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A B S T R A C T

Salt (NaCl) weathering in mortar, can be mitigated by incorporating a crystallisation inhibitor (sodium ferro-
cyanide) during mortar preparation. However, the service-life of the inhibitor is limited, due to its susceptibility
to leaching out of mortar. Encapsulating the inhibitor in chitosan-calcium alginate capsules has demonstrated
controlled-release of the inhibitor and therefore, reduction in its leaching. Nevertheless, the addition of capsules
may have a negative effect on mortar’s properties and/or its salt-weathering resistance. In this research, natural
hydraulic lime (NHL) and commercial cement-based mortars were prepared, with encapsulated inhibitor and
with directly mixed-in inhibitor. Mechanical and physical properties of mortars were assessed experimentally. An
accelerated NaCl-weathering test was performed to assess the durability of mortar to salt damage. The damage
evolution was assessed visually and by quantifying material loss, efflorescence and leaching of the inhibitor. At
the end of the test, crystal morphology inside the pores was examined using SEM. The results show that adding
inhibitor, both in encapsulated and mixed-in form, had a negligible effect on the properties of NHL and cement-
based mortars. Compared to the reference mortar without inhibitor, NHL-mortars with mixed-in inhibitor and
encapsulated inhibitor had a better durability to salt damage, showing negligible material loss. The capsules
facilitated controlled-release and reduced leaching of the inhibitor. In cement-based mortars including the
reference, no damage was observed; still, the inhibitor was shown to be effective in modifying the salt crystal
habit. The results show that encapsulation of the inhibitor can improve the service-life of the mortar without
compromising its performance.

1. Introduction

Salt weathering is responsible for severe damage in porous building
materials [1]. Commonly occurring soluble salts, such as sodium chlo-
ride (NaCl), permeate 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 exposure 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 replacements, 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]. Crystallisation inhibitors are selective to specific salts. As an
example, phosphonate based inhibitors that have shown to be effective
against sodium sulphate (Na2SO4) crystallisation [9], do not have any
effect on the crystallisation of NaCl [10]. For NaCl, several inhibitors
exist, such as alkali ferrocyanides, cadmium chloride, sodium meta-
phosphate and iron (III) meso-tartaric acid [11,12]. However, compared
to alkali ferrocyanides, these inhibitors require a high concentration to
inhibit NaCl crystallisation and are effective only in a limited pH range
[13]. Sodium ferrocyanide (Na4Fe(CN)6, hereafter referred as NaFeCN)
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is one of the most effective crystallisation inhibitors of alkali halides,
and in particular of NaCl [14]. Hexacyanoferrate ions [Fe(CN6)4-] from
NaFeCN preferentially sorb on the {100} faces of the NaCl crystals, and
block further crystal growth due to a charge mismatch [12]. As a
consequence, the rate of crystal growth is suppressed along 〈100〉and the
crystal morphology changes from a cubic crystal to a dendritic (skeletal)
habit [15,16]. 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 [16–19]. 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 [16]. 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 [20]. 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 [7,21,22] as well as in the field
[23]. Early studies show that addition of inhibitor does not affect the
properties of hydraulic mortars [24], making the inhibitor also suitable
for hydraulic mortar applications. However, the effect of the combina-
tion 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 inhibitors, a high depletion of NaFeCN from mortar 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 [25]. In a recent pilot study, we
demonstrated that introducing NaFeCN in chitosan-calcium alginate
(CsCA) capsules lead to a controlled release and reduced leaching of the
inhibitor from mortar specimens [26]. The controlled-release of the
inhibitor from the capsules was attributed to two factors (i) the role of
chitosan in CsCA capsules to counteract the swelling of alginate
matrices, and thereby reduce capsule permeability in response to pH
changes [26,27] and (ii) electrostatic attraction of positively charged
chitosan to negatively charged [Fe(CN6)4-] that slowed down the

outward diffusion of the inhibitor [26]. Additionally, it was found that
chitosan to alginate ratio of 0.25 lead to the most optimal solution and
was effective in delaying the transport and significantly reducing the
diffusion coefficient of the leached inhibitor in mortar [26]. To develop
this technology further, some issues pertaining to the introduction of
encapsulated NaFeCN in mortar need to be clarified. A first issue con-
cerns 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 [28,29]. Another issue concerns if mortars with encapsu-
lated inhibitor offer similar resistance against salt damage as mortars
with mixed-in inhibitor, while slowing down the inhibitor leaching.

