dis-
solved in demineralised water. The mixture was then extruded into a continuously
stirred (300 rpm) gelation bath of CaCl2 ⋅ 2H2O (3% w/v) using a peristaltic pump
(Masterflex console drive, Cole Parmer instruments) connected to a needle (0.9 mm
internal diameter). The mixture forming beads crosslinked with Ca2+ in the bath to
form CA capsules loaded with NaFeCN. To minimise outward diffusion of NaFeCN
from the capsules during production, NaFeCN was also added to the gelation bath
with the same concentration as the extruded SA mixture. The obtained CA cap-
sules were washed with demineralised water to remove excess unlinked Ca2+ and
Na+ ions and dried at 40°C for 48 hours. Blank CA capsules (CA-blank) were also
prepared using the same method but without the inclusion of NaFeCN.

Table 6.1: Overview of the different capsule types and their composition.

Capsule type Capsule label
SA

% (w/v)
Initial F
% (w/v)

Cs
% (w/v) Cs:SA

Calcium alginate blank CA-blank 2 - - -

Calcium alginate
with sodium ferrocyanide

CA-F_2 2 2 - -
CA-F_4 2 4 - -

Chitosan-calcium alginate
with sodium ferrocyanide

Cs-CA 0.25-F_2 2 2 0.5 0.25
Cs-CA 0.375-F_2 2 2 0.75 0.375
Cs-CA 0.5-F_2 2 2 1 0.5
Cs-CA 0.25-F_4 2 4 0.5 0.25
Cs-CA 0.375-F_4 2 4 0.75 0.375
Cs-CA 0.5-F_4 2 4 1 0.5

CA=Calcium alginate, F=Sodium ferrocyanide, Cs=Chitosan, SA=Sodium alginate

6.3.2.2. Chitosan-coated calcium alginate capsules
Cs-CA capsule with various compositions were prepared (Table 6.1). A Cs bath
was prepared by dissolving Cs in 0.1 M CH3COOH for 24 hours under stirring at
40°C. Subsequently, wet CA capsules, obtained as described in Section 6.3.2.1,
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were added to Cs bath and complexed for 15 minutes under gentle stirring (300
rpm). Different Cs concentrations within the bath were used to obtain Cs-coated-
CA (Cs-CA) capsules with different Cs:SA ratios. Following this, the resulting Cs-CA
capsules were washed and dried as above (Section 6.3.2.1).

6.3.3. Preparation of mortar specimens
Mortar specimens were prepared by mixing NHL and sand (in a volumetric ratio of
1:3) with a water-to-binder (w/b) ratio of 1.19. Four specimens types were pre-
pared (Table 6.2): (i) Mortar-blank: Mortar specimens containing no NaFeCN or
capsules; (ii) Mortar-CA-F: Mortar specimens with incorporated CA-F_2[calcium al-
ginate containing NaFeCN with an initial 2% (w/v)] capsules such that the total mass
of NaFeCN was equivalent to 10% of the weight of NHL [25]; (iii) Mortar-Cs-CA-
F: mortar specimens with incorporated Cs-CA 0.25-F_4 [chitosan-calcium alginate
containing NaFeCN with an initial 4% (w/v)] capsules such that the total mass of
NaFeCN was equivalent to 10% of the weight of NHL; and (iv) Mortar-F: plain mortar
specimens containing directly added NaFeCN and CA-blank [calcium alginate con-
taining no NaFeCN] capsules. The Mortar-F specimens were prepared by dissolving
NaFeCN (10% of the weight of NHL) in the mixing water and adding it to sand and
NHL. CA-blank capsules were added to Mortar-F mix to obtain a comparable pore
size distribution as Mortar-CA-F and Mortar-Cs-CA-F specimens. Note: The type
of capsules mixed into the mortar specimens was based on the results of Phase 2
(Section 6.4.3). All specimens were cylindrical (Φ=30, H=50 mm). The specimens
were sealed in polyvinyl chloride containers and cured at 20°C and 95% RH for 28
days before testing.

Table 6.2: Overview of type of mortar specimens and their mix design. The type and dosage of capsules
for each mortar type are also stated.

Mortar specimen
label

Label of capsule
incorporated

F
(% NHL
weight)

Capsule
content
(%NHL weight)

NHL:Sand
(volumetric) w/b

Mortar-blank - - - 1:3 1.19
Mortar-CA-F CA-F_2 10 32.5 1:3 1.19
Mortar-Cs-CA-F Cs-CA 0.25-F_4 10 37 1:3 1.19

Mortar-F
CA-blank
(containing no F)

10
(added directly) 32.5 1:3 1.19

CA=Calcium alginate, Cs=Chitosan, F=Sodium ferrocyanide, NHL=Natural hydraulic lime,
w/b=water-to-binder ratio.

6.3.4. Capsules characterisation
The capsules were observed with a digital microscope (Keyence VHX-7000). The
dimensions of the capsules were measured using the microscope’s in-built soft-
ware. A minimum of 50 capsules per type were measured along maximum and
minimum dimensions. The mean value and the standard deviation were calculated.
To quantify the amount of NaFeCN encapsulated within each capsule type, a series
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of steps were undertaken. The capsules were first milled to a fine powder using
a ball mill (Retsch MM200). The powder was then mixed in 1.5 M NaOH solution
and subsequently passed through a 0.45 µm syringe membrane. The filtrate was
analysed for Fe(II)/(III) concentration using inductive coupled plasma optical emis-
sion spectroscopy (ICP-OES; PerkinElmer Optima 5300DV). The amount of NaFeCN
(𝐶ፍፚፅ፞ፂፍ) is expressed in mggዅ1 of capsule mass, calculated as:

𝐶ፍፚፅ፞ፂፍ =
𝐶ፅ፞ ∗ (𝑉፬፨፥፮፭።፨፧) ∗ (

ፌ፰ᑅᑒᐽᑖᐺᑅ
ፀ፰ᐽᑖ

)
𝑀፬ፚ፦፩፥፞

(6.1)

Where, 𝐶ፅ፞ is the measured Fe(II)/(III) concentration in mg Lዅ1, 𝑉፬፨፥፮፭።፨፧ is the vol-
ume of NaOH solution in L,𝑀፬ፚ፦፩፥፞= Mass of capsule sample in g. 𝑀𝑤ፍፚፅ፞ፂፍ/𝐴𝑤ፅ፞
is the ratio of the molecular weight of NaFeCN to the atomic weight of Fe. Based
on stoichiometry, Fe and NaFeCN were assumed to contain equal number of moles.

6.3.5. Procedure for assessment of NaFeCN release
6.3.5.1. NaFeCN release in pore solution
Pore solution was prepared as a binder-slurry filtrate based on the method described
by [55]. NHL and demineralised water were mixed in a 2:1 ratio, stirred for 24
hours, centrifuged, and the resulting supernatant was vacuum filtered to obtain a
clear pore solution. The ionic composition and pH of the solution were analysed by
ICP-OES and a pH meter (Metrohm 914), respectively (Table A.1, Appendix A). 100
mg of each type of capsules (Table 6.1) was added to 100 mL of the pore solution
and stored within airtight plastic containers. Samples of the pore solutions (500
µL) were collected at various time intervals (10 min–1 hour) over a 6-hour period.
The samples were analysed for NaFeCN content using an ultraviolet-visible (UV-
VIS) spectrophotometer (Shimadzu UV2600) at a wavelength of 218 nm [11]. To
quantify the content of NaFeCN through UV-VIS, a calibration curve was generated
(Figure A.1,Appendix A) and the absorbance of the plain pore solution was used as
the baseline.

6.3.5.2. NaFeCN leaching from hardened mortar
Diffusion-driven transport
The diffusion-driven transport of NaFeCN from different mortar specimens (Ta-
ble 6.2) was assessed in accordance with the accelerated leaching test (ASTM
C1308-21) [56], a method previously used to assess NaFeCN leaching from mortar
[25](Chapter 4). Each mortar specimen was suspended in a separate cylindrical
tank filled with demineralised water as the leachant such that the specimen surface
area to leachant volume was 0.15 cmዅ1. Submerging the specimens facilitated the
transport of [Fe(CN)6]

4– ions from the mortar matrix into the leachant. Leachate
samples (20 mL) were collected at 2 and 5 hours and subsequently every 24 hours
until day 10 of the test. The samples were analysed for leached [Fe(CN)6]

4– con-
centration and their pH by UV-VIS and a pH meter, respectively. After the collection
of each leachant sample, the leachant was renewed with fresh demineralised water,
effectively resetting the [Fe(CN)6]

4– concentration in the leachant to zero. Leachate
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samples from Mortar-blank specimens were used to create a baseline for UV-VIS
measurements. The calibration curve (Figure A.1, Appendix A) was used to mea-
sure [Fe(CN)6]

4– in the leachate. The concentration of leached [Fe(CN)6]
4– was

expressed as cumulative fraction leached (CFL), defined as the ratio of cumulative
[Fe(CN)6]

4– amount leached in time to the initial amount of [Fe(CN)6]
4– present

in the mortar specimens as stated in ASTM C1308-21 [56]. The effective diffusion
coefficient was calculated by fitting CFL data to the analytical solution based on
the works of Nestor and Pescatore (Appendix A) [57, 58]. The analytical solution
assumes the same boundary conditions as the test setup. Each specimen type was
tested in triplicate. To determine the remaining [Fe(CN)6]

4– in the mortar speci-
mens (after the leaching test), a cold water extraction (CWE) was conducted [59].
The test was modified using 1.5 M NaOH as the solvent to release any remaining
NaFeCN from the capsules within the specimens. The concentration of Fe ions was
measured using ICP-OES and the content of NaFeCN calculated as per Equation
6.1. The initial NaFeCN content in each specimen was calculated based on these
results and the leaching results (Appendix A).

Advection-driven transport
The advection-driven transport of three mortar specimen types was tested: Mortar-
CA-F, Mortar-Cs-CA-F and Mortar-F (Table 6.2). The specimens were first dried at
40°C until reaching a constant weight. The sides of the specimens were sealed
using parafilm® (Bemis Company Inc.). The specimens were subjected to three
capillary absorption-drying cycles, each cycle consisting of the following steps: sat-
urating the specimens with demineralised water via capillary absorption from the
bottom surface; sealing the bottom surface with paraffin film and placing the spec-
imens in a climate chamber for one week at 20°C, 50% relative humidity (RH).
After one week, the specimens were placed in a drying oven at 40°C at 15% RH
until reaching a constant weight (typically taking ≈two weeks). Each specimen type
was tested in triplicate. At the end of each cycle, images were taken of the dry-
ing (top) surface of the specimens using a digital camera. At the end of the three
cycles, two methods were employed to assess the distribution of NaFeCN within
the specimens. Firstly, two specimens from each mortar specimen type were dry
saw cut in slices measuring 0–5 mm (including efflorescent crust), 5–15 mm, 15–
25 mm and 25–50 mm measured from the top surface. The slices were ground
into a fine powder using a mortar and pestle. 1 g of the powder was subsam-
pled (using the coning and quartering method [60]) from each slice, which was
mixed with 30 mL 1.5M NaOH (pH 14). Subsequently, the powders were anal-
ysed for Fe(II)/(III) (see above, Section 6.3.4). This procedure was also applied to
mortar specimens (two replicates each) that had not been subjected to the leach-
ing test, to assess the initial NaFeCN distribution. For the second method, the
third sample from each mortar specimen type was examined using environmental
scanning electron microscopy and energy dispersive spectroscopy (ESEM-EDS; FEI
quanta 650 FEG, NORAN EDS-Thermo Fischer Scientific) and digital microscopy.
For microscopic examination, vertical cross-sections of the specimens (parallel to
the direction of the advection-driven transport) were prepared by impregnating the



6

112 6. Capsule controlled release of a crystallisation inhibitor in mortars

specimen with epoxy resin, saw-cutting the specimens and polishing the saw- cut
surface in ethanol (not with water) in accordance with [61]. ESEM was used to
image the cross-sections in back-scattered electron (BSE) acquired at 15 keV and
EDS was used to map the distribution of Na and Fe as an indicator for NaFeCN,
while digital microscopy under plain polarised light was used to obtain images near
the evaporative surface with a large field of view.

6.4. Results
6.4.1. Characterisation of capsules

(a) (b) (c)

Figure 6.2: Digital microscope images of three capsule types after drying: (a) CA-blank: a calcium
alginate capsule containing no NaFeCN; (b) CA-F_2: a calcium alginate capsule made with an initial
concentration of 2% NaFeCN (w/v); and (c) Cs-CA 0.25-F_4: A Chitosan-calcium alginate capsule made
with an initial concentration of 4% NaFeCN.

CA capsules have an ellipsoidal shape with a smooth surface (Figure 6.2a, 6.2b).
The CA-blank capsules are light brown in colour, typical of alginate hydrogels (Figure
6.2a). The CA-F_2 capsules are pale yellow in colour and are generally bigger size
(volume) than the blank CA capsules (Figure 6.2b; Table 6.3). Notably, the Cs-CA-
F_2 capsules have an irregular shape and a rough surface and are bright green in
colour (Figure 6.2c). The Cs-CA-F 0.25_4 capsules have a similar size as CA-F_2
capsules (Table 6.3). When CA capsules are added to the Cs bath they tend to
agglomerate (Figure A.2, Appendix A), with the degree of agglomeration increasing
with increasing Cs concentration (Section 6.3.2.2).

Table 6.3: The diameter of capsules along two dimensions, with the mean values and standard deviations
reported.

