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Crystallisation inhibitors, such as sodium ferrocyanide (NaFeCN), are highly effective in mitigating NaCl-induced
weathering in lime-based mortars; however, direct addition of NaFeCN in lime-mortars increases its suscepti-
bility to leaching and rapid depletion, thus compromising long-term performance. Here, we present hydrogel-

zzftr‘;?;zz“j: capsules for the controlled-release of NaFeCN within hydraulic mortars for the prolonged prevention of salt
Leaching 8 weathering. Capsules were prepared by complexing chitosan and calcium-alginate in different ratios containing

different concentrations of NaFeCN. The release of NaFeCN from these capsules was measured in (1) simulated
lime-mortar solution (2) from mortar specimens incorporated with calcium alginate (CA) and chitosan-calcium-
alginate (Cs-CA) capsules using ultraviolet-visible light spectrophotometry and Inductive Coupled Plasma-
Optical Emission Spectroscopy. Mortars containing Cs-CA capsules exhibited controlled-release of NaFeCN
with four times lower effective diffusion coefficient, compared to incorporating NaFeCN directly in mortar.
Conversely, mortar containing CA capsules (without chitosan) released NaFeCN rapidly. Thus, chitosan’s pres-
ence in CA is necessary for tuning NaFeCN release and the reason may be attributed to chitosan’s role in reducing
CA’s permeability and chitosan’s electrostatic-attraction to ferrocyanide anions, slowing diffusion of the latter. In
conclusion, using Cs-CA capsules can control the release of NaFeCN within mortar, providing a steady NaFeCN
supply to prolong mortar’s resistance against salt damage.

PpH responsive

1. Introduction

The crystallisation of salts within porous building materials is a
leading cause of building damage [1]. Salts, particularly sodium chlo-
ride (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 crystallisation
pressure exceeding the mechanical strength of building materials
causing damage [3-5]. Lime-based mortars such as air lime and natural
hydraulic lime are a preferred choice for restoration of plasters and
renders in the built cultural heritage due to their favourable properties
such as high plasticity, high water retention and a better compatibility
with existing substrates in comparison to cement-based mortars [6,7].
However, low mechanical strength of lime-based mortars puts them at a
higher risk to salt damage. Additionally, exposure of salt-contaminated
mortars to fluctuating environmental conditions, including variations in
relative humidity and temperature, can result in repeated cycles of
dissolution-recrystallisation [8], exacerbating the damage [9]. Lime-
mortar-based plasters and renders, particularly those in exposed

locations such as building surfaces, are susceptible to damage, necessi-
tating frequent replacement. Frequent repair and replacement costs can
be significant. However, these costs can be minimised by improving the
durability of repair mortars. In recent decades, the incorporation of
crystallisation inhibitors within mortars has yielded promising results in
improving mortar durability by altering the process of salt crystal-
lisation [10].

Crystallisation inhibitors are compounds that inhibit crystal nucle-
ation and modify crystal growth by adsorbing onto specific crystal faces
[11]. Sodium ferrocyanide decahydrate (NasFe(CN)g-10H20; hereafter
referred to as NaFeCN) is one of the most effective inhibitors of NaCl
crystallisation [12]. Hexacyanoferrate(II) ([Fe(CN)6]4*) anions from
NaFeCN inhibit and/or delay NaCl nucleation by increasing the critical
supersaturation [13]. The [Fe(CN)6]4’ anions sorb onto the {100} faces
of the NaCl crystals, blocking NaCl growth due a difference in the ionic
surface charge [14]. This difference results in NaCl crystal growth along
the (1 1 1) direction, resulting in the formation of dendritic rather than
cubic {100} crystals [15]. Due to their high surface area, dendritic
crystals increase the evaporation rate and promote advection of salt ions

* Corresponding author at: Delft University of Technology, Faculty of Architecture, Julianalaan 134, Delft, 2628BL Delft, The Netherlands.