To resolve the above issues, two different types of hydraulic mortars-
Natural hydraulic lime and commercial two-layer cement-based plasters
containing encapsulated 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 2.4). In the
second part, the salt weathering resistance of mortars and the leaching
of inhibitor is assessed (Section 2.5).

2. Materials and methods

2.1. Materials

For the preparation of capsules (Section 2.2), lab grade sodium
alginate (mannuronic/guluronic 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 2.3), Natural hy-
draulic lime (binder, St. Astier) with a strength class of 3.5 MPa, SP-
Levell® (ready-mix mortar, Remmers), SP-Top SR® (ready-mix mortar,
Remmers) and standard river sand (0.08–2 mm) as per [30] were used.
Maastricht limestone (Netherlands) with a porosity of 50 % v/v and a
mean pore size of 30 μm [31] was used as a substrate.

2.2. Preparation of chitosan-calcium alginate capsules containing
NaFeCN

The capsules containing sodium ferrocyanide (NaFeCN) were pre-
pared and characterised according to a procedure that is elaborated in

Table 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

A. Kamat et al.



Cement and Concrete Composites 152 (2024) 105682

3

our past research as a two-step process [26,27]. In the first step, calcium
alginate containing NaFeCN capsules were prepared using ionic gelation
[32]. The procedure of ionic gelation was chosen as the procedure could
be carried out using a simple low-cost technique, such as extrusion
dripping. In ionic gelation, the alginate mixture containing desired
cargo crosslinks ionically with divalent Ca2+ ions on contact, to form
robust 3D hydrogel capsules encapsulating the cargo [33]. Herein, 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 console drive, Cole Parmer instruments) to form cal-
cium alginate capsules with encapsulated NaFeCN. The capsules were
washed using demineralised water to remove unlinked Ca2+ ions. 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 and stirred at 300 rpm for 15 min to
form a polyelectrolyte 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 h and stored in air-tight containers.

When dry, the CsCA-F capsules had an ellipsoidal form with a
maximum diameter of 1063 ± 124 μm, a minimum diameter of 730 ±

85.5 μm. The average encapsulated amount of NaFeCN was 264 mg g− 1

of dry capsule mass [26].

2.3. Preparation of test specimens

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 165mmflow as per NEN-EN-459-2 [34]. (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 weathering tests (see Table 1). Mortar specimens to be used for
mechanical testing were cast as prims (160x40x40) mm as per NEN-EN-
1015-11 [35].

Stone-mortar combination specimens to be used for the salt weath-
ering 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 chloride (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±2 ◦C, 95 ± 5 % relative humidity (RH); subsequently, they
were demoulded and cured at lab conditions (20 ± 3 ◦C, 55 ± 5 ◦C) for
at least three weeks as per NEN-EN-1015-11 before testing [34].

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 sub-
strate was selected. The system 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 system. Different types of specimens were prepared for this study
and an overview is presented in Table 1.

For different characterisation tests (Table 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. 325 mL kg− 1

for SP-Levell and 250 mL kg− 1 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 [35]. Specimens used for
physical characterisation test (Table 2) were cast as discs (Ø = 50mm, H
= 20 mm) in the same way as NHL specimens (Section 2.3.1).

For salt weathering test, stone-mortar specimens were prepared in
the same was as NHL-based mortar specimens (Section 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 h. (ii)
2L-CsCA-F (Two-layer plaster containing capsules containing NaFeCN)
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 (10mm thick) was
prepared by mixing SP-Top SR and water and cast on top of the bottom
layer after 24 h. The capsules were not added to the top layer.

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

Table 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
Bulk density
Water absorption coefficient Capillary absorption/

gravimetric
NEN-EN-1925 Disc 3

Drying rate Gravimetry – Disc 3
Microscopic examination PFM – NHL-CsCA-F Disc (thin-section) 1

SEM – NHL-CsCA-F Disc, (polished section) 1

A. Kamat et al.
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2.4. Characterisation of mortar specimens

The effect of capsules on the fresh and hardened properties of mortar
(Table 1) was assessed using various experimental techniques (Table 2).
The workability of freshly mixed mortar was assessed as per NEN-EN-
1015-3 [36] using the flow table test. The compressive strength was
measured on the mortar prisms after 28 days of curing, per
NEN-EN-1015-11 [35] with a loading rate of 0.1 kN s− 1.