Capsule label Maximum diameter (µm) Minimum diameter (µm)

CA-blank 853.7 ± 66.85 709.3 ± 81.99
CA-F_2 1080 ± 90.4 860.27 ± 110.75
Cs-CA 0.25-F_4 1063 ± 124 730 ± 85.5

CA=Calcium alginate, F=sodium ferrocyanide, Cs=Chitosan
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Figure 6.3: Encapsulated NaFeCN content expressed in mggᎽ1 of capsule weight. Higher initial NaFeCN
concentration (4%) leads to higher encapsulated NaFeCN content in capsules. The blue bars represent
capsules produced with an initial concentration of NaFeCN of 2% (w/v), while the red bars represent
capsules produced with an initial NaFeCN concentration of 4% (w/v).

Figure 6.3 shows the amount of encapsulated NaFeCN in the different types
of capsules. The graph shows that capsules with a higher initial concentration of
NaFeCN (4% w/v, red bars) have a higher ultimate NaFeCN content as compared to
capsules with a lower initial concentration (2% w/v, blue bars). Notably, in the case
of the Cs-CA 0.25 capsules, increasing the initial concentration of NaFeCN from 2%
to 4% (w/v), results in a doubling of the NaFeCN content in the capsules. However,
in the case of capsules with higher Cs:SA ratios (i.e., Cs-CA 0.375 and Cs-CA 0.5),
this increase in the initial content shows only a marginal rise in the ultimate NaFeCN
content. Interestingly, all Cs-CA capsules with initial NaFeCN concentration of 4%
(w/v), contain similar ultimate NaFeCN content (i.e. ≈280-300 mggዅ1 of capsule
weight), independent of the Cs:SA ratio.

6.4.2. NaFeCN release in pore solution
Figure 6.4 shows the release of NaFeCN from different capsules. The amount of
NaFeCN released from the capsules depends on the initial NaFeCN content of cap-
sules (Figure 6.3). Capsules containing a higher initial NaFeCN concentration of
4% (w/v; Figure 6.4, red lines) released a significantly greater amount of NaFeCN
as compared to the capsules containing an initial lower 2% (w/v; Figure 6.4, blue
lines). Furthermore, the rate of release (i.e., the slope of the of the linear part of
the curve) of NaFeCN also depends on their initial NaFeCN content: a higher initial
NaFeCN content leads to a higher (or faster) rate of release. For example, CA-F_4
capsules having the highest NaFeCN content released 90% of their content within
the first 10 minutes. In contrast, Cs-CA 0.25-F_2 capsules with the lowest NaFeCN
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content took 90 minutes to release 90% of their content.
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Figure 6.4: Graph showing the release profiles of NaFeCN over time from different capsules into a pore
solution, expressed as mg g-1 of capsule. The blue lines represent capsules made with an initial NaFeCN
concentration of 2% (w/v), while the red lines represent capsules with an initial NaFeCN concentration
of 4% (w/v). CA capsules are represented by dashed lines and Cs-CA capsules with solid lines.

6.4.3. Selection of the type of capsules for mixing in mortar
An ideal mortar with encapsulated salt inhibitor system is the one that contains
sufficient salt inhibitor to inhibit salt crystallisation and release it slow enough to
prolong its effectiveness over an extended period. The capsule composition plays
a key role on its release rate. Different parameters such as the initial concentration
of NaFeCN and the Cs content on Cs-CA capsules were tested to obtain the most
suitable capsule type. In the NaFeCN release test in pore solution (Section 6.4.2),
capsules containing low initial content of NaFeCN (2% w/v) released NaFeCN at a
slower rate as compared to capsules containing higher content (4% w/v capsules,
Figure 6.4). This difference is due to differences in the concentration gradients be-
tween the two capsules and the leachant (pore solution). The higher the gradient
the faster the rate of diffusive release from the capsules [62]. However, Cs-CA
capsules made with 2% (w/v) NaFeCN (≈100–150 mggዅ1 of capsule weight) in-
corporate significantly lower amount of NaFeCN as compared to Cs-CA capsules
with 4% (w/v; ≈280-300 mggዅ1 of capsule weight). Past research suggests that
the concentration of NaFeCN in mortar should be equivalent to ≈1% of the binder
weight to be effective against salt damage [18]. To achieve sufficient dosage of
NaFeCN in mortar, twice as many Cs-CA capsules containing 2% (w/v) NaFeCN
would be required as compared to Cs-CA capsules containing 4% (w/v) NaFeCN.
Increasing the amount of capsules within the mortar will have a negative effect on
its mechanical performance due to additional air voids and weak interface transi-
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tion zones between the mortar matrix and the capsules [63]. Based on the above
considerations Cs-CA capsules with high initial NaFeCN content (4% capsules) are
preferable to capsules with lower content (2% capsules).

Varying the Cs:SA ratio had minimal impact on the encapsulated NaFeCN con-
tent as well as its release rate from Cs-CA capsules containing 4% NaFeCN (Figure
6.3 and 6.4). Cs is comparatively more expensive than CA, making capsules with
the lowest Cs content more cost-effective to produce while still offering comparable
release performance compared to Cs-CA capsules with higher Cs:SA ratios (Figure
6.4). Furthermore, increasing the Cs content in the production of Cs-CA capsules
leads to agglomeration (Figure S2) which could be problematic for industrial pro-
duction. Taking these factors into consideration, Cs-CA capsules with high NaFeCN
but low Cs content, i.e. Cs-CA 0.25-F_4, were selected as the most suitable for mix-
ing in mortar. CA-F_2, which have a similar NaFeCN content as Cs-CA 0.25-F_4,
were also selected for mixing in mortar to compare NaFeCN leaching from mortar
when using Cs-coated versus uncoated capsules (Phase 3, Figure 6.1).

6.4.4. NaFeCN release (leaching) in mortar

6.4.4.1. Diffusion-driven leaching
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Figure 6.5: (a) A plot showing the cumulative fraction leached of sodium ferrocyanide (NaFeCN) mea-
sured from hardened mortar specimens at specific time steps during the diffusion driven-accelerated
leaching test. The cumulative fraction leached is the ratio of the total NaFeCN leached with respect to
the initial amount at the start of the test. The dotted lines represent the best fit curves obtained from
the analytical solution (Appendix A) and their corresponding diffusion coefficients, D, with coefficient
of determination (R2), calculated from the best fit are presented in the top left of the plot. (b) pH
measurements of the leachate containing NaFeCN measured at ever time step before leachant renewal.
The pH shows a decreasing trend over time in a similar range across all mortar specimens. The error
bars indicate one standard deviation from the mean measurements.

The diffusion-driven leaching of NaFeCN from mortar specimens over time is
presented in Figure 6.5a. The Mortar-CA-F specimens exhibit a comparable leaching
rate to the Mortar-F specimens, showing that CA capsules do not reduce leaching
from mortar. In contrast, Mortar-Cs-CA-F specimens demonstrate a slower rate
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of NaFeCN leaching as compared to Mortar-F specimens. The measured mean
effective diffusion coefficient of NaFeCN from Mortar-Cs-CA-F (1.1x10-7 cm2 sዅ1) is
four times lower than that of Mortar-F (4.5x10-7 cm2 sዅ1). Moreover, at the end of
10-days, the amount of NaFeCN leached from the Mortar-Cs-CA-F specimens drops
to just 46.2%, while for the Mortar-Cs-CA-F it is almost 80% (Figure 6.5a and S3).
Furthermore, the NaFeCN release from Mortar-Cs-CA-F does not reach a plateau,
indicating a sustained release even after 10 days of accelerated testing. The pH
measurements on the leachate show an initial increase of pH until first 24 hours,
followed by a linear decrease in the pH with every renewal step (Figure 6.5b). The
drop in pH is consistent across all types of specimens.

6.4.4.2. Advection-driven leaching

Advection-driven leaching leads to the formation of an efflorescent crust on the
drying surface (top surface) of the mortar specimens (Figure 6.6, Figure S4–S6).
Mortar-F specimens show crust formation immediately after one absorption-drying
cycle, and each cycle leads to a progressive accumulation of the crust. In contrast,
the Mortar-CA-F and Mortar-Cs-CA-F specimens display negligible crust formation
after the first two absorption-drying cycles. At the end of third cycle, Mortar-CA-F
and Mortar-Cs-CA-F show signs of crust formation. In the case of Mortar-Cs-CA-F
specimens, the crust is accumulated in localised pockets (Figure 6.6, right column,
bottom row; marked with black arrows), while Mortar-F and Mortar-CA-F show
homogeneous crust formation over their entire surface. Visually, after three cycles,
the total amount of crust formation on the drying surface is highest for Mortar-F
and least for Mortar-Cs-CA-F specimens. Examination of the cross-sections of the
Mortar-F, Mortar-CA-F and Mortar Cs-CA-F specimens by digital microscopy shows
accumulation of white precipitates just below the drying surface (≈0–5 mm depth;
Figure 6.7 (a-c)). SEM-EDS maps made in these locations reveal the presence of
Fe and Na indicating that these precipitates are likely to be NaFeCN crystals (Figure
6.7 (d–l)).

The initial distribution of NaFeCN across all mortar specimen types, namely
Mortar-F, Mortar-CA-F and Mortar-Cs-CA-F fall within a similar concentration range
(before cycling; Figure 6.8a). The distribution profile of NaFeCN over the speci-
men height as measured with ICP-OES on the milled slices of the specimens at the
end of the test, underwent a drastic change from a homogenous initial distribution
(before cycling; Figure 6.8a) to a skewed distribution near the top drying surface
(Figure 6.8b). At the end of the test, a large amount of NaFeCN is transported and
accumulated within the first 5 mm below the drying surface and a depletion in the
lower depths (5–50 mm). In the first 5 mm, the mean concentration of NaFeCN for
Mortar-Cs-CA-F (33.9 mggዅ1) is about half than that of Mortar-F (66.62 mggዅ1)
and Mortar-CA-F (71.63 mggዅ1). In the depths, there is a negligible difference in
the final concentration of NaFeCN measured across all specimen types (≈8-11 mg
mggዅ1).
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Figure 6.6: Images of Mortar-F, Mortar-CA-F and Mortar-Cs-CA-F showing the progression of a white
precipitated crust (efflorescence) on the top surface of the specimens after each absorption-drying cycle.
The crust formation increases with each cycle.
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Figure 6.7: (a–c) Digital microscope images showing an epoxy-impregnated polished cross-section of:
(a) Mortar-F specimen; (b) Mortar-CA-F specimen; and (c) Mortar-Cs-CA-F specimen, at the end of the
adsorption and drying test. The field of view presents the top evaporative surface of these mortar
specimens. The extent of precipitation is marked with cyan lines. (d–f) Back scattered electron (BSE)
images and (g–l) energy dispersive spectroscopy (EDS) maps of polished cross section of Mortar-F
(d,g,j), Mortar-CA-F (e,h,h) and Mortar-Cs-CA-F (f,i,l) specimens respectively are corresponding regions
of interest from (a–c). The top of the image is the top edge of the cross-section. The grey scale BSE
images show accumulation of light grey precipitates in between the sand aggregates. Na and Fe maps
of these BSE images indicate the phase to be NaFeCN. The contrast of Na and Fe maps is exaggerated
for better visibility and can be used only qualitatively.

6.5. Discussion
The results from diffusion-driven leaching test on mortar specimens show that
Mortar-Cs-CA-F specimens [containing Cs-CA capsules containing NaFeCN], exhibit
an effective diffusion coefficient of NaFeCN four times lower than Mortar-F [con-
taining directly added NaFeCN] and Mortar-CA-F specimens [containing CA cap-
sules containing NaFeCN], respectively.(Figure 6.5a). The improved performance
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of Cs-CA capsules can be attributed to physico-chemical changes induced by the
incorporation of Cs. The addition of Cs to CA is known to reduce permeability of
CA [49, 50] and improve mechanical stability of CA network in alkaline conditions
[38]. This is achieved by the ability of Cs to restrict the swelling of CA networks in
high pH environments [37, 41], possibly due to strong attractive forces between Cs
and alginates that prevents repulsion between alginate chains [64], thereby form-
ing tight low porosity networks. A tighter, more stable Cs-CA structure makes it
physically more difficult for a small molecule like NaFeCN to escape the capsule
matrix [65]. Additionally, Chitosan is also chemically functional due to its positively
charged –NH2, which electrostatically interact with negatively charged [Fe(CN)6]

4–

ions [66]. Evidence of this interaction can be seen as the green colour of the Cs-CA
capsules (Figure 6.2c) related to a formation of an ammonium ferrocyanide bond
[67]. The –NH2 of Cs capsules acting as chelating sites for [Fe(CN)6]

4– ions have
been shown to retain [Fe(CN)6]

4– ions inside the capsule network [42]. Further-
more, attractive forces due to oppositely charged electrostatic interactions between
the matrix and the solute have been shown to hinder diffusion of charged solute
species [68]. The electrostatic interaction between [Fe(CN)6]

4– ions to Cs is pH
dependent and reversible. At high pH, the binding affinity of Cs for [Fe(CN)6]

4– is
low due to Cs’s neutral charge; however, this affinity increases as the pH decreases
[69]. The mortar leaching experiment with mortar specimens containing Cs-CA
capsules aligns with this pH-dependant behaviour. The mortar-Cs-CA-F specimens
exhibiting lower cumulative leaching over time (Figre 6.5a) as the pH decreases
(Figure 6.5b). Realistically, NHL mortars in the field are also expected to carbonate
over time causing a slow drop in pH. This slow drop could contribute towards a
slower release of [FeCN6]

4– for longer time periods. It must be noted, however,
that very high pH (pH>12), the –NH2 can become negatively charged by losing
protons and releasing bound [FeCN6]