E-mail address: a.a.kamat@tudelft.nl (A. Kamat).

https://doi.org/10.1016/j.matdes.2024.113156

Received 9 February 2024; Received in revised form 17 June 2024; Accepted 9 July 2024

Available online 10 July 2024

0264-1275/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:a.a.kamat@tudelft.nl
www.sciencedirect.com/science/journal/02641275
https://www.elsevier.com/locate/matdes
https://doi.org/10.1016/j.matdes.2024.113156
https://doi.org/10.1016/j.matdes.2024.113156
https://doi.org/10.1016/j.matdes.2024.113156
http://creativecommons.org/licenses/by/4.0/

A. Kamat et al.

away from the solution [16]. 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 efflorescence (surface crystallisation) without exerting
crystallisation pressure within the pore network [15-19]. In recent
years, lime-based mortars incorporating NaFeCN have demonstrated
reduced salt damage in laboratory settings [10,20,21] and in the field
[22]. Notably, amongst various NaCl inhibitors, NaFeCN remains stable
in the alkaline pH range of mortars [23] and does not alter their physical
and chemical properties [24,25]. This makes NaFeCN a promising ad-
ditive for mitigating salt damage in mortars. However, NaFeCN’s rela-
tively high solubility (17 % w/w at 25 °C) [26] 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 [20]. A recent systematic study into the leaching
behaviour 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 [27]. 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 proteins, for the protection and delivery of various cargoes has
gained momentum across a wide range of fields [28-30]. These poly-
mers offer rich functional groups, enabling controlled cargo release and
distinct advantages over synthetic polymers, including non-toxicity,
abundance, commercial availability, and biodegradability [31]. Algi-
nate, a polysaccharide derived from brown algae [32], exhibits pH-
responsive behaviour due to the presence of abundant carboxyl func-
tional groups (~COOH) on its chains. Calcium alginate (CA) capsules,
produced through the ionic gelation of sodium alginate (SA) with cal-
cium ions (Ca®") [33] have long been exploited for controlled drug
release in physiological conditions (up to pH 7.4) [34,35]. More
recently, CA capsules have been used to encapsulate bacterial spores
within highly alkaline concrete (pH ~ 12) for self-healing concrete ap-
plications [36,37]. However, the employment of CA capsules for
controlled release of cargo within alkaline construction materials may
pose some challenges as the -COOH deprotonate becoming negatively
charged carboxylate ions (COO") [38], resulting in capsule swelling and
rapid release of cargo [39]. Additionally, CA has been shown to disin-
tegrate in alkaline conditions [40]. Chitosan (Cs), a cationic biopolymer
derived from crustaceans such as shrimps and crabs [41] also demon-
strates pH responsiveness due to the presence of amine functional
groups (-NHj) on its chains [42]. In highly alkaline conditions, the
positively charged ammonium ions (-NH3) lose its positive charge
resulting in contraction and renders the polymer insoluble [43]. Cs’
positive charge attracts net negatively charged ions, such as [Fe
(CN)6]4’, allowing Cs capsule’s to retain such ions [44]. Furthermore,
Cs because of its positive charge can form a polyelectrolyte complex
(PEC) with negatively charged alginate [40,45]. Several studies have
used this PEC to produce Cs-CA capsules that demonstrated the sus-
tained release of cargo and increased mechanical stability in the bio-
medical field [46-50]. Cs both limits the swelling of the CA capsules
providing a tighter physical barrier for slowing down the release of the
cargo [51,52] and reduces the ease of solvation of CA capsules in high
pH conditions [40,53]. In the past, attempts have been made to use
synthetic pH-responsive capsules in simulated concrete solutions [54],
but so far controlled release of cargo using natural polymers like Cs-CA
in construction materials have not been explored.

In a preliminary study, we investigated the release of [Fe(CN)g]*~
from Cs-CA capsules in solutions across a range of alkaline pH values
(7-13) for the first time [55]. 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 containing NaFeCN
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and incorporate these capsules within natural hydraulic lime mortar and
perform series of experiments to assess the controlled release of NaFeCN
from the mortar.

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, (2) capsule selection, and (3) capsule-controlled
release in mortar (Fig. 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 Ca®". 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 com-
binations of capsules.

In the second phase, the morphology of the capsules and encapsu-
lated 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
specimens and the controlled release of NaFeCN was evaluated based on
two transport 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 compared with those for mortar specimens made with directly
mixed-in NaFeCN.

3. Materials and methods
3.1. Materials

Sodium alginate (SA, (mannuronic/guluronic ratio (M/G) of 1.56),
calcium chloride dihydrate (CaCly-2H50), NaCl and Chitosan (Cs, mo-
lecular weight (M,,) ranging from 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;
Honeywell) 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 [56]) were used to prepare of
mortar specimens.