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

The water absorption coefficient (WAC) was measured on mortar
discs (Table 1) as per NEN-EN-1925 [37] through capillary absorption.
Mortar discs were dried at 40 ◦C 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 [37]. The water WAC was calculated as per Eq. (1).

WAC=
mi − m0

A.(
̅̅̅
ti

√
)

Eq. (1)

Where mi [g] is the mass of specimen at time interval ti [s], where the
transition takes place between the first absorption stage and the second
absorption stage. m0 [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 ± 1.1 ◦C, 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 Ref. [38]. 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 interface. The polished section was prepared on an epoxy
impregnated specimen that was grinded and polished on a lapping table
[31]. The images were obtained under back scattered electron (BSE)
setting using a scanning electron microscope (FEI Quanta 650 FEG) at an
accelerating voltage of 15 kV.

2.5. Procedure for accelerated salt weathering test

The accelerated salt weathering test is based on the RILEM 271-ASC
recommendations [39,40], and further adapted to allow for testing of
stone-mortar combination. 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.

2.5.1. Contamination and accumulation
The specimens (stone-mortar cylinders, see Table 1) were dried in an

oven at 40 ◦C to a constant weight and the sides were sealed with par-
afilm 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 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.

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 Fig. 1. In between each 3
week-cycle the specimens were rewetted with an amount of deminer-
alised 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.

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 accumulation 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 efflorescence plus material loss) was dried to a
constant weight at 40 ◦C and its mass was 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 h, the mixture was passed through a
medium-speed filtration paper to separate material loss (filter paper)
and soluble salts (filtrate). 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 (CFe) [mg L− 1] in the solution was

measured by analysing the filtrate using Inductively coupled plasma-
optical emission spectroscopy (ICP-OES, PerkinElmer Optima
5300DV). The amount of NaFeCN in the debris was calculated from the
ICP-OES measurements using Eq. (2).

LeachedNaFeCN=CFe ∗ V ∗

(
MwNaFeCN
AwFe

)

Eq. (2)

Where, MwNaFeCN is the molecular weight of NaFeCN (484.06 g mol− 1)

Fig. 1. Relative humidity (RH) and temperature (T) defined for every three-
week propagation cycle as per RILEM 271-ASC [39]. 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.

A. Kamat et al.
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and AwFe is the atomic weight of Fe (55.85 g mol− 1). 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 ob-
tained by splitting the mortar specimen vertically using a tensile split-
ting test. The imaging was acquired just below the evaporation surface.

3. Results and discussion

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 similar to NHL-R specimens (Table 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 parameters such as mixing speed and
mixing time. In cement-based mortars, SPL-CsCA-F specimens show
similar workability as the reference mortar SPL (Table 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 hydrophilic polymers such as chitosan or alginate can
absorb high volume of mixing water and reduce workability [29].
However, in this study, a reduction in workability 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 speci-
mens is higher than NHL-R and NHL-F (Table 3), showing that addition
of capsules do not negatively affect the mechanical properties of NHL-

Table 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.

Measured property Test method NHL-based mortars Cement-based mortars

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

Workability [mm] Flow table 166 ± 1 172 ± 3 164 ± 1 154 ± 1 144 ± 1 146 ± 0
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 2.00 ± 0.00 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 159.56 147.91 156.64 2.33 26.33 25.36

Fig. 2. The pore size distribution measured using mercury intrusion porosimetry. (a) NHL-based mortars (b) Commercial cement-based mortars.

Fig. 3. Drying behaviour of mortars (a) NHL-based mortars (b) commercial cement-based mortars.

A. Kamat et al.
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based mortars. The 28-day compressive 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 study [24].
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.

When considering the physical properties, all types of NHL-based
mortar specimens show similar porosity, and unimodal pore size dis-
tribution (Fig. 2a) with a mean pore diameter ranging between 0.5 and
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 3) and the pore-size distribution (Fig. 2a).