4– ions due to repulsion [70].
The results from the advection-driven leaching test show a notable delay in the

transport of NaFeCN towards the drying surface of Mortar-Cs-CA-F and Mortar-CA-F
as compared to Mortar-F specimens (Figure 6.6). The reason for this delay may be
attributed to a limited moisture accessibility. In contrast to the diffusion-driven test
setup, where the specimens remain completely saturated, in the advection-driven
test, the specimens are only saturated for a short period during the capillary ab-
sorption phase and the moisture decreases during the drying phase. In Mortar-F
specimens where NaFeCN is already present in the mortar matrix, NaFeCN readily
dissolves and is transported to the drying surface even with a limited supply of mois-
ture in the first cycle itself. Conversely, in Mortar-CA-F and Mortar-Cs-CA-F speci-
mens, availability of moisture for a limited time may not be sufficient to swell the
hydrogel networks and release enough [FeCN6]

4– ions from the capsules, thereby
delaying the [FeCN6]

4– transport. At the end of the test, after three absorption-
drying cycles, the effect of slow transport of NaFeCN towards the drying surface
(top surface) in Mortar-Cs-CA-F specimens is more evident than Mortar-CA-F spec-
imens (Figure 6.6, 6.7). The distribution profile of NaFeCN at the end of the test
confirms this observation as it shows that NaFeCN concentration near the drying
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Figure 6.8: Plots showing the distribution profile of NaFeCN over specimen height. (a) before subjecting
specimens to the absorption-drying cycles and (b) after subjecting them to three cycles (at the end of the
test). Depth is measured as the distance from the top of the specimen surface, as indicated in the Y-axis,
Top indicates the top of the specimens (0 mm) and Bot indicates the bottom (50 mm). Measurements
were taken at four discrete points using ICP-OES on samples obtained after slicing the specimens using
a dry saw between: 0–5 mm, 5–15 mm, 15–25 mm and 25–50 mm. The most significant change in
the distribution profile occurs between measurements taken at start and the end of the test in the layer
between 0–5 mm.

surface (0–5 mm; Figure 6.8b) in mortar-Cs-CA-F is almost two times lower than
that of Mortar-CA-F and Mortar-F. The results show that the presence of Cs is nec-
essary to delay the release of [FeCN6]

4– ions from CA capsules when subjected
to successive absorption-drying cycles. However, considering the mass conserva-
tion between the NaFeCN distribution profile before cycling (Figure 6.8a) and after
the test (Figure 6.8b), one would expect a higher concentration of NaFeCN in the
depths of Mortar-Cs-CA-F specimen, but instead a similar depletion of the NaFeCN
concentration is observed in Mortar-F and Mortar-CA-F specimens. While the rea-
son for this discrepancy is unclear, one possible reason could be that a portion of
NaFeCN remains bound to Cs due to electrostatic interaction and is not fully re-
leased, leading to lower measured NaFeCN values. A high degree of immobilisation
of NaFeCN to Cs could be a challenge when applying this technology, as it could limit
the availability of NaFeCN. However, it can be overcome in the future by making
use of ionic cross-linking agents such as sodium tripolyphosphate that can compete
with [FeCN6]

4– ions for –NH2 sites on Cs [71].
The results from mortar leaching tests clearly show that Cs-CA capsules reduce

the rate of NaFeCN leaching under both diffusion and advection driven transport as
compared to directly adding NaFeCN to mortar. When moisture supply is limited,
both Cs-CA and CA capsules tend to release NaFeCN slower in mortar matrix as
compared to NaFeCN directly mixed in mortar due to the physical barrier presented
by the capsule network. However, when a continuous moisture supply is available,
CA capsules may swell releasing more NaFeCN and the effect of capsule’s physical
barrier is diminished. Conversely, Cs-CA capsules, with cationic Cs, swell less pro-
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viding a physical barrier for the [FeCN6]
4– anions. Additionally, functional groups

on Cs show pH-dependent electrostatic attraction to [FeCN6]
4– ions, hindering their

diffusion from the capsule network causing slower release.
The capsules can be further optimised and fine-tuned for specific applications

by controlling physical properties of capsules such as porosity and permeability of
capsules by varying the molecular weight of chitosan and the M/G ratio of alginates
[38]. Use of other cross-linking agents such as sodium tripolyphosphate can also
reduce pore diameters and promote better cargo entrapment during production
[71]. Modification of Cs such as N-trimethyl chitosan chloride can alter the pH range
for protonation to release various charged cargos such as [FeCN6]

4– at specific pH’s
[41, 72].

The Cs-CA capsules developed in this study offer a range of new possibilities
for the controlled release of charged molecules in construction materials. For in-
stance they could be used for the controlled release of corrosion inhibitors [73] that
need a slow/delayed release to be effective or as an alternative to existing capsule
technologies for delivering chemical retarders such as sucrose in controlling cement
hydration [74]. Additionally, the bio-based nature of the capsules makes them a
sustainable alternative to synthetic polymers [29]. Furthermore, the immobilisation
property of Cs-CA capsules could find application in preventing heavy metal leaching
from municipal solid waste incineration fly ash which is a promising supplementary
cementitious material, but poses an environmental hazard due to the leaching of
toxic heavy metals [75, 76].

6.6. Conclusions and Outlook
This study introduces a proof-of-concept chitosan-calcium alginate capsule designed
for the controlled release of a salt crystallisation inhibitor (NaFeCN) with the aim
of prolonging the service life of salt-resistant mortars for renovation and construc-
tion applications. This study has shown that NaFeCN can be encapsulated in CA
capsules and its release can be controlled by complexing CA with Cs. The results
from this study demonstrate that incorporation of Cs is necessary for improving the
performance of CA capsules in the alkaline conditions of mortar. The Cs coated
CA capsules slow leaching of NaFeCN by reducing the effective diffusion coefficient
of NaFeCN from the mortar capsule system (Mortar-Cs-CA-F) compared to adding
NaFeCN directly to mortar (Mortar-F). Under advection driven transport that is more
commonly observed in field conditions, Cs coated CA capsules reduce and/or delay
the leaching of NaFeCN with successive absorption-drying cycles.

The controlled release of NaFeCN from the mortar-capsule system offers advan-
tages, including the ability to provide a steady supply of NaFeCN over a prolonged
period of time and lower wastage of NaFeCN due to leaching. Consequently, this
technology has the potential to improve the durability of mortars against salt-related
damage thereby reducing long-term repair costs. The next step of this research will
focus on evaluating the performance of mortars containing Cs-CA-F capsules in re-
sisting NaCl damage under accelerated salt weathering conditions. Additionally,
the interactions between NaCl and the capsules will be explored, considering past
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research indicating that high concentrations of NaCl (Na+:Ca2+>25:1) may compro-
mise the integrity of CA networks [36, 77] and might affect the release behaviour
of NaFeCN.
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7
Salt weathering resistance of
mortars with an encapsulated

crystallisation inhibitor

In the previous chapter, the developed mortar prototype i.e. hydraulic mortar
with encapsulated inhibitor (CsCA capsules) demonstrated a reduction in the
rate of leaching of the inhibitor, thanks to the CsCA capsules. In this chapter,
this mortar prototype is tested to validate its performance on three aspects,
(a) Fresh and hardened properties (b) resistance to salt-weathering (c) leach-
ing of the inhibitor. Next to the natural hydraulic lime mortar prototype, a
commercial two-layer cement-based plaster system, to which capsules have
been added, is also tested. For comparative purposes, mortars with mixed-
in inhibitor as well as reference mortars (without inhibitor and capsules) are
also tested. Various complementary techniques are used to characterise the
properties of different types of mortar and an accelerated salt weathering
test (based on RILEM 271-ASC recommendations) is carried out to assess
the salt weathering resistance of the mortars.

This chapter is based on the article published in Cement and Concrete Composites, 152, 105682 (2024).
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7.1. Introduction

S alt weathering is responsible for severe damage in porous building materials
[1]. Commonly occurring soluble salts, such as sodium chloride (NaCl), per-

meate in building materials from various sources such as ground water, salt spray
and de-icing salts [2] and, due to evaporation or temperature changes, crystallise
within the pores. Crystallisation of salts under supersaturated conditions can exert
crystallisation pressure on the pore walls [3] causing damage when the pressure
exceeds materials’ mechanical strength [4]. In particular for NaCl, repeated ex-
posure to crystallisation-deliquescence cycles has shown to increase the crystal
volume [5] and consequently accelerate the damage propagation [6]. Plasters and
renders, also because of their location at the surface of the buildings, are exposed
to repeated crystallisation-deliquescence cycles, due to evaporation and exposure
to changing climatic conditions. Therefore, plasters and renders need frequent re-
placements, and entail high maintenance costs. Improving the durability of plasters
and renders with respect to salt damage can reduce their replacement frequency
and minimise costs. Incorporation of crystallisation inhibitors in mortars has shown
encouraging results in improving the durability of plasters/renders by preventing
and/or delaying salt damage [7].

Crystallisation inhibitors are chemical additives that inhibit crystal nucleation
and growth by adsorbing preferentially on specific crystal faces [8]. Sodium ferro-
cyanide (Na4Fe(CN)6, hereafter referred as NaFeCN) is one of the most effective
crystallisation inhibitors of alkali halides, and in particular of NaCl [9]. Hexacyano-
ferrate ions [Fe(CN6)]

4– from NaFeCN preferentially sorb on the {1 0 0} faces of the
NaCl crystals, and block further crystal growth due to a charge mismatch [10]. As a
consequence, the rate of crystal growth is suppressed along ⟨1 0 0⟩ and the crystal
morphology changes from a cubic crystal to a dendritic (skeletal) habit [11, 12].
When introduced to NaCl contaminated porous building materials, NaFeCN has
shown to favour crystallisation of harmless efflorescence (surface crystallisation)
over harmful subflorescence (confined in-pore crystallisation) and in doing so, has
greatly reduced the associated salt damage [12–15]. The reduced damage has
been attributed to a delay in NaCl nucleation and crystal growth due to NaFeCN,
providing longer time for salt ions to be transported to the evaporation surface [12].
Moreover, the formation of dendritic crystals with a higher surface area has shown
to increase the evaporation rate and promote advection of salt ions towards the
surface [16]. Recently, a new hypothesis to explain reduced salt damage has been
proposed based on the smaller NaCl crystal size observed in presence of NaFeCN.
Smaller NaCl crystals, by occupying smaller volume can prevent pore clogging and
decrease crystallisation pressure [7]. Incorporating NaFeCN during the production
of hydrated lime mortars has been highly effective in reducing salt damage in the
laboratory [7, 17, 18]as well as in the field [19]. Early studies show that addition
of inhibitor does not affect the properties of hydraulic mortars [20], making the
inhibitor also suitable for hydraulic mortar applications. However, the effect of the
combination of inhibitor in hydraulic mortars with respect to salt damage is not yet
investigated.

Despite the positive results reported on lime-based mortars with mixed-in in-
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hibitors, a high depletion of NaFeCN frommortar specimens after successive wetting-
drying cycles was observed and attributed to the leaching of NaFeCN [7]. A study
specifically focused on the leaching behaviour of NaFeCN from mortar specimens
reported severe leaching, and concluded that directly adding NaFeCN to mortar
may not prevent salt damage over a long time period [21]. In a recent pilot study,
we demonstrated that introducing NaFeCN in chitosan-calcium alginate (CsCA) cap-
sules lead to a controlled release and reduced leaching of the inhibitor from mortar
specimens [22]. To develop this technology further, some issues pertaining to the
introduction of encapsulated NaFeCN in mortar need to be clarified. A first issue
concerns the impact of CsCA capsules on the mortar properties, such as mechanical
strength and workability, as past research has shown negative impact of capsules
and capsule-like materials on the properties of concrete [23, 24]. Another issue
concerns if mortars with encapsulated inhibitor offer similar resistance against salt
damage as mortars with mixed-in inhibitor., while slowing down the inhibitor leach-
ing.

To resolve the above issues, two different types of hydraulic mortars- Natural
hydraulic lime and commercial two-layer cement-based plasters containing encap-
sulated inhibitor as well as mixed-in inhibitor are tested. The research is divided in
two parts. In the first part, the effect of capsules on the properties of mortars is
investigated (Section 7.2.4). In the second part, the salt weathering resistance of
mortars and the leaching of inhibitor is assessed (Section 7.2.5).

7.2. Materials and methods
7.2.1. Materials
For the preparation of capsules (Section 7.2.2), lab grade sodium alginate (man-
nuronic/guluronic (M/G) ratio of 1.56), chitosan (Molecular weight: 190-310 kDa),
calcium chloride (CaCl2 ⋅ 2H2O) were obtained from Sigma Aldrich. Acetic acid
(CH3COOH) was obtained from J.T.baker and sodium ferrocyanide decahydrate
(Na4Fe(CN)6 ⋅ 10H2O) used as the crystallisation inhibitor was obtained from Acros
organics.

In the preparation of mortar specimens (Section 7.2.3), Natural hydraulic lime
(binder, St. Astier) with a strength class of 3.5 MPa, SP-Levell® (ready-mix mor-
tar, Remmers), SP-Top SR® (ready-mix mortar, Remmers) and standard river sand
(0.08-2 mm) as per [25] were used. Maastricht limestone (Netherlands) with a
porosity of 50% v/v and a mean pore size of 30 µm [26] was used as a substrate.

7.2.2. Preparation of chitosan-calcium alginate capsules con-
taining NaFeCN

The capsules containing sodium ferrocyanide (NaFeCN) were prepared and char-
acterised according to a procedure developed in a past research [22]. In the first
step, calcium alginate containing NaFeCN capsules were prepared using ionic gela-
tion [27], where a mixture of sodium alginate (2% w/v) and NaFeCN (4% w/v)
was extruded drop by drop in a cross-linking bath containing a mixture of calcium
chloride (3% w/v) and NaFeCN (4% w/v) using a peristaltic pump (Masterflex con-
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sole drive, Cole Parmer instruments). In the second step, the obtained capsules
were added to a bath of 0.5% w/v chitosan (Cs) in 0.1 M Acetic acid to form a
complex of chitosan-calcium alginate capsules containing NaFeCN (CsCA-F). The
CsCA-F capsules were dried in an oven at 40±2°C for 48 hours and stored in air-
tight containers.