3.2. Preparation of capsules

3.2.1. Calcium alginate capsules

CA capsules containing NaFeCN were prepared with various com-
positions (Tablel) using ionic gelation technique [33]. In brief, SA (2 %
w/v) and NaFeCN were dissolved in demineralised water. The mixture
was then extruded into a continuously stirred (300 rpm) gelation bath of
CaCly-2H20 (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 Ca?* in the bath
to form CA capsules loaded with NaFeCN. To minimise outward diffu-
sion 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 capsules were washed with demineralised
water to remove excess unlinked Ca2t and Na™ ions and dried at 40 °C
for 48 h. Blank CA capsules (CA-blank) were also prepared using the
same method but without the inclusion of NaFeCN.
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Phase 1:
Capsule preparation

Phase 2:
Capsule selection
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Phase 3:
Capsule controlled-release in
mortar
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Fig. 1. The experimental design scheme is divided in three phases. The arrow indicates the workflow where results from the preceding phase informs the experi-

mental design of the subsequent phase.

Table 1
Overview of the different capsule types and their composition.

Capsule type Capsule SA % Initial F Cs % Cs:SA
label w/v) % w/v) (w/v)
Calcium alginate blank CA-blank - - —
Calcium alginate with CA-F2 2 — —
sodium ferrocyanide CA-F 4 4 - -
Cs-CA 2 0.5 0.25
0.25-F 2
Cs-CA 2 0.75 0.375
0.375-F_2
Chitosan-calcium EZCA 0.5- 2 2 ! 0.5
alginate with sodium .
fefmcyani " Cs-CA 4 0.5 0.25
0.25-F 4
Cs-CA 4 0.75 0.375
0.375-F_4
Cs-CA 0.5- 4 1 0.5
F 4

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

3.2.2. Chitosan-coated calcium alginate capsules

Cs-CA capsule with various compositions were prepared (Table 1). A
Cs bath was prepared by dissolving Cs in 0.1 M CH3COOH for 24 h under
stirring at 40 °C. Subsequently, wet CA capsules, obtained as described
in Section 3.2.1, were added to Cs bath and complexed for 15 min 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 3.2.1).

3.3. Preparation of mortar specimens

Mortar specimens were prepared by mixing NHL (bulk density 0.69 g

Table 2

mL 1) and sand (bulk density 1.7 g mL 1) in a volumetric ratio of 1:3
with a water-to-binder (w/b) ratio of 1.19. In all the mortar specimens
containing capsules, the corresponding dry capsules were first mixed
with the dry sand before adding NHL and water. The mortar was mixed
in a planetary mixer (Hobart N50-5L) at 140 rpm for a maximum time of
180 s in accordance with [56]. Four specimens types were prepared
(Table 2): (i) Mortar-blank: Mortar specimens containing no NaFeCN or
capsules; (ii) Mortar-CA-F: Mortar specimens with incorporated CA-F_2
[calcium alginate containing NaFeCN with an initial 2 % (w/v)] cap-
sules such that the total mass of NaFeCN was equivalent to 10 % of the
weight of NHL [27]; (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 containing no NaFeCN] capsules. The Mortar-F spec-
imens 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 distribu-
tion as Mortar-CA-F and Mortar-Cs-CA-F specimen. Note: The type of
capsules mixed into the mortar specimens was based on the results of
Phase 2 (Section 4.3). All specimens were cylindrical (® = 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.

3.4. Capsules characterization

The capsules were observed with a digital microscope (Keyence
VHX-7000). The dimensions of the capsules were measured using the
microscope’s in-built software. 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 of steps were

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 of capsule F % (to NHL

Capsule content % (to NHL

NHL:Sand (volumetric NHL:Sand (weight w/b (weight

label incorporated weight) weight) ratio) ratio) ratio)

Mortar-blank - - - 1:3 1:7.33 1.19

Mortar-CA-F CA-F2 10 32.5 1:3 1:7.33 1.19

Mortar-Cs-CA-F Cs-CA 0.25-F_ 4 10 37 1:3 1:7.33 1.19

Mortar-F CA-blank (containing no 10 (added 325 1:3 1:7.33 1.19
F) directly)

CA = Calcium alginate, Cs = Chitosan, F = Sodium ferrocyanide, NHL = Natural hydraulic lime, w/b = water-to-binder ratio.
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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 so-
lution and subsequently passed through a 0.45 um syringe membrane.
The filtrate was analysed for Fe(II)/(III) concentration using inductive
coupled plasma optical emission spectroscopy (ICP-OES; PerkinElmer
Optima 5300DV). The amount of NaFeCN (Cngrecn) is expressed in mg
g1 of capsule mass, calculated as:

CFe . ( onlution ) . (MWNaFeCN / AWFe)
Msample

(€Y

CNa.FeCN =

where, C, is the measured Fe(II)/(III) concentration in mg LY, Viotcion iS
the volume of NaOH solution in L, Mgmpe= Mass of capsule sample in g.
Mwnarecn/Awre 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 the equal number of moles.