The cement-based mortars exhibit a bi-modal pore-size distribution
(Fig. 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 narrower pores-size distribution than SPL
specimens. Different pore-size distribution 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 compared. The
porosity measurement is slightly lower in SPL-CsCA-F specimens than
SPL specimens (Table 3). The reduction in porosity is evident in the
range between 10 and 200 μm (Fig. 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 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). Pres-
ence of capsules, do not have any effect on the capillary absorption as
substantiated also by their negligible impact on the pore-size distribu-
tion (Fig. 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
(Fig. 3) show that the specimens containing capsules dry slower. The
drying rate is significantly slower in NHL-CsCA-F specimens as
compared to both NHL-R and NHL-F specimens (Fig. 3a). Similarly, in

cement-based mortars, SPL-CsCA-F specimens show a slower drying rate
than the reference SPL specimens (Fig. 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.

The slow drying rate observed in presence of CsCA-F capsules may be
attributed to the hydrophilic nature [41,42] of chitosan and alginate
making them hygroscopic. Slow drying can even be beneficial to prolong
mortar hydration and reduce shrinkage, by providing a steady supply of
moisture and facilitating internal curing, in a similar manner as super-
absorbent polymers [43]. The higher compressive strength in
NHL-based mortar specimens containing the capsules (Table 3) can be
explained by the extended hydration provided due to slower drying.
NHL mortars were cured for three weeks at laboratory conditions (20 ±

3 ◦C, 55 ± 5 ◦C), meaning that the low degree of hydration in the NHL-R
specimens due to faster evaporation of moisture 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 (Table 3).
SPL and SPL-CsCA-F mortars were cured at a high relative humidity (20
± 2 ◦C, 95 ± 5 ◦C), where possibly the hydration is not hindered. In this
situation, the internal curing provided by the capsules is not eviden-
t/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 [44] as evident in Fig. 4b–e.

Microscopic examination of the capsules in hardened mortar is pre-
sented in Fig. 4. This shows that the capsules are well distributed in the
mortar mix (Fig. 4a) and are able to survive the mixing process
(Fig. 4a–e). The capsules have a pale yellow appearance; around the
capsules an air-pocket is visible (Fig. 4b and 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) (Fig. 4c) 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 [26]. Smaller pores of the capsules relative to mortar matrix
show that the capsules have a better chance of retaining NaFeCN than

Fig. 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.
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the mortar matrix making it less susceptible to leaching.
The SEM images of the capsule (Fig. 4d and 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 deswell when subjected to wet-dry cycles without
imposing expansion stresses due to absence of any constraints.

3.2. Assessing mortar damage due to accelerated salt weathering test

The resistance of the mortars against salt crystallisation damage was
assessed according to a procedure, adapted from the RILEM 271-ASC
accelerated weathering test [39].

3.2.1. NHL-based mortar
Fig. 5 shows the progression of damage, as photographically

assessed, on different NHL-based mortar specimens at the start of the
test, at the end of the accumulation 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 recommenda-
tions [39]). Among specimens containing the inhibitor, NHL-F shows
considerably 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 propagation cycle and progressively increases with each cycle
(Appendix 1); at the end of the test severe material loss is observed
(Fig. 5). The progressive damage is a result of the repeated
deliquescence-recrystallisation cycles on salt crystals that have been
shown to cause irreversible dilation in mortar [45] and an increased
crystal size possibly exerting higher crystallisation pressure in the
mortar pores [5]. The type of damage (i.e. sanding, according to
Ref. [46]) as seen in these specimens is typically observed on plasters in
the field [23], confirming the reliability of the test procedure to repro-
duce real case scenarios. At the end of the test, after brushing off the