When dry, the CsCA-F capsules had an ellipsoidal form with a maximum diam-
eter of 1063 ± 124 µm, a minimum diameter of 730 ± 85.5 µm. The average
encapsulated amount of NaFeCN was 264mggዅ1 of dry capsule mass [22].

7.2.3. Preparation of test specimens
7.2.3.1. NHL-based mortar specimens
Different types of natural hydraulic lime (NHL) mortar specimens were prepared
(see Table 1) (i) Reference mortar specimens without NaFeCN and capsules (NHL-
R)were prepared by mixing NHL with river sand in a 1:3 ratio by volume and a water
to binder ratio (w/b) of 1.17 to achieve a 165mm flow as per NEN-EN-459-2 [28].
(ii) mortar specimens with mixed-in NaFeCN (NHL-F) prepared in the same way as
NHL-R, but with addition of NaFeCN at a concentration of 1% weight of the binder.
NaFeCN was first dissolved in water to be used for mortar preparation, and then
added to NHL and sand. (iii) mortar specimens containing NaFeCN encapsulated
in CsCA-F capsules (NHL-CsCA-F) were prepared in the same way as NHL-R, but
with addition of CsCA-F capsules. The amount of capsule was defined such that the
total NaFeCN content was 1% weight of the binder; this resulted in an amount of
capsules equal to 3.78% of the binder weight.

The type of specimens/ geometry differed based on characterisation and weath-
ering tests (see Table 7.1). Mortar specimens to be used for mechanical testing were
cast as prims (160x40x40) mm as per NEN-EN-1015-11 [29].

Stone-mortar combination specimens to be used for the salt weathering test
were casted in the following way. Freshly mixed mortar was cast on pre-wetted,
cylindrical (Ø=50 mm, H=30 mm) Maastricht limestone substrate in polyvinyl chlo-
ride (PVC) moulds. The mortar thickness was 20 mm, and the total size of the
stone-mortar specimen was Ø=50 mm and H=50 mm. The mortar was compacted
by hand, using a trowel.

Mortar specimens to be used in the physical characterisation tests were prepared
on Maastricht limestone substrate, in the same way as those for the salt weathering
test, and then detached after 4 days. A paper towel was placed in between the
substrate and the mortar during casting, to allow for easy detachment of the mortar
to obtain mortar discs (Ø=50 mm, H=20 mm).

All specimens were covered with a plastic film and cured for one week at 20±2ºC,
95±5 % relative humidity (RH); subsequently, they were demoulded and cured at
lab conditions (20 ± 3ºC, 55 ± 5 ºC) for at least three weeks as per NEN-EN-1015-
11 before testing [29].

7.2.3.2. Two-layer plaster (cement-based)
A two-layer cement-based plaster system, commercially available and commonly
used in renovation for application on salt loaded substrate was selected. The sys-
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Table 7.1: : Description of test specimens and explanation of the labels

Binder Specimen label Description Geometry Size

NHL

NHL-R
NHL reference
specimens
i.e. without
NaFeCN and
capsules

Prisms 160x40x40 mm
Discs Ø=50 mm, H=20 mm

Stone-mortar
cylinder

Ø=50 mm, H=50 mm

(including stone)

NHL-F
NHL specimens
with mixed-in
NaFeCN

Prisms 160x40x40 mm
Discs Ø=50 mm, H=20 mm
Stone-mortar
cylinder

Ø=50 mm, H=50 mm
(including stone)

NHL-CsCA-F
NHL specimens
containing CsCA-F
capsules

Prisms 160x40x40 mm
Discs Ø=50 mm, H=20 mm

Stone-mortar
cylinder

Ø=50 mm, H=50 mm

(including substrate)

2-layer plaster:
SP-Levell®(bottom
layer) + SP-Top®
(top layer)

2L-R
2-layer plaster
reference specimens

stone-mortar
cylinder

Ø=50 mm, H=50 mm
(including substrate)

2L-CsCA-F
2-layer plaster with
CsCA-F capsules
in the bottom layer

stone-mortar
cylinder

Ø=50 mm, H=50 mm
(including stone)

SP-Levell®
SPL SP-Levell

reference specimens
Prisms 160x40x40 mm
Discs Ø=50 mm, H=20 mm

SPL-CsCA-F SP-Levell specimens
with CsCA-F capsules

Prisms 160x40x40 mm
Discs Ø=50 mm, H=20 mm

SP-Top® SPT SP-Top reference
specimens

Prisms 160x40x40 mm
Discs Ø=50 mm, H=20 mm

tem is composed of a bottom (base) layer mortar (SP-Levell, Remmers) and a top
layer mortar (SP-top SR, Remmers); the top layer is hydrophobic and is meant to
stop salt transport to the surface, leading to accumulation of the salts in the inner
layer. Characterisation tests were performed on individual cement mortars while
the salt weathering test was performed on the composite two-layer plaster sys-
tem. Different types of specimens were prepared for this study and an overview
is presented in Table 7.1. For different characterisation tests (Table 7.2), Cement-
based mortar components of the two-layer plaster system were cast separately
and labelled as (i) SP-Top (SPT) (ii) SP-Levell (SPL) and (iii) SP-Levell containing
CsCA-F capsules (SPL-CsCA-F). The amount of mixing water was based on the
manufacturer’s specifications i.e. 325mLKgዅ1 for SP-Levell and 250mLKgዅ1 for
SP-Top. The amount of capsules in SPL-CsCA-F specimens was 0.45% of the dry
weight of SP-Levell. Specimens to be used for mechanical testing were cast as
prims (160x40x40) mm as per NEN-EN-1015-11 [29]. Specimens used for physical
characterisation test (Table 7.2) were cast as discs ( Ø=50 mm, H=20 mm) in the
same way as NHL specimens (Section 7.2.3.1).

For salt weathering test, stone-mortar specimens were prepared in the same
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was as NHL-based mortar specimens (Section 7.2.3.1) where Maastricht limestone
was used as the substrate and the mortar made of the two-layer plaster system
was cast on top of the substrate. Different types of specimens were prepared as
follows (i) Reference two layer plaster without NaFeCN and capsules (2L-R) where
the bottom layer of the plaster (10 mm thick) was prepared by mixing SP-Levell with
water. The top layer of the plaster (10 mm thick) was prepared by mixing SP-Top SR
with water and cast on top of the bottom layer after 24 hours. (ii)Two-layer plaster
containing capsules containing NaFeCN (2L-CsCA-F) where the bottom layer of
the plaster (10 mm thick) was prepared by mixing SP-Levell, and CsCA-F capsules
equal to 0.45% by the weight of SP-Levell (binder + sand). The top layer of the
plaster (10 mm thick) was prepared by mixing SP-Top SR and water and cast on
top of the bottom layer after 24 hours. The capsules were not added to the top
layer.

All the specimens were demoulded after 4 days and cured at 20±2ºC, 95±5%
RH for 28 days before testing.

7.2.4. Characterisation of mortar specimens
The effect of capsules on the fresh and hardened properties of mortar (Table 7.1)
was assessed using various experimental techniques (Table 7.2). The workability
of freshly mixed mortar was assessed as per NEN-EN-1015-3 [30] using the flow
table test. The compressive strength was measured on the mortar prisms after 28
days of curing, per NEN-EN-1015-11 [29] with a loading rate of 0.1 kN sዅ1

Table 7.2: An overview of the characterisation tests performed on different mortar specimens.

Material property Method Standard Type of mortar Specimen type Replicates

Workability
Flow table
test NEN-EN-1015-3

NHL-R, NHL-F,
NHL-CsCA-F,
SPL, SPL-CsCA,
SPT

Fresh state 2

Compressive
strength

Mechanical
testing NEN-EN-1015-11 Prism 3

Pore size
distribution MIP -

Disc (1 cm3

sample) 2

Open porosity MIP -
Disc (1 cm3

sample) 2

Bulk density MIP -
Disc (1 cm3

sample) 2

Water absorption
coefficient

Capillary
absorption NEN-EN-1925 Disc 3

Drying rate Gravimetry - Disc 3

Microscopic
examination

PFM - NHL-CsCA-F thin section 1
SEM - NHL-CsCA-F polished section 1

The open porosity, bulk density and pore size distribution of all mortars were
measured using mercury intrusion porosimetry (MIP, Micromeritics Autopore IV)
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on samples of approximately 4 g, collected from the mortar discs. Samples were
freeze-dried, before starting the measurements and subjected to a maximum intru-
sion pressure of 210 MPa.

The water absorption coefficient (WAC) was measured on mortar discs (Table
7.1) as per NEN-EN-1925 [31] through capillary absorption. Mortar discs were dried
at 40ºC to a constant weight and their sides sealed with parafilm® (Bemis Company
Inc.). The specimens were placed with the bottom surface in water and weighed at
prescribed time intervals [31]. The water WAC was calculated as per Equation 7.1.

𝑊𝐴𝐶 = 𝑚። −𝑚ኺ
𝐴 ⋅ √𝑡።

(7.1)

Where,𝑚። [g] is the mass of specimen at time interval 𝑡።[s], where the transition
takes place between the first absorption stage and the second absorption stage. 𝑚ኺ
[g] is the dry mass of the specimen and 𝐴 [m2] is the surface area of the specimen
subjected to capillary absorption.

Following capillary absorption, the specimens were subjected to drying at lab
conditions (i.e. 23.1 ± 1.1ºC, RH 51.5 ± 5.1%) and the weight of the specimens
was recorded at regular intervals to obtain a drying curve.

In the case of NHL-CsCA-F mortar, one thin-section was prepared to examine
the capsule distribution and the mortar porosity. To prepare the thin section, the
specimen was first impregnated with an epoxy resin containing a UV-fluorescent
dye. The thin-section was prepared following a protocol by [32]. The images were
acquired under plane polarised light and UV-light using Keyence VHX-7000 digital
microscope.

One polished cross section was prepared to examine the capsule-mortar inter-
face. The polished section was prepared on an epoxy impregnated specimen that
was grinded and polished on a lapping table [26]. The images were obtained un-
der back scattered electron (BSE) setting using a scanning electron microscope (FEI
Quanta 650 FEG) at an accelerating voltage of 15kV.

7.2.5. Procedure for accelerated salt weathering test
The accelerated salt weathering test is based on the RILEM 271-ASC recommenda-
tions [33, 34], and further adapted to allow for testing of stone-mortar combina-
tion. As for the RILEM 271-ASC, the procedure used in this research consists of two
stages (i) contamination and accumulation with salt and (ii) damage propagation.

7.2.5.1. Contamination and accumulation
The specimens (stone-mortar cylinders, see Table 7.1) were dried in an oven at
40°C to a constant weight and the sides were sealed with parafilm and a textile
tape. The specimens were then contaminated from the bottom surface via capillary
absorption with 10% w/w NaCl solution; the amount of solution was equivalent
to the capillary moisture content of the Maastricht Limestone (31.1% of the dry
weight of the stone). After complete absorption of the solution, the bottom of the
specimens were sealed with parafilm and the textile tape, and the specimens were
placed in a climate chamber at 40±2°C and 15±5% RH until 80% of the water had
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evaporated marking the end of the accumulation stage. The specimens were stored
in a box inside a climate chamber with a lid made of Japanese paper in order to
limit the effect of convection from the ventilator.

7.2.5.2. Damage propagation
After the accumulation stage, specimens were subjected to four 3-week cycles of
damage propagation. Each 3-week cycle consisted of temperature and RH cycles,
as schematised in Figure 7.1. In between each 3 week-cycle the specimens were
rewetted with an amount of demineralised water equivalent to 30% by weight of the
solution used for initial contamination. The test was carried out in a programmable
climatic cabinet (ClimeEvent, Weiss-Technik). Three replicates were used for each
type of specimen.

Figure 7.1: Relative humidity (RH) and temperature (T) defined for every three-week propagation cycle
as per RILEM 271-ASC [34]. First 240h (light blue area) consists of RH and T cycling, followed by 6h
rewetting (light green area) and 258h of drying (light orange area). In total, specimens were subjected
to four such cycles.

7.2.5.3. Assessment of damage
Changes to the evaporation surface (top specimen of the mortar) were recorded
with a digital camera at the start of the accelerated test, at the end of the accumu-
lation stage and at the end of each 3-week cycle of the propagation stage.

At the end of the test, the material loss, efflorescence and the amount of leached
inhibitor from each specimen was measured in the following way. The top surface
was brushed with a soft-bristled toothbrush and the collected debris (salt efflores-
cence plus material loss) was dried to a constant weight at 40°C and its mass was
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recorded (𝑚1). Demineralised water with a mass at least 10 times of the debris
weight or 5g which ever was higher was added to the dry debris and the mixture was
stirred to dissolve any salts present in the debris. The volume of the added water
was recorded as V [L]. After 24 hours, the mixture was passed through a medium-
speed filtration paper to separate material loss (filter paper) and soluble salts (fil-
trate). The mass of the material loss after separating the salt efflorescence on the
filter paper was recorded (𝑚2) and the amount of salt efflorescence was calculated
as 𝑚1−𝑚2. The concentration of Fe(II/III) ions (𝐶ፅ፞) [mgLዅ1] in the solution was
measured by analysing the filtrate using Inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES, Perkin Elmer Optima 5300DV). The amount of NaFeCN
in the debris was calculated from the ICP-OES measurements using Equation 7.2.

𝐿𝑒𝑎𝑐ℎ𝑒𝑑ፍፚፅ፞ፂፍ = 𝐶ፅ፞ ∗ 𝑉 ∗ (
𝑀𝑤ፍፚፅ፞ፂፍ
𝐴𝑤ፅ፞

) (7.2)

Where, 𝑀𝑤ፍፚፅ፞ፂፍ is the molecular weight of NaFeCN (484.06 g mol-1) and
𝐴𝑤ፅ፞ is the atomic weight of Fe (55.85 gmolዅ1). The number of moles of Fe atoms
and NaFeCN molecules are equal. The total amount of NaFeCN leached out in the
debris [mg] was reported as the percentage of the initial NaFeCN present in the
specimen at the start of the test.