3.5. Procedure for assessment of NaFeCN release

3.5.1. NaFeCN release in pore solution

Pore solution was prepared as a binder-slurry filtrate based on the
method described by [57]. NHL and demineralised water were mixed in
a 2:1 ratio, stirred for 24 h, centrifuged, and the resulting supernatant
was vacuum filtered to obtain a clear pore solution. The ionic compo-
sition and pH of the solution were analysed by ICP-OES and a pH meter
(Metrohm 914), respectively (Table S1, Supplementary info.). 100 mg of
each type of capsules (Table 1) was added to 100 mL of the pore solution
and stored within airtight plastic containers. Samples of the pore solu-
tions (500 uL) were collected at various time intervals (10 min-1 h) 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 [13]. To quantify the content of NaFeCN
through UV-VIS, a calibration curve was generated (Fig. S1, Supple-
mentary info.) and the absorbance of the plain pore solution was used as
the baseline.

3.5.2. NaFeCN leaching from hardened mortar

3.5.2.1. Diffusion-driven transport. The diffusion-driven transport of
NaFeCN from different mortar specimens (Table 2) was assessed in
accordance with the accelerated leaching test (ASTM C1308-21) [58], a
method previously used to assess NaFeCN leaching from mortar [27].
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 cm ™. Submerging the speci-
mens facilitated the transport of [Fe(CN)6]4’ ions from the mortar ma-
trix into the leachant. Leachate samples (20 mL) were collected at 2 and
5 h and subsequently every 24 h until day 10 of the test. The samples
were analysed for leached [Fe(CN)6]4’ concentration 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 leach-
ant to zero. Leachate samples from Mortar-blank specimens were used to
create a baseline for UV-VIS measurements. The calibration curve
(Fig. S1, Supplementary info.) was used to measure [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 [58]. The
effective diffusion coefficient was calculated by fitting CFL data to the
analytical solution based on the works of Nestor and Pescatore (Sup-
plementary materials and methods, Supplementary info.) [59,60]. 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 specimens (after the leaching test),
a cold water extraction (CWE) was conducted [61]. The test was
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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 Eq. (1). The initial NaFeCN content in each specimen
was calculated based on these results and the leaching results (see
Supplementary materials and methods, Supplementary info.).

3.5.2.2. 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 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: saturating the specimens with demineralised water via capillary
absorption from the bottom surface; sealing the bottom surface with
paraffin film and placing the specimens in a climate chamber for one
week at 20 °C, 50 % relative humidity (RH). After one week, the spec-
imens 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
drying (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 subsampled
(using the coning and quartering method [62]) from each slice, which
was mixed with 30 mL 1.5 M NaOH (pH 14). Subsequently, the powders
were analysed for Fe(II)/(III) (see above, Section 3.4). This procedure
was also applied to mortar specimens (two replicates each) that had not
been subjected to the leaching test, to assess the initial NaFeCN distri-
bution. 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 micro-
scopy. For microscopic examination, vertical cross-sections of the
specimens (parallel to the direction of the advection-driven transport)
were prepared by impregnating the specimen with epoxy resin, saw-
cutting the specimens and polishing the saw-cut surface in ethanol
(not with water) in accordance with [63]. 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.

4. Results
4.1. Characterization of capsules

CA capsules have an ellipsoidal shape with a smooth surface (Fig. 2a,
b). The CA-blank capsules are light brown in colour, typical of alginate
hydrogels (Fig. 2a). The CA-F_2 capsules are pale yellow in colour and
are generally bigger size (volume) than the blank CA capsules (Fig. 2b;
Table 3). Notably, the Cs-CA-F_2 capsules have an irregular shape and a
rough surface and are bright green in colour (Fig. 2c). The Cs-CA-F
0.25_4 capsules have a similar size as CA-F_2 capsules (Table 3). When
CA capsules are added to the Cs bath they tend to agglomerate (Fig. S2,
Supplementary information), with the degree of agglomeration
increasing with increasing Cs concentration (Section 3.2.2).

Fig. 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 concen-
tration (2 % w/v, blue bars). Notably, in the case of the Cs-CA 0.25
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Fig. 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.