Fig. 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). NHL-R shows material loss as sanding (loss of cohesion) of the fine aggregates. NHL-F and NHL-CsCA-F show a large
amount of cauliflower-like salt efflorescence but no evidence of sanding of aggregates or a lack of cohesion.
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debris, a rough surface is observed due to loss of adhesion between the
sand grains and the binder (Fig. 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 1). At the end of the test, after brushing off
the surface, only negligible surface damage is observed (Fig. 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 2.5.3. Fig. 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.
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 (Fig. 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 (Fig. 7a), it can be observed that NaCl crystals
have a cubic habit whereas, in NHL-CsCA-F specimens (Fig. 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. These changes
are in line with the previous studies demonstrating NaFeCN’s ability to
delay NaCl nucleation [17] and alter NaCl crystal morphology [16]. The
former allows salt ions to remain longer in the solution without crys-
tallising while the latter has shown to increase the advection of salts to
the surface [20]. Consequently in specimens containing the inhibitor
(NHL-F and NHL-CsCA-F), most of the salts crystallise on the surface of
the mortar as efflorescence without exerting crystallisation pressure in
the pores (See Figs. 5 and 6). This results in mitigating the damage

Fig. 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.

Fig. 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) Dendritic 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.

Fig. 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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induced by salt crystallisation. Moreover, the formation of smaller
crystals (crystallites) within the pores as evident in Fig. 7b may have also
contributed to lower pore-filling, consequently preventing salt damage
in specimens containing NaFeCN, as suggested by Ref. [7].

When considering the amount of inhibitor leached out of the mor-
tars, a higher efflorescence observed at the end of the accumulation
stage in NHL-F specimens over NHL-CsCA-F specimens (Fig. 5) is a sign
that most of the inhibitor from NHL-F may have already been trans-
ported to the surface during the accumulation stage itself. Debris anal-
ysis 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, demon-
strating that the CsCA capsules used in this study can slow downNaFeCN
leaching (Fig. 8). As deduced from the previous study, slower release of
the inhibitor from the capsules is attributed to chitosan’s pH sensitive
electrostatic interaction with ferrocyanide anions and chitosan’s role in
counteracting the swelling of alginate matrix [26]. This implies that
encapsulation of the inhibitor can prolong its effectiveness over time and
improve the service life of the inhibitor.

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 1). 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 (Fig. 9). This behaviour show that the
hydrophobic top layer (SPT) is able to stop liquid water and salt trans-
port, as could be deduced based on the measured low WAC (Table 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 crystal-
lizing in 2L-R specimens (Fig. 9a) to a dendritic habit (Fig. 9b). As no
damage was observed 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 mechanical strength of both the
plaster layers (SPT and SPL) may have resisted the four damage prop-
agation cycles (See Table 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.

4. Conclusions and outlook

In this research, the effect of NaFeCN, inhibitor of NaCl crystal-
lisation on the properties and durability with respect to salt crystal-
lisation of hydraulic (NHL- and cement-based) mortars was investigated.
The inhibitor was either mixed-in directly (in an aqueous solution) in the
mortar or encapsulated in chitosan-calcium alginate capsules, 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 damage was assessed using accelerated salt
weathering test as per the RILEM- 271 recommendations. The results
show that the addition of the inhibitor to the mortar, both in directly
mixed-in and in encapsulated form, significantly reduce salt damage
(material loss), without negatively affecting the properties of mortar.
The reduction in salt damage in the presence of the inhibitor is a result of
the delay in salt crystal nucleation and alteration of the crystal habit,
thereby promoting harmless salt efflorescence over harmful sub-
florescence. Furthermore, encapsulation of the inhibitor in CsCA cap-
sules was successful in reducing leaching of the inhibitor out of mortar,
while still guaranteeing reduction in salt damage similar to mortars with
mixed-in inhibitor. Reduction in leaching and a slower release of the
inhibitor from the capsules is attributed to the presence of functional
groups (amine) on chitosan in the CsCA capsules that prevent rapid
release of the inhibitor [26]. These observations suggest that the slower
release of the inhibitor from the capsules over a longer time is expected
to prolong the service life of the inhibitor and improve the durability of
mortars against salt damage.

For the future, some questions are left to be investigated. A long term
monitoring programme with the application of the developed mortar
prototype in a real-time field-study is planned along [23] in analysing
long-term benefits of the encapsulated crystallisation inhibitor devel-
oped in this research. From the fundamental point of view, the supposed
positive effect of NaFeCN on NaCl crystallisation pressure still needs to
be experimentally assessed. Finally, the possibility of fine-tuning the
composition of the capsules to adapt to the rate of inhibitor release based
on the severity of the conditions (i.e. salt and moisture load) could be
considered.

Fig. 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.
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Appendix 1. Damage progression after each propagation cycle

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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