SEM (FEI quanta 650 FEG) was performed on the cross-section of one specimen
of each mortar type subjected to the accelerated weathering test to examine the
salt crystal morphology. The cross-section was obtained by splitting the mortar
specimen vertically using a tensile splitting test. The imaging was acquired just
below the evaporation surface.

7.3. Results and discussion
7.3.1. Effect of the encapsulated inhibitor on the properties of

mortar
In NHL-based mortars, the measured workability (flow) of fresh NHL-CsCA-F is sim-
ilar to NHL-R specimens (Table 7.3). NHL-F specimens show a slightly higher flow
compared to NHL-R with a higher scatter and can be a result of variation in param-
eters such as mixing speed and mixing time. In cement-based mortars, SPL-CsCA-F
specimens show similar workability as the reference mortar SPL (Table 7.3). The
above results show that addition of capsules have a negligible effect on workability
of both NHL-based and cement-based mortars. Past studies have shown that hy-
drophilic polymers such as chitosan or alginate can absorb high volume of mixing
water and reduce workability [24]. However, in this study, a reduction in workabil-
ity was not observed and could be due to a relatively low dose of capsules (3.78 %
of the binder weight) used during mortar preparation.

The 28-days compressive strength measured on NHL-CsCA-F specimens is higher
than NHL-R and NHL-F (Table 7.3), showing that addition of capsules do not nega-
tively affect the mechanical properties of NHL-based mortars. The 28-day compres-
sive strength of NHL-F and NHL-R is also similar showing that addition of inhibitor
also has no effect on the compressive strength and is in agreement with a previous
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Table 7.3: Overview of measured properties in NHL-based mortars and cement-based mortars. The
mean values and one standard deviation away from the mean is reported.

NHL-based mortars Cement-based mortars

Measured
property

Test
method NHL-R NHL-F NHL-CsCA-F SPT SPL SPL-CsCA-F

Workability
[mm] Flow table

165.67 ±
0.9

172.33 ±
3.1

164.00 ±
1.4

154.3 ±
0.9

144.0 ±
0.8

146 ±
0.14

Compressive
strength
[MPa]

Mechanical
testing

0.42 ±
0.08

0.39 ±
0.07

0.62 ±
0.08 -

1.82 ±
0.14

1.44 ±
0.16

Porosity
[%] MIP

21.83 ±
0.36

22.35 ±
0.27

22.37 ±
0.06

58.99 ±
0.01

58.54 ±
0.48

55.69 ±
0.43

Bulk density
[g mL-1] MIP

2.03 ±
0.01 2 ± 0

1.99 ±
0.02

0.93 ±
0.03

0.97 ±
0.02

1.01 ±
0.01

Water absorption
coefficient
[g m-2s-0.5]

Capillary
absorption 159 147 156 2.33 26.33 25.36

study [20]. Conversely, in cement-based mortars, SPL-CsCA-F specimens have a
slightly lower compressive strength as compared to SPL showing that addition of
capsules has a minor effect on the compressive strength of cement-based mortars.
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Figure 7.2: The pore size distribution measured using mercury intrusion porosimetry. (a) NHL-based
mortars (b) Commercial cement-based mortars.

When considering the physical properties, all types of NHL-based mortar speci-
mens show similar porosity, and unimodal pore size distribution (Figure 7.2a) with a
mean pore diameter ranging between 0.5-2 µm. Therefore, it can be concluded that
the addition of capsules (NHL-CsCA-F) or mixed-in inhibitor (NHL-F) has a negligible
effect on the porosity (Table 7.3) and the pore-size distribution (Figure 7.2a).

The cement-based mortars exhibit a bi-modal pore-size distribution (Figure 7.2b)
with the majority of pore diameters in the range of 10-100 µm and 0.1-2 µm. SPT
specimens containing the hydrophobic additive has a similar open porosity but a
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narrower pores-size distribution than SPL specimens. Different pore-size distribu-
tion between SPT and SPL is a result of different mortar composition and water
content. To assess the effect of capsules, SPL-CsCA-F and SPL specimens are com-
pared. The porosity measurement is slightly lower in SPL-CsCA-F specimens than
SPL specimens (Table 7.3). The reduction in porosity is evident in the range be-
tween 10-200 µm (Figure 7.2b). It can be concluded that the effect of capsules on
the porosity and pore-size distribution of cement-based mortars is minor.

The water absorption coefficient (WAC) of NHL-based mortars is higher than
cement-based mortars (Table 7.3). In NHL-based mortars, the WAC of NHL-CsCA-F
and NHL-R is similar. Likewise, In cement-based mortars WAC of SPL-CsCA-F is
comparable to its reference (SPL). Presence of capsules, do not have any effect
on the capillary absorption as substantiated also by their negligible impact on the
pore-size distribution (Figure 7.2). Among cement-based mortars, SPT mortar has
10 times lower WAC than SPL. This is expected and is due to the hydrophobic
character of this mortar.

The drying behaviour of both NHL-based and cement-based mortars (Figure 7.3)
show that the specimens containing capsules dry slower. The drying rate is signif-
icantly slower in NHL-CsCA-F specimens as compared to both NHL-R and NHL-F
specimens (Figure 7.3a). Similarly, in cement-based mortars, SPL-CsCA-F speci-
mens show a slower drying rate than the reference SPL specimens (Fig 7.3b); this
difference, however, is less prominent as compared to NHL-based mortars. These
results clearly show that the slow drying is a consequence of the capsule addition
and not NaFeCN.
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Figure 7.3: : Drying behaviour of mortars (a) NHL-based mortars (b) commercial cement-based mortars

The slow drying rate observed in presence of CsCA-F capsules may be attributed
to the hydrophilic nature [35] of chitosan and alginate making them hygroscopic.
Slow drying can even be beneficial to prolong mortar hydration and reduce shrink-
age, by providing a steady supply of moisture and facilitating internal curing, in a
similar manner as superabsorbent polymers [[36]. The higher compressive strength
in NHL-based mortar specimens containing the capsules (Table 7.3) can be explained
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by the extended hydration provided due to slower drying. NHL mortars were cured
for three weeks at laboratory conditions (20 ± 3ºC, 55 ± 5 ºC), meaning that the
low degree of hydration in the NHL-R specimens due to faster evaporation of mois-
ture is probably improved in NHL-CsCA-F due to slower loss of moisture. However,
an increase in compressive strength is not observed in cement-based mortars (Ta-
ble 7.3). SPL and SPL-CsCA-F mortars were cured at a high relative humidity (20
± 2ºC, 95 ± 5 ºC), where possibly the hydration is not hindered. In this situation,
the internal curing provided by the capsules is not evident/ relevant. In fact, a
slightly lower compressive strength as measured on SPL-CsCA-F specimens can be
a result of the introduction of air pockets and weak interfacial transition zones (ITZ)
between the capsules and the mortar matrix [37] as evident in Figure 7.4 b-e

Figure 7.4: Microscopy images of CsCA-F capsules in NHL specimens (a): Low magnification optical
micrograph of a thin-section under plane polarised light (PPL) showing pale yellow capsules (marked in
red) distributed in the mortar matrix. (b) PPL image showing close up of a capsule. (c) UV-light image
of the same capsule as (b). The green fluorescence indicates the locations of epoxy impregnation. The
image shows epoxy is unable to impregnate in the capsule pores. (d) Scanning electron microscope
(SEM) image on a polished section showing that the capsules have shrunk during drying, leading to the
formation of air-pockets around them. Note the capsules do not form a bond with the mortar matrix. (e)
SEM-morphology image of a capsule on an unpolished section showing that the capsule remains intact
in the hardened mortar and does not bond to the matrix.

Microscopic examination of the capsules in hardened mortar is presented in
Figure 7.4. This shows that the capsules are well distributed in the mortar mix
(Figure 7.4 a) and are able to survive the mixing process (Figure 7.4 a,e). The
capsules have a pale yellow appearance; around the capsules an air-pocket is visible
(Figure 7.4 b,c). The formation of air pockets shows that the capsules shrink as they
lose moisture. It is possible to observe that the epoxy resin (green fluorescence due
to UV excitation) (Figure 7.4 c) which easily penetrates in the mortar matrix, but
does not penetrate in the dry capsules; this suggests that the pores of the capsule
must be smaller than those of the mortar matrix. The diffusive release of NaFeCN
from CsCA capsules is dependent on the pore size of the capsules [22]. Smaller
pores of the capsules relative to mortar matrix show that the capsules have a better
chance of retaining NaFeCN than the mortar matrix making it less susceptible to
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leaching.
The SEM images of the capsule (Figure 7.4 d,e) show that the capsules do not

form any bond with the mortar matrix and is thus free to swell/shrink. No cracks
were observed in the mortar matrix. This suggests, that capsules can swell and
shrink when subjected to wet-dry cycles without imposing expansion stresses due
to absence of any constraints.

7.3.2. Assessing mortar damage due to accelerated salt weath-
ering test

The resistance of the mortars against salt crystallisation damage was assessed ac-
cording to a procedure, adapted from the RILEM 271-ASC accelerated weathering
test [34].

7.3.2.1. NHL-based mortar
Figure 7.5 shows the progression of damage, as photographically assessed, on dif-
ferent NHL-based mortar specimens at the start of the test, at the end of the accu-
mulation stage and at the end of the propagation stage (four cycles). At the end of
the accumulation stage, all specimens show salt accumulation/ efflorescence at the
surface with no material damage (in accordance to the RILEM 271-ASC recommen-
dations [34]). Among specimens containing the inhibitor, NHL-F shows consider-
ably higher efflorescence than NHL-CsCA-F specimens. Damage starts developing
during the propagation stage.

In NHL-R specimens (reference), the damage is observed after the first propa-
gation cycle and progressively increases with each cycle (Appendix B); at the end
of the test severe material loss is observed (Figure 7.5). The type of damage (i.e.
sanding, according to [38]) as seen in these specimens is typically observed on
plasters in the field [19], confirming the reliability of the test procedure to repro-
duce real case scenarios. At the end of the test, after brushing off the debris, a
rough surface is observed due to loss of adhesion between the sand grains and the
binder (Figure 7.6). Specimens NHL-F and NHL-CsCA-F, containing NaFeCN mixed
in and in encapsulated form respectively, show a large amount of salt efflorescence,
which increases with each successive cycle (Appendix B). At the end of the test,
after brushing off the surface, only negligible surface damage is observed (Figure
7.6).

In order to quantify the damage, the debris brushed off from the surface of
the specimen at the end of the test was analysed as described in Section 7.2.5.3.
Figure 7.6 shows the total material loss and the amount of salt transported to the
surface (as salt efflorescence) measured at the end of the test. NHL-R specimens
exhibit severe material loss. Differently, mortars with mixed-in NaFeCN (NHL-F)
and encapsulated inhibitor (NHL-CsCA-F) show almost 16 times lower material loss
compared to NHL-R specimens and a higher salt efflorescence. When comparing
mortars with encapsulated (NHL-CsCA-F) and mixed in NaFeCN (NHL-F), a similar
amount of material loss and salt efflorescence is visible. These results confirm that
the amount of NaFeCN released from the CsCA capsules is sufficient to prevent
damage in mortar.
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Figure 7.5: Progression of damage in NHL-based mortars due to salt weathering test. The images are
taken at the start of the test, at the end of the accumulation stage and the end of the propagation stage
(four cycles).
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Figure 7.6: The plot showing the material loss (red) and salt efflorescence (green) measured from
each type of mortar specimen at the end of the accelerated test. The error bars indicate one standard
deviation away from the mean. Inset: images of specimen surface corresponding to each mortar type
obtained after brushing the debris.

SEM observations have been performed on the cross-section of NHL-R and NHL-
CsCA-F specimens to observe the change in NaCl crystal morphology due to the
action of NaFeCN. The SEM images (Figure 7.7) in the cross-section of both NHL-R
and NHL-CsCA-F show that not all salt is transported outside the specimen and part
of it crystallises within the mortar pores. In NHL-R (Figure 7.7a), it can be observed
that NaCl crystals have a cubic habit whereas, in NHL-CsCA-F specimens (Figure
7.7b), NaFeCN leads to a change of crystal morphology, from cubic habit to dendritic
growth, and a smaller crystal size as compared to NHL-R. Both changes are in line
with the previous studies demonstrating NaFeCN’s ability to delay NaCl nucleation
and alter NaCl crystal morphology, consequently promoting salt efflorescence over
sub-florescence and preventing damage in porous materials [7, 12, 17]. Moreover,
the formation of smaller crystals within the pores as evident in Figure 7.7b may
have also contributed to lower pore-filling, consequently preventing salt damage in
specimens containing NaFeCN, as suggested by [7].

When considering the amount of inhibitor leached out of the mortars, a higher
efflorescence observed at the end of the accumulation stage in NHL-F specimens
over NHL-CsCA-F specimens (Figure 7.5) is a sign that most of the inhibitor from
NHL-F may have already been transported to the surface during the accumulation
stage itself. Debris analysis at the end of the test, shows that NHL-CsCA-F has a 30%
lower inhibitor leached out of the mortar in comparison to NHL-F, demonstrating that
the CsCA capsules used in this study can slow down NaFeCN leaching (Figure 7.8).
This implies that encapsulation of the inhibitor can prolong its effectiveness over
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(a) (b)

Figure 7.7: SEM microscopic images of the cross-section of NHL-mortars at the end of the accelerated
weathering test. Images are taken at about 1 mm from the evaporation surface (a) cubic NaCl crystals
observed in the pores of the reference NHL mortar (NHL-R) which did not contain NaFeCN (b) Den-
dritic NaCl crystals in mortar NHL-CsCA-F. Note the small size of the crystal in comparison to (a) Inset:
magnified image of the area marked in yellow showing the modified dendritic NaCl crystal habit.
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Figure 7.8: NaFeCN measured by means of ICP-OES in the debris collected at the end of the test on
NHL -based mortars. The results are expressed as a weight percentage of the initial NaFeCN amount
present in each specimen. The error bars indicate one standard deviation away from the mean.
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time and improve the service life of the inhibitor.