Table 3
The diameter of capsules along two dimensions, with the mean values and
standard deviations reported.

Capsule label Maximum diameter (um) Minimum diameter (um)

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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Fig. 3. Encapsulated NaFeCN content expressed in mg g~ ' 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).

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 mg g~ ! of capsule
weight), independent of the Cs:SA ratio.

4.2. NaFeCN release in pore solution

Fig. 4 shows the release of NaFeCN from different capsules. The
amount of NaFeCN released from the capsules depends on the initial
NaFeCN content of capsules (Fig. 3). Capsules containing a higher initial
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Fig. 4. Graph showing the release profiles of NaFeCN over time from different
capsules into a pore solution, expressed as mg g~ 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.

NaFeCN concentration of 4 % (w/v; Fig. 4, red lines) released a signif-
icantly greater amount of NaFeCN as compared to the capsules con-
taining an initial lower 2 % (w/v; Fig. 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 min. In contrast, Cs-CA 0.25-F_2 cap-
sules with the lowest NaFeCN content took 90 min to release 90 % of
their content.

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 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, Fig. 4). This difference is due to differences
in the concentration gradients between the two capsules and the
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leachant (pore solution). The higher the gradient the faster the rate of
diffusive release from the capsules [64]. However, Cs-CA capsules made
with 2 % (w/v) NaFeCN (~100-150 mg g’1 of capsule weight) incor-
porate significantly lower amount of NaFeCN as compared to Cs-CA
capsules with 4 % (w/v; ~280-300 mg g~ ! 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 [20]. 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 transition zones between the mortar matrix and the
capsules [65]. 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 content as well as its release rate from Cs-CA capsules con-
taining 4 % NaFeCN (Figs. 3 and 4). Cs is comparatively more expensive
than CA, making capsules with the lowest Cs content is more cost-
effective to produce while still offering comparable release perfor-
mance compared to Cs-CA capsules with higher Cs:SA ratios (Fig. 4).
Furthermore, increasing the Cs content in the production of Cs-CA
capsules leads to agglomeration (Fig. S2) which could be problematic
for industrial production. 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 mixing 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, Fig. 1).

4.4. NaFeCN release (leaching) in mortar

4.4.1. Diffusion-driven leaching

The capsules were distributed homogeneously in the mortar matrix
and were able to survive the mortar mixing process (see Fig. S7, Sup-
plementary materials and methods). The diffusion-driven leaching of
NaFeCN from mortar specimens over time is presented in Fig. 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 of NaFeCN leaching as compared to Mortar-F specimens. The
measured mean effective diffusion coefficient of NaFeCN from Mortar-
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Cs-CA-F (1.1 x 1077 ecm? s™1) is four times lower than that of Mortar-
F (45 x 1077 em?s™D). 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 % (Fig. 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 h, followed by a linear decrease in the pH with every
renewal step (Fig. 5b). The drop in pH is consistent across all types of
specimens.

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 (Fig. 6,
Figs. §4-56). 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 (Fig. 6,
right column, bottom row; marked with black arrows), while Mortar-F
and Mortar-CA-F show homogenous 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; Fig. 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 (Fig. 7 (d-1)).

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; Fig. 8a). The distribution profile of
NaFeCN over the specimen 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; Fig. 8a)
to a skewed distribution near the top drying surface (Fig. 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 mg g’l) is about half than that of
Mortar-F (66.62 mg g_l) and Mortar-CA-F (71.63 mg g_l). In the depths,
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Fig. 5. (a) A plot showing the cumulative fraction leached of sodium ferrocyanide (NaFeCN) measured 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 (Supplementary materials and methods, Supplementary info.) and their
corresponding diffusion coefficients, D, with coefficient of determination (R?), calculated from the best fit are presented in the top left of the plot. (b) pH mea-
surements 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.
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Mortar-Cs-CA-F

Fig. 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.

there is a negligible difference in the final concentration of NaFeCN
measured across all specimen types (~8-11 mg g~ 1).