7.3.2.2. Two-layer cement based plaster system
Both 2-layer cement-based plaster specimens (i.e. 2L-R and 2L-CsCA-F) do not
show any visible surface damage at the end of the weathering test (Appendix B).
In both cases, independently from the presence of encapsulated inhibitor in the
base layer, most of the salt crystallised in between the two mortar layers (Figure
7.9). This behaviour show that the hydrophobic top layer (SPT) is able to stop
liquid water and salt transport, as could be deduced based on the measured low
WAC (Table 7.3).

Visual observations of the lateral sides of the specimens at the end of the test
show the effect of NaFeCN on the crystal habit of NaCl crystallizing in 2L-R spec-
imens (Figure 7.9a) to a dendritic habit (Figure 7.9b). As no damage was ob-
served in both mortars with and without encapsulated inhibitor, no conclusion can
be drawn on the positive effect of inhibitors in reducing crystallisation pressure in
pores. No observed damage may be associated to a few reasons. The high me-
chanical strength of both the plaster layers (SPT and SPL) may have resisted the
four damage propagation cycles (See Table 7.3). Second, the location of salts in
between the two plaster layers, thus further away from the surface may have made
it difficult for the small duration of RH cycles to dissolve and recrystallise salts in
such depths. Thus, the currently employed crystallisation-deliquescence cycles may
not be effective for such type of plaster system.

(a) (b)

Figure 7.9: Optical microscopy images showing NaCl accumulation in between the layers of the 2-layer
plasters at the end of the accelerated weathering test (a) compact NaCl crystals in reference 2L-R mortar
(b) dendritic NaCl crystals in 2L-CsCA-F mortar. Inset: high field of view images (digital camera) of both
the specimens showing the extent of salt accumulation in between the layers.

7.4. Conclusions and outlook
In this research, the effect of NaFeCN, inhibitor of NaCl crystallisation on the proper-
ties and durability with respect to salt crystallisation of hydraulic (NHL- and cement-
based) mortars was investigated. The inhibitor was either mixed-in directly (in an
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aqueous solution) in the mortar or encapsulated in chitosan-calcium alginate cap-
sules, which were added to the mortar during mixing. Various experimental tech-
niques were used to assess the mechanical (compressive strength) and physical
properties (porosity, pore size distribution, water absorption and drying behaviour)
of the mortar. The durability of the mortar to NaCl-induced crystallisation dam-
age was assessed using accelerated salt weathering test as per the RILEM- 271
recommendations. The results show that the addition of the inhibitor, both di-
rectly mixed-in and encapsulated, improve the durability of the studied hydraulic
mortars with respect to salt damage, without negatively affecting their properties.
Moreover, encapsulation of the inhibitor was successful in reducing leaching of the
inhibitor out of mortar, while still guaranteeing the same durability performance as
mortars with mixed-in inhibitor. These observations suggest that encapsulation of
the inhibitor is able to prolong the service life of the inhibitor without compromising
on the salt weathering resistance of the mortar.

For the future, some questions are left to be investigated. From the fundamen-
tal point of view, the supposed positive effect of NaFeCN on NaCl crystallisation
pressure still needs to be experimentally assessed. Moreover, the possibility of
fine-tuning the composition of the capsules to adapt to the rate of inhibitor re-
lease based on the severity of the conditions (i.e. salt and moisture load) could be
considered.
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8.1. Key findings and conclusions
The main aim of this research was to improve the salt resistance and service life
of hydraulic mortars using crystallisation inhibitors. For this reason, a literature
review (Chapter 2) was carried out and two performance related issues were iden-
tified. The first issue concerned the possibility of mixing crystallisation inhibitors
in hydraulic mortars and the second issue concerned slowing down leaching of the
inhibitor to improve the service life of mortars. These two issues were addressed
by developing an experimental research plan as described in Figure 1.2 (Chapter
1) and executing it. A summary of key findings and conclusions of this thesis are
given below:

Possibility of mixing crystallisation inhibitor in hydraulic mortars
• At first, the possible interactions between the crystallisation inhibitor (sodium
ferrocyanide) and hydraulic binders (NHL and OPC) were studied indirectly,
by experimentally investigating the effect of the inhibitor on the properties
of binder paste and mortar specimens (See Chapter 3). At the scale of the
binder paste, it was shown that addition of the inhibitor in a concentration up
to 1% of the binder weight does not have any effect on the setting time and
the heat of hydration. Similarly, at the scale of the mortar, the presence of
the inhibitor in an amount up to 1% of the binder weight does not have any
negative effect on the fresh properties (workability, setting time), mechanical
properties (compressive strength, flexural strength and E-modulus), physi-
cal properties (porosity, bulk density and pore-size distribution) and moisture
transport properties (water absorption coefficient and drying rate). These
results show that it is practically feasible to mix-in sodium ferrocyanide with
hydraulic binders without having any negative impact on the properties of the
studied hydraulic mortars.

• In the next step, the resistance of hydraulic mortars with mixed-in inhibitors
to salt damage was assessed and compared with hydraulic mortars without
the inhibitor, using an accelerated salt weathering test (Chapter 7). While the
reference hydraulic (NHL) mortars without the inhibitor showed a severe pro-
gression of damage in terms of material loss, hydraulic (NHL) mortars with the
crystallisation inhibitor showed negligible damage. Moreover, in mortars con-
taining the crystallisation inhibitor, a higher amount of salt was transported
to the mortar surface as efflorescence as compared to mortars without the
inhibitor. The scanning electron microscope images of the cross section of
mortar specimens, acquired at the end of the weathering test showed pre-
cipitation of smaller NaCl crystals and a modification of NaCl crystal habit
from cubic to dendritic in presence of the inhibitor. A higher surface area
on account of a dendritic crystal habit, is a likely reason to promote higher
advection of salt to the surface as efflorescence, thereby preventing confined
in-pore crystallisation and the consequent damage. The results from this the-
sis are consistent with the observations from previously conducted studies on
different porous media and unequivocally demonstrate the positive effect of
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the crystallisation inhibitor in preventing salt damage when mixed-in hydraulic
mortars.

Reducing leaching of the inhibitor to prolong the service life of mortars with
mixed-in inhibitor

• As reported in the previous section, directly mixing the inhibitor in hydraulic
mortar was shown to be effective in preventing salt damage. However, the
high solubility of the inhibitor in aqueous conditions makes it susceptible to
leaching out of the mortar. Due to a lack of quantitative data on the leach-
ing behaviour of the inhibitor, a test protocol was developed in Chapter 4 to
assess the risk of the inhibitor leaching out of mortar, under diffusion and
advection. In the diffusion-driven leaching test, a high diffusion coefficient of
the leached out inhibitor was measured. The advection driven leaching test
showed that most of the inhibitor leached out after just one wetting-drying
cycle, causing depletion of the inhibitor in the depth of the mortar. This rapid
loss of the inhibitor due to leaching would diminish the positive effect of the
mixed-in inhibitor over time and thereby, reduce the service life of the mor-
tar. Therefore, a solution was sought to reduce the rate of leaching of the
inhibitor.

• Encapsulating the inhibitor and controlling its release was considered as a
potential solution to slow down leaching of the inhibitor. Two hydrogels
made of bio-polymers, alginate and chitosan, were selected based on their
pH-responsive swelling and consequent release characteristics. In Chapter 5,
the inhibitor was successfully encapsulated in calcium alginate (CA) capsules
using ionic gelation and the CA capsules were further complexed with varying
concentration of chitosan to obtain chitosan-calcium alginate (CsCA) capsules
containing the inhibitor. The release of the inhibitor from different capsule
compositions was tested in bulk solutions over a pH range of 7 to 13. It was
shown that CA capsules (i.e. without chitosan) released high amount of in-
hibitor in the tested pH range. Conversely, CsCA capsules showed a lower
release of the inhibitor, which decreased as a function of the chitosan con-
centration. These results show that the CsCA capsules have a potential to be
tuned towards obtaining a desired release of the inhibitor at a certain pH by
modifying the chitosan:alginate ratio.

• On the outlook of these positive results, in Chapter 6, the release rate of the
inhibitor from CsCA capsules was measured in mortar pore solution and the
capsules were characterised to measure their encapsulation capacity. Based
on these results, CsCA capsules with the most suitable release, were incor-
porated in hydraulic mortars and subjected to the leaching test developed in
Chapter 4. The results of both diffusion and advection driven tests clearly
show that the mortar containing CsCA capsules leaches (i.e. releases) the
inhibitor significantly slower compared to the mortar with mixed-in inhibitor.
Chitosan role’s in counteracting the swelling of calcium alginate capsules as
well as the electrostatic interaction between the ferrocyanide anions and the
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positively charged chitosan are likely to be responsible for the observed slower
release of the inhibitor.

• In the final phase of the research, the performance of the prototype mortar
(i.e. hydraulic mortar with encapsulated inhibitor) was assessed (Chapter 7).
First, the effect of the capsules on the fresh and hardened properties of the
mortar was investigated. It was shown that incorporation of capsules up to
3.78 % weight of binder (equivalent to 1% inhibitor as weight of binder) in
mortar does not have any negative effect on the fresh (workability), mechan-
ical (compressive strength), physical (porosity and pore-size distribution) and
transport (water absorption coefficient and drying rate) properties of mortar.
Next, the salt resistance of the prototype mortar was assessed by perform-
ing an accelerated salt weathering test (Chapter 7). Mortars with mixed-in
and encapsulated inhibitor showed a significant and a similar reduction in salt
damage as compared to reference mortar (without inhibitor). In addition to
that, the amount of inhibitor leached at the end of the test from mortar with
encapsulated inhibitor was lower than in mortar with mixed-in inhibitor.

Summarising the above results, it can be definitively concluded that the prototype
hydraulic mortars with encapsulated inhibitor and mixed-in inhibitor have a con-
siderably improved salt weathering resistance as compared to hydraulic mortars
without the inhibitor. Moreover, the mortars with encapsulated inhibitor, thanks to
the controlled release of the inhibitor, are expected to have a longer service life
than mortars with directly mixed-in inhibitor. And finally, since neither the inhibitor
nor the capsules affect the properties of hydraulic mortar in a negative way, the
application of the developed mortar prototypes is feasible in practice.

8.2. Contribution to science
This research introduces a novel application of hydrogels within building materials.
For the first time, chitosan-alginate hydrogels have been explored for controlled-
release applications within the field of building materials. The conclusions of this
research can spark interest of researchers working in a similar domain and expand
the possibilities of using hydrogels in the field of construction.

This research provides insights in the pH-responsive release behaviour of chi-
tosan and alginate hydrogels in an alkaline range. Existing research has mostly
investigated chitosan-alginate hydrogels limited to physiological conditions (i.e. pH
up to 7.4), due to their relevance in the field of medicine. The results from this PhD
research extends the knowledge of these hydrogels, opening new possibilities for
their application and better understanding their behaviour fundamentally.

A pH reversible electrostatic interaction between ferrocyanide and chitosan, as
observed in this research, is not widely reported in the literature. Exploring these
interactions further may have implications in understating the chelation capability
of chitosan, cross-linking ability of charged metal complexes and thereby contribute
towards development of novel materials.

The salt crystallisation test results in this PhD research confirms the reliability
of the RILEM 271-ASC procedure (accelerated salt weathering) [1] and demon-
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strates the possibility to adapt the test to consider composite materials, such as
as substrate-plaster systems. In the past, accelerated weathering tests have of-
ten struggled due to a lack of repeatability and/or reliability. The conclusions from
this PhD research improve the credibility of the test and can hopefully, contribute
towards a wider acceptance of this test procedure. A credible standardised pro-
cedure will help in providing a benchmark for comparison of results across various
laboratories and validating novel solutions against salt damage.

8.3. Impact on the society
The main contribution of this work is a plaster/render prototype with additives that
can mitigate salt damage over a long time period, reducing the need for frequent re-
pairs. Frequent repair/ replacement interventions lead to considerable maintenance
costs, not only due to materials but also due to labour wages and scaffolding. High
costs are also one of the reasons for reluctance on the part of the owner/ responsible
agencies to undertake timely interventions. This often leads to a dilapidated state
of buildings, including the built cultural heritage. Therefore, the work done in this
research will directly impact the owners/responsible agencies in reducing the repair
costs over time and enable them to take timely interventions. Secondly, durable
plasters and renders would lead to a lower material usage and hence, reduce the
impact on the environment.

The practical feasibility in extending crystallisation inhibitors to hydraulic mortars
as demonstrated by this research, is also expected to broaden the field of appli-
cation of the inhibitors to a wider range of buildings and objects. This technology
will contribute towards improving the renovation of existing buildings as well as
preventing salt damage in new constructions. The prototype may also offer a com-
patible solution in the restoration of built cultural heritage and is therefore, a step
closer towards preservation of the built cultural heritage for future generations.

8.4. Outlook
The findings from this thesis create some interesting opportunities for future work.
These are presented as follows:

• The inhibitor, sodium ferrocyanide, has proven its effectiveness in preventing
NaCl induced damage. In reality, porous building materials are likely to be
contaminated with a mixture of salts. The effect of sodium ferrocyanide on
NaCl crystallisation in presence of other salts still needs to be investigated.

• At a fundamental level, the effect of crystallisation inhibitor on the devel-
opment of the crystallisation pressure (rather disjoining pressure) still needs
exploration. This thesis along with previous studies have shown that in the
presence of the inhibitor, a single NaCl crystal has a smaller size. Precipitation
of smaller crystals (much smaller than a pore diameter) spread across the pore
(e.g. as observed in [2]) may prevent the disjoining pressure to be imposed
on the pore-walls. Currently, difficulties pertain to developing a controlled
experimental setup that can accurately measure the disjoining pressure. This
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hypothesis, if proven can be beneficial in preventing salt damage in situa-
tions where salt extraction/ efflorescence is not possible, for e.g. glazed tiles,
plasters with a water-repellent surface and low porosity substrates.

• The proof-of-concept of the capsules with inhibitor developed in this research
showcases the potential of the capsule technology in reducing leaching of
the inhibitor from mortar. However, the capsule composition still requires
optimisation to gain a better control over the release rate of the inhibitor.
Various parameters such as the method of encapsulation, concentration of
sodium alginate, polymer structure of alginate (e.g. mannuronic:guluronic
acid ratio), type of cross-linking agents, molecular weight of chitosan etc.
affect the release performance of the capsules. It is necessary to understand
influence of each parameter at a more fundamental level to be able to tune
a case specific response. A multi-disciplinary collaboration between experts
from different fields is necessary to improve the efficiency of this capsule
technology.

• One of the by-products of the calcium alginate capsule production is the for-
mation of sodium chloride (NaCl) (See Figure C.4, Appendix C). This occurs
during the gelation process, as the Na+ions from sodium alginate combine
with Cl– from the calcium chloride (CaCl2) bath. This production method in-
troduces some NaCl in the capsules and may increase the overall salt load in
the mortar. In future work, a different water soluble source of Ca2+ ions such
as calcium acetate or calcium lactate can be considered instead of CaCl2 to
eliminate the risk of additional NaCl formation.

• The chitosan-calcium alginate capsules for controlled release can find appli-
cations in other cementitious materials, when a slow sustained release of
additives is necessary. For instance, the technology can be used for a pH de-
pendent release of corrosion inhibitors in reinforced concrete or for delaying
the release of chemical retarders to control cement hydration. The biolog-
ical origin and the abundant availability of these polymers may also prove
to be a sustainable alternative to synthetic polymers. Looking beyond en-
capsulation applications, the immobilisation potential of chitosan (such as its
attraction/binding to anions) can be exploited as a treatment to mitigate dam-
age caused by sodium sulfate (Na2SO4), as chitosan can immobilise sulfate
(SO4

2– ) anions and prevent Na2SO4 crystallisation. In the field of concrete,
chitosan-calcium alginate matrices can be used as sorbents to prevent leach-
ing of heavy metals from municipal solid waste incineration (MSWI) fly ash.
MSWI fly ash is a promising supplementary cementitious material but its use
is currently marred by an environmental risk due to presence of soluble toxic
heavy metals in its composition.
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Supplementary materials and methods
UV-VIS Spectrophotometry calibration curve
A calibration curve for quantification of NaFeCN was prepared by measuring ab-
sorbance of three solutions with known concentrations of NaFeCN in ultra-pure
water. The three solutions were prepared by dissolving NaFeCN in ultrapure water
such that the concentration of NaFeCN was 5 mgLዅ1, 10 mg Lዅ1 and 20 mgLዅ1.
The absorbance of each solution was measured at a wavelength of 218 nm us-
ing the ultraviolet-visible (UV-VIS) spectrophotometer (Shimadzu UV2600). The
calibration curve was obtained by performing linear regression on the absorbance-
concentration data (Figure A.1). The equation from the calibration curve was used
to calculate NaFeCN concentration of samples used in the experiments. Every sam-
ple to be tested was always diluted to be within the calibration range (i.e. 0–20
mgLዅ1).

Analytical solution for accelerated testing (diffusion)
The analytical solution provided by ASTM-C1308-08 using Fourier-Bessel series is
based on diffusion through a finite cylinder of height H and radius R as shown in
Equation A.1.

𝐶𝐹𝐿፧ = (1 −
32
𝜋ኼ 𝑆፩(𝑡)𝑆፜(𝑡)) (A.1)

with the series,

𝑆፩(𝑡) =
ጼ

∑
፣዆ኻ

𝑒𝑥𝑝 [− ( (ኼ፣ዅኻ)᎝ፇ )
ኼ
𝐷፞𝑡]

(2𝑗 − 1)ኼ (A.2)
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𝑆፜(𝑡) =
ጼ

∑
፦዆ኻ

𝑒𝑥𝑝 [− (ᎏᑞፑ )
ኼ
𝐷፞𝑡]

𝛽ኼ፦
(A.3)

Where, 𝑎፧ is the amount of NaFeCN leached [mg] at nth interval, 𝐴ኺ is the amount
of NaFeCN present in the tested mortar specimen at the start of the test [mg] and
is estimated using Equation A.4. 𝐶𝐹𝐿፧ is the cumulative fraction leached defined as
the ratio between cumulative 𝑎፧ to 𝐴ኺ. 𝑡 is 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 (𝛽). 𝐷፞ is the effective diffusion coefficient that needs
to be determined by fitting the experimentally measured CFL values to the above
equation.

𝐴ኺ =
ፍ

∑
፧዆ኻ

𝑎፧ + 𝑎፟ (A.4)

Where, 𝑎፟ corresponds to the amount of NaFeCN left [mg] at the end of the leaching
test (Figure A.3).

Supplementary tables and figures

Table A.1: Chemical composition and pH of the pore solution prepared using binder-slurry filtrate. The
pore solution was used to study release of NaFeCN from capsules

[mg Lዅ1] Ca K Al Si Mg Na pH

µ±σ 914 ±58 132±1.73 0.37±0.21 0.29±0.1 <0.001 21.33±1.27 12.32±0.21
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Figure A.1: Plot showing the ultraviolet-visible absorption calibration curve for NaFeCN in ultrapure water.
The linear fit is presented and inset C stands for concentration of NaFeCN (mg LᎽ1) and Abs stands for
the absorption of light (ultraviolet regime) at a wavelength of 218 nm. R2 stands for the coefficient of
determination. The range of the calibration curve is between 0–20 mgLᎽ1.

Figure A.2: Digital microscope image of capsule agglomeration that occurs with an increasing Cs content.
The capsules in this example are Cs-CA 0.5_F_4. The inset image shows a closeup of an agglomeration
consisting of at least eight capsules.
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Figure A.3: A bar graph showing the absolute amount of NaFeCN left inside the Mortar-F, Mortar-CA-F
and Mortar-Cs-CA-F specimens at the end of accelerated leaching test (diffusion) measured using the
cold-water extraction method (Section 6.3.5.2). Mortar-Cs-CA-F specimens retain the highest amount
of NaFeCN indicating the lowest leaching.

Figure A.4: A magnified image of the efflorescent crust on the surface of an Mortar-F specimen (corre-
sponding to Figure 6.6, left column). The image was acquired at the end of the third absorption-drying
cycle.
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Figure A.5: A magnified image of efflorescent crust on the surface of a Mortar-CA-F specimens (corre-
sponding to Figure 6.6, central column). The image was acquired at the end of the third absorption-
drying cycle.

Figure A.6: A magnified image of efflorescent crust in Mortar-Cs-CA-F specimens (corresponding to
Figure 6.6, right column). The image was acquired at the end of the third absorption-drying cycle.
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Damage progression after each propagation cycle

(a) NHL-R-1

(b) NHL-R-2

(c) NHL-R-3

Figure B.1: Damage propagation of NHL-R specimens

(a) NHL-F-1

(b) NHL-F-2

(c) NHL-F-3

Figure B.2: Damage propagation of NHL-F specimens

I=Initial before testing, A=Accumulation, P1=Propagation cycle 1, P2=Propagation
cycle 2, P3=Propagation cycle 3, P4=Propagation cycle 4, E=End of the test after
brushing the debris
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(a) 2L-R-1

(b) 2L-R-2

(c) 2L-R-3

Figure B.3: Damage propagation of 2L-R specimens

(a) 2L-CsCA-F-1

(b) 2L-CsCA-F-2

(c) 2L-CsCA-F-3

Figure B.4: Damage propagation of 2L-CsCA-F specimens

I=Initial before testing, A=Accumulation, P1=Propagation cycle 1, P2=Propagation
cycle 2, P3=Propagation cycle 3, P4=Propagation cycle 4, E=End of the test after
brushing the debris
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Figure C.1: SEM image of a chitosan-coated calcium alginate capsule in its fresh swollen state

Figure C.2: SEM image on a cross-section a chitosan-coated calcium alginate capsule in its fresh swollen
state. The inner structure resembles three-dimensional intertwined polymeric networks
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Figure C.3: Thermogravimetric (TGA) analysis of capsules. (a) TGA (b) First derivative of TGA. The main
decomposition of the polymer phases takes place between 200°C to 400 °C. Lower mass loss in capsules
containing NaFeCN compared to their corresponding blank capsules is an indication of the encapsulated
inhibitor. Presence of chitosan leads to a higher mass loss as the mass proportion of the polymer content
increases

Figure C.4: SEM-EDS elemental mapping on a polished mortar cross-section showing two embedded
chitosan-calcium alginate capsules. The capsules shows presence of Ca, C elements from hydrogels,
Na, Fe from the inhibitor and Na, Cl which is a bi-product of the encapsulation process.
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Figure C.5: Graph shows a comparison between the release of inhibitor from CsCA and CA capsules
in mortar pore solution (solid lines) and mortar pore solution containing 5% w/v NaCl (dotted lines).
A higher and a faster of the inhibitor release is observed in presence of NaCl, possibly related to the
degradation of calcium alginate hydrogel networks



Summary

Repeated crystallisation of salts in the pores of building materials is a common
cause of damage in buildings. Sodium chloride (NaCl) is one of the most common
salts, responsible for weathering in the built environment. Mortars, especially when
used as plasters and renders on the surface of walls, experience fast degradation
as they are exposed to conditions perfectly conducive to salt weathering. As a con-
sequence, their service life is often compromised, requiring frequent replacements.
Costs associated with replacement interventions have a high economic and a social
impact. Over the last two decades, the use of crystallisation inhibitors as an addi-
tive to prevent/mitigate salt crystallisation damage in building materials has shown
promising results. Sodium ferrocyanide (NaFeCN), a crystallisation inhibitor of NaCl
is particularly effective in preventing damage by inhibiting/delaying NaCl nucleation
and altering NaCl’s crystal habit. When mixed-in air lime-based mortars, NaFeCN
has been shown to considerably improve the salt weathering resistance.

The present work aims to extend the application of NaFeCN to hydraulic mortars
with a final goal to improve the durability of renovation mortars with respect to salt
damage. As a first step, the state of the art was reviewed, focusing on the applica-
tions of the crystallisation inhibitor as an additive for mitigation of salt damage in
porous building materials, including mortar. Based on the outcome of the literature
review, two issues were identified that needed to be addressed in order to improve
the performance of mortars with mixed-in inhibitors. The first issue concerned with
the possible interactions that could arise on mixing the inhibitor and the hydraulic
binders. These interactions could negatively affect the properties of mortar. The
second issue was related to the loss of the inhibitor due to its susceptibility to leach
out of mortar. A high rate of leaching can reduce the effectiveness of the inhibitor in
the long run, and shorten the service life of mortars. An experiment-based research
plan was formulated to investigate and address these issues.

The experimental campaign was initiated by assessing the effect of the inhibitor
on the fresh and hardened properties of hydraulic mortars. Two commonly used
hydraulic binders, natural hydraulic lime (NHL) and Ordinary Portland Cement (OPC)
were investigated at the level of binder-paste and mortar. It was experimentally
demonstrated that the addition of the inhibitor up to a concentration of 1% of
the binder weight does not have any negative effects on the fresh and hardened
properties of the studied hydraulic mortars. These conclusions meant that the
inhibitor can be added to the hydraulic mortars without compromising on the latter’s
functionality.

In the next step, an experimental leaching test protocol was developed to quan-
tify the rate of leaching of the inhibitor in mortar. This step was essential as the
literature lacked data on the leaching behaviour of the inhibitor. Specimens made
of NHL mortar with mixed-in inhibitor were prepared and subjected to leaching
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tests taking into account diffusion- and advection-driven transport. In the diffusion-
driven test, a high diffusion coefficient of the leached NaFeCN ([Fe(CN)6]

4– ) ions
was measured, marginally lower than the diffusion coefficient of salt ions (Cl– ).
In the advection-driven test, most of the inhibitor leached out of the mortar as
efflorescence after a single wetting-drying cycle. The experiments concluded that
the rapid depletion of the inhibitor in the mortar due to leaching will decrease the
long-term effectiveness of the inhibitor against future salt load.