5. Discussion

The results from diffusion-driven leaching test on mortar specimens
show that Mortar-Cs-CA-F specimens [containing Cs-CA capsules con-
taining NaFeCN], exhibit an effective diffusion coefficient of NaFeCN
four times lower than Mortar-F [containing directly added NaFeCN] and
Mortar-CA-F specimens [containing CA capsules containing NaFeCN],
respectively (Fig. 5a). The improved performance 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
[51,52] and improve mechanical stability of CA network in alkaline
conditions [40]. This is achieved by the ability of Cs to restrict the
swelling of CA networks in high pH environments [39,43], possibly due
to strong attractive forces between Cs and alginates that prevents
repulsion between alginate chains [66], thereby forming 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 [67]. Additionally, Chitosan is also chemically functional
due to its positively charged -NHj, which electrostatically interact with

negatively charged [Fe(CN)g]*~ ions [68]. Indirect evidence of this
interaction can be seen as the green colour of the Cs-CA capsules
(Fig. 2c) related to a formation of an ammonium ferrocyanide bond [69]
and the agglomeration of the capsules in presence of [Fe(CN)6]4_ as
reported in this study (Fig. S2). The -NH, of Cs capsules acting as
chelating sites for [FeCNe] 4~ jons have been shown to retain [FeCNg]*~
ions inside the capsule network [44]. Furthermore, attractive forces due
to oppositely charged electrostatic interactions between the matrix and
the solute have been shown to hinder diffusion of charged solute species
[70]. The electrostatic interaction between [FeCN6]4’ ions to Cs is pH
dependent and reversible. At high pH, the binding affinity of Cs for
[FeCN6]4’ is low due to Cs’s neutral charge; however, this affinity in-
creases as the pH decreases [71]. The mortar leaching experiment with
mortar specimens containing Cs-CA capsules aligns with this pH-
dependant behaviour. The mortar-Cs-CA-F specimens exhibit lower cu-
mulative leaching over time (Fig. 5a) as the pH decreases (Fig. 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 at very high pH (pH > 12), the -NH; can become
negatively charged by losing protons and releasing bound [FeCNg]*~
ions due to repulsion as observed in [72]. Measuring changes to the
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Fig. 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-1) 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,]) 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.

surface charge of the capsules using tools, such as Zeta-potential map-
ping [73] and AFM [74] will help clarify the electrostatic interactions
between the [FeCN6]4_ ions and the functional groups on the capsule
surface.

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 (Fig. 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
absorption 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 sur-
face even with a limited supply of moisture in the first cycle itself.
Conversely, in Mortar-CA-F and Mortar-Cs-CA-F specimens, availability
of moisture for a limited time may not be sufficient to swell the hydrogel

networks and release enough [FeCNg]*~ 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 specimens (Fig. 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 surface (0-5 mm; Fig. 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 necessary to delay
the release of [FeCNg]*~ ions from CA capsules when subjected to suc-
cessive absorption-drying cycles. However, considering the mass con-
servation between the NaFeCN distribution profile before cycling
(Fig. 8a) and after the test (Fig. 8b), one would expect a higher con-
centration 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 reason for this
discrepancy is unclear, one possible reason could be that a portion of
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(b) End of the test
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Fig. 8. Plots showing the distribution profile of NaFeCN over specimen height. (a) before subjecting specimens to the absorption-drying cycles and (b) after sub-
jecting 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.

NaFeCN remains bound to Cs due to electrostatic interaction and is not
fully released, 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 -NHj>, sites on Cs [75].

The results from mortar leaching tests clearly show that Cs-CA cap-
sules 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 providing a physical barrier for the
[FeCNg]*~ 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 [40]. Use of other cross-
linking agents such as sodium tripolyphosphate can also reduce pore
diameters and promote better cargo entrapment during production [75].
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 [43,76].

The Cs-CA capsules developed in this study offer a range of new
possibilities for the controlled release of charged molecules in con-
struction materials. For instance they could be used for the controlled
release of corrosion inhibitors [77] 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 [78]. Additionally, the bio-based nature of the capsules makes
them a sustainable alternative to synthetic polymers [31]. Furthermore,
the immobilisation property of Cs-CA capsules could find application in
preventing heavy metal leaching from municipal solid waste incinera-
tion fly ash which is a promising supplementary cementitious material,
but poses an environmental hazard due to the leaching of toxic heavy
metals [79,80].

6. Conclusions and outlook

This study introduces a proof-of-concept chitosan-calcium alginate
capsule designed for the controlled release of a salt crystallisation in-
hibitor (NaFeCN) with the aim of prolonging the service life of salt-
resistant mortars for renovation and construction 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 advantages, 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 resisting NaCl damage under accelerated salt weathering conditions.
Additionally, the interactions between NaCl and the capsules needs to be
explored, considering past research indicating that high concentrations
of NaCl (Na*:Ca%">>25:1) may compromise the integrity of CA networks
[38,81] and might affect the release behaviour of NaFeCN.
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