To ensure a long-term positive effect of the inhibitor, its rate of leaching in
mortar had to be slowed down. Hence in the next phase, encapsulation of the
inhibitor to control its release and consequently, reduce its leaching in mortar was
explored. On the outcome of the literature review encompassing fields such as
medicine and polymer chemistry, two bio-based hydrogels, chitosan and alginate
were selected as potential capsule materials. The selection was based on the hy-
drogel’s diffusion-based release and a pH-tunable response. The capsules were
produced in a two-step process. First, the inhibitor was encapsulated in calcium
alginate capsules (CA) using extrusion dripping and ionic gelation. Next, the ob-
tained capsules were complexed with chitosan to obtain chitosan-calcium alginate
polyelectrolyte capsules containing the inhibitor (CsCA). Since the release behaviour
of CsCA capsules in an alkaline environment, was not known in the literature, the
release of the inhibitor from capsules was investigated in solutions over a pH range
of 7-13. In the studied pH range, the CsCA capsules released lower amount of
inhibitor compared to CA capsules. Moreover, the magnitude of release was found
to be dependent on the capsules’ chitosan to alginate ratio. The results suggested
that at a certain pH, the release of the inhibitor from CsCA capsules can be con-
trolled by modifying the chitosan: alginate ratio. On the outcome of these positive
results, the release of the inhibitor from CsCA capsules was tested in mortar pore
solution and in hardened mortar. The outcome of these experiments showed a
slower leaching (release) of the inhibitor from mortars containing CsCA capsules as
compared to mortars with CA capsules and mortars with mixed-in inhibitor. The
slower release of the inhibitor was attributed to chitosan’s role in reducing the per-
meability of CsCA capsules and its electrostatic attraction to the negatively charged
[Fe(CN)6]

4– ions, thereby hindering outward transport of the inhibitor.
The final phase of this research involved the assessment of the performance of

the hydraulic mortars with inhibitor in both encapsulated and mixed-in form. The
performance was assessed on three aspects (a) impact on fresh and hardened prop-
erties of mortar (b) salt-weathering resistance and (c) leaching of the inhibitor. Two
types of hydraulic mortars, NHL-based and cement-based two-layer plaster system,
were investigated. For comparison, reference mortars without inhibitor (and cap-
sules) were also assessed. The impact on the fresh and hardened properties of
mortar was studied using various characterisation and complementary experimen-
tal techniques. The addition of the capsules (equivalent to 1% inhibitor by binder
weight) did not have any negative effects on the properties of hydraulic mortars.
The salt-weathering resistance of the mortars was assessed by performing an accel-
erated salt-weathering test (RILEM 271-ASC). At the end of the test, the reference
NHL mortars suffered severe damage in terms of material loss. Differently, NHL
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mortars with inhibitors, both in encapsulated and mixed-in form showed negligible
material loss, strongly demonstrating the role of the inhibitors in reducing the dam-
age. In case of cement-based two-layer plaster system, no damage was observed
in any of the specimens including the reference specimens. Therefore, no con-
crete conclusions on the inhibitor’s effect could be drawn in the two layer-cement
based plasters. Finally, at the end of the weathering test, the leached inhibitor from
each type of mortar was quantified using ICP-OES. The mortars with encapsulated
inhibitor showed lower leaching than the mortars with mixed-in inhibitor. These
results confirm that encapsulating the inhibitor is beneficial in reducing leaching
of the inhibitor. A lower leaching is expected to extend the effectiveness of the
inhibitor over long time and thereby, increase the service life of mortars.

The results from the above experimental studies definitively conclude that in-
corporation of the crystallisation inhibitor (sodium ferrocyanide) improves the salt-
weathering resistance of hydraulic mortars without any negative effects on the
properties of mortar. Moreover, mortars containing encapsulated inhibitor, thanks
to controlled-release are expected to have a longer service-life than mortars with
mixed-in inhibitor. In addition to that, incorporating capsules in mortar do not have
a negative impact on the fresh and hardened properties of mortars, making their
application feasible in practice.

This research marks the first-ever application of using CsCA capsules towards
controlled-release of additives in the field of building materials. The results sug-
gest new opportunities in expanding the use of bio-based hydrogels in the field
of building and construction. In future, additional research is needed to optimise
the capsule composition to tune a case-specific release response. Additionally, re-
search addressing some fundamental issues, such as the effect of the inhibitor on
crystallisation pressure and salt mixtures, will help in developing this technology
further.





Samenvatting

Herhaaldelijke kristallisatie van zouten in de poriën van bouwmaterialen is een veel
voorkomende oorzaak van schade aan gebouwen. Natriumchloride (NaCl) is een
van de meest voorkomende zouten die verantwoordelijk is voor verwering in de
gebouwde omgeving. Mortels, vooral gebruikt als pleister op de buitenzijde van
de muren, worden snel aangetast omdat ze worden blootgesteld aan omstandig-
heden die perfect geschikt zijn voor zoutverwering. als gevolg daarvan wordt hun
levensduur verminderd, en moeten ze vaak worden vervangen. De kosten van
vervangingsinterventies hebben een grote sociale en economische impact. De af-
gelopen twintig jaar heeft het gebruik van kristallisatieinhibitoren als additief om
schade door zoutkristallisatie in bouwmaterialen te voorkomen/verminderen veel-
belovende resultaten laten zien. Natriumhexacyanoferraat (NaFeCN), een kristalli-
satieinhbitor van NaCl, is bijzonder effectief in het voorkomen van schade door het
remmen/uitstellen van NaCl-nucleatie en het veranderen van de kristalgewoonte
van NaCl. Als NaFeCN in mortels op kalkbasis wordt gemengd, blijkt het dit weer-
stand tegen zoutverwering aanzienlijk te verbeteren.

Het huidige werk is erop gericht om de toepassing van NaFeCN uit te breiden
naar hydraulische mortels met als uiteindelijk doel om de weerstand van renova-
tiemortels tegen zoutschade te verbeteren. Als eerste stap werd de stand van
de techniek bekeken, gericht op de toepassingen van de kristallisatie-inhibitor als
additief om zoutschade in poreuze bouwmaterialen, waaronder mortel, te beper-
ken. Op basis van de resultaten van het literatuuronderzoek zijn twee problemen
geïdentificeerd die aangepakt moesten worden om de prestaties van mortels met
ingemengde inhibitoren te verbeteren. Het eerste probleem betrof de mogelijke
interacties die zouden kunnen ontstaan bij het mengen van de inhibitor en de hy-
draulische bindmiddelen. Deze interacties kunnen de eigenschappen van mortel
negatief beïnvloeden. Het tweede probleem had te maken met het verlies van
de inhibitor door zijn gevoeligheid voor uitloging uit mortel. Een hoge mate van
uitloging kan de effectiviteit van de inhibitor op de lange termijn verminderen en
de levensduur van mortels verkorten. Er werd een experimenteel onderzoeksplan
opgesteld om deze problemen te onderzoeken en aan te pakken.

De experimentele campagne werd gestart door eerst het effect van de inhibi-
tor op de verse en verharde eigenschappen van hydraulische mortels te bepalen.
Twee veelgebruikte hydraulische bindmiddelen, namelijk natuurlijke hydraulische
kalk (NHL) en Ordinary portland cement (OPC) werden onderzocht op het niveau
van bindmiddel-pasta en mortel. Experimenteel werd aangetoond dat de toevoe-
ging van de inhibitor tot een concentratie van 1 % van het bindmiddelgewicht geen
negatieve effecten had op de verse en verharde eigenschappen van de bestudeerde
hydraulische mortels. Deze conclusies betekenen dat de inhibitor kan worden toe-
gevoegd aan de hydraulische mortels zonder de functionaliteit ervan aan te tasten.
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In de volgende stap werd een experimenteel testprotocol voor uitloging ontwik-
keld om de uitloging van de inhibitor in mortel te kwantificeren. Deze stap was
essentieel omdat de literatuur geen gegevens bevatte over het uitlooggedrag van
de inhibitor. Proefstukken gemaakt van NHL mortel met ingemengde inhibitor wer-
den voorbereid en onderworpen aan uitloogtesten waarbij rekening werd gehouden
met diffusie- en advectiegedreven transport. In de diffusiegedreven test werd een
hoge diffusiecoëfficiënt van de uitgeloogde NaFeCN ([Fe(CN)6]

4– ) ionen gemeten,
marginaal lager dan de diffusiecoëfficiënt van zoutionen (Cl– ). In de advectiege-
dreven test lekte het grootste deel van het inhibitor uit de mortel als uitbloeiingen
na één enkele bevochtigingsdroogcyclus. Uit de experimenten werd geconcludeerd
dat de snelle uitputting van de inhibitor in de mortel door uitloging de langetermijn-
effectiviteit van de inhibitor tegen toekomstige zoutbelasting zal verminderen.

Om een langdurig positief effect van de inhibitor te garanderen, moest de uitlo-
ging ervan in mortel worden vertraagd. Daarom werd in de volgende fase gekeken
naar het inkapselen van de inhibitor om het vrijkomen ervan te controleren en dus
het uitlogen ervan in mortel te verminderen. Op basis van het literatuuronderzoek
op gebieden zoals geneeskunde en polymeerchemie werden twee biogebaseerde
hydrogels, chitosan en alginaat, geselecteerd als potentiële capsulematerialen. De
selectie werd toegeschreven aan de diffusiegebaseerde afgifte van de capsules en
de pH-regelbare respons. De capsules werden in twee stappen geproduceerd. Eerst
werd de inhibitor ingekapseld in calciumalginaatcapsules (CA) door middel van ex-
trusiedruppelen en ionische gelering. Vervolgens werden de verkregen capsules
gecomplexeerd met chitosan om chitosan-calciumalginaat polyelektrolytcapsules te
verkrijgen die de inhibitor (CsCA) bevatten. Aangezien het afgiftegedrag van CsCA-
capsules in een alkalisch milieu, een bereik dat relevant is in mortels, niet bekend
was in de literatuur, werd het vrijkomen van de inhibitor uit capsules onderzocht in
oplossingen over een pH-bereik van 7-13. In het bestudeerde pH-bereik bleek de
CsCA-inhibitor niet vrij te komen van de capsules. In het bestudeerde pH-bereik
gaven de CsCA-capsules een lagere hoeveelheid inhibitor vrij in vergelijking met CA-
capsules. Bovendien bleek de mate van afgifte afhankelijk te zijn van de verhouding
tussen chitosan en alginaat in de capsules. De resultaten suggereren dat bij een be-
paalde pH de afgifte van het inhibitor uit CsCA-capsules kan worden geregeld door
de verhouding chitosan/alginaat te wijzigen. Op basis van deze positieve resultaten
werd het vrijkomen van de inhibitor uit CsCA-capsules getest in een poriënoplos-
sing in mortel en in uitgeharde mortel. Het resultaat van deze experimenten toonde
een langzamere uitloging (afgifte) van de inhibitor uit mortels met CsCA-capsules
in vergelijking met mortels met zowel ingemengde inhibitor als CA-capsules. De
langzamere afgifte van de inhibitor werd toegeschreven aan de rol van chitosan
in het verminderen van de permeabiliteit van CsCA-capsules en de elektrostatische
aantrekkingskracht op de negatief geladen [Fe(CN)6]

4– ionen, waardoor het naar
buiten gerichte transport van de inhibitor werd belemmerd.

De laatste fase van dit onderzoek bestond uit het beoordelen van de prestaties
van de hydraulische mortels met inhibitor in zowel ingekapselde als ingemengde
vorm. De prestaties werden beoordeeld op drie aspecten (a) invloed op de verse
en verharde eigenschappen van mortel (b) weerstand tegen zout weer en (c) uit-
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loging van de inhibitor. Er werden twee soorten hydraulische mortels onderzocht,
een op NHL gebaseerd en een cementgebaseerd pleistersysteem met twee lagen.
Ter vergelijking werden ook referentiemortels zonder inhibitor (en capsules) be-
oordeeld. De invloed op de verse en verharde eigenschappen van mortel werd
bestudeerd met behulp van verschillende karakterisatietechnieken en aanvullende
experimentele technieken. De toevoeging van de capsules (gelijk aan 1 % inhibitor
per bindmiddelgewicht) had geen negatieve effecten op de eigenschappen van hy-
draulische mortels. De zout-weersbestendigheid van de mortels werd beoordeeld
door het uitvoeren van een versnelde zout-weersproef (RILEM 271-ASC). Aan het
einde van de test liepen de referentie NHL mortels ernstige schade op in termen
van materiaalverlies. NHL mortels met inhibitoren, zowel in ingekapselde als inge-
mengde vorm, vertoonden daarentegen verwaarloosbaar materiaalverlies, wat de
rol van de inhibitoren in het beperken van de schade sterk aantoonde. In het ge-
val van het cementgebaseerde pleistersysteem met twee lagen werd geen schade
waargenomen in de monsters, inclusief de referentiemonsters. Daarom konden er
geen concrete conclusies worden getrokken over het effect van de inhibitoren in
de pleisters op basis van cement met twee lagen. Tot slot werd aan het einde van
de test de uitloging van de inhibitor uit elk type mortel gekwantificeerd met behulp
van ICP-OES. De mortels met ingekapselde inhibitor vertoonden een lagere uitlo-
ging dan de mortels met ingemengde inhibitor. Deze resultaten suggereren dat het
inkapselen van de inhbitor gunstig is voor het verminderen van de uitloging van
de inhbitor. Een lagere uitloging zal naar verwachting de levensduur van mortels
verlengen.

De resultaten van de bovengenoemde experimentele studies concluderen defi-
nitief dat de toevoeging van de kristallisatie-inhibitor (natriumhexacyanoferraat) de
zout-weersbestendigheid van hydraulische mortels verbetert zonder negatieve ef-
fecten op de eigenschappen van de mortel. Bovendien wordt verwacht dat mortels
met ingekapselde inhibitor dankzij de gecontroleerde afgifte een langere levensduur
hebben dan mortels met ingemengde inhibitor. Bovendien heeft de opname van
capsules in mortel geen negatieve invloed op de verse en verharde eigenschappen
van mortel, waardoor de toepassing ervan in de praktijk haalbaar is.

Dit onderzoek markeert de allereerste toepassing van het gebruik van CsCA-
capsules voor de gecontroleerde afgifte van additieven op het gebied van bouw-
materialen. De resultaten hopen nieuwe mogelijkheden te creëren voor de uitbrei-
ding van het gebruik van biogebaseerde hydrogels in de bouw. In de toekomst is
aanvullend onderzoek nodig om de capsulesamenstelling te optimaliseren om een
gevalspecifieke afgiftereactie af te stemmen. Daarnaast zal onderzoek naar enkele
fundamentele, nog niet opgeloste problemen, zoals het effect van de inhibitor op
de kristallisatiedruk en zoutmengsels, helpen bij de verdere ontwikkeling van de
technologie.
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