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Preface

This thesis is an outcome of the work conducted as an Additional Thesis at the faculty of
Civil Engineering and Geosciences, TU Delft. The basis of this work stem from my interest
in durability and self-healing of cementitious materials. In this work, an investigation was
carried out to assess the use of pH sensitive encapsulation for carbonation triggered re-
lease of Sodium Monofluorophosphate (NaMFP) - an inorganic healing agent. To do so, a
state-of-the-art review of pH sensitive wall material and a technique to fabricate the same,
to encapsulate NaMFP, was performed. The outcome of comparative analyses conducted
on prospective shell materials and encapsulating techniques yielded three potential shell
materials and two possible techniques. These findings can aid in future experimental in-
vestigations to scale up the use of such encapsulation technologies in the construction sec-
tor. This would contribute to the research in producing smart cementitious materials that
can detect minute changes in their environment and perform targeted healing, without the
need for human intervention.

I would like to express my gratitude towards Professor Oguzhan Copuroglu, for con-
ceiving the idea and showing me an opportunity to work in it. I also thank Yu Zhang for the
fruitful discussions we have had on the topic.
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Introduction

Concrete is undeniably the most popular and widely used construction material because
of its high compressive strength, serviceability, availability of raw materials, and compara-
tively lower costs. However, its sensitivity to crack formation often manifests as a deterrent,
as that paves way for ageing and degradation processes to occur. Penetration of chemi-
cals such as chlorides and sulphates, and gases such as carbon-dioxide, through micro or
macro cracks sabotages the durability and serviceability of concrete structures [72]. This
necessitates frequent repairs which in turn is associated with substantial expenses. For in-
stance, in Europe, in the past decade, a conservative cost estimate of replacing just highway
structures alone, amounted to €600 billion whereas an additional €2 to 3 billion was spent
annually on their upkeep [1]. At the same time in the US, annually about €18 billion was
needed for repair and retrofitting of civic infrastructure, and €1.6 trillion was projected for
repairing or replacing infrastructure in Asia [34, 70]. On the other hand, the available man-
ual repair technologies that are used to restore durability, are often time consuming, and
restricted by accessibility, location and environmental aspects [73], [82].

Besides the immense economic impact associated with repair and maintenance of con-
structions, the production of cement is also single handedly responsible for up to 8% of
global anthropogenic CO, emissions. With escalating demand on new public construc-
tions in fast growing economies like India and China, and the burgeoning repair activi-
ties in developed nations, the concerns related to socio-environmental costs have become
equally alarming as of 21st century. All in all, this calls for an urgent intervention not only
in the technology behind producing our built infrastructure, but also one that ensures their
longevity.

1.1. Self-Healing Concrete

Rooij et al.[57] define self-healing materials as man-made materials, which have the built-
in capability to repair structural damage autogenously or with the minimal help of an exter-
nal stimulus. The numerous studies conducted on the topic of embedding this phenomena
in cement based composites, demonstrate possibility of future civic infrastructure that, via
a multitude of likely approaches, are smart enough to detect their own damage and un-
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dergo healing or repair by themselves. This then would drastically reduce dependence on
human intervention and the associated economic, social and environmental costs after
damage initiation. This therefore has piqued an escalating research and development in-
terest on the topic of self-healing concrete within the last 50 years. The drive to make our
structures smarter and more resilient towards damage has led to an evolution of varying en-
gineered approaches in the said technology, especially in the last decade. Figures 1.1 and
1.2 show the growing scientific interest in the field. These data have been collected from
Scopus under the phrase ’self-healing concrete’ for the years 2010-2021. The performance
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Figure 1.1: Publications on the topic of self-healing  Figure 1.2: Citations garnered over the years on the
concrete topic.

comparison of a structure equipped with self-healing technologies versus a structure with-
out it, can be better gauged with the curves demonstrated in figure 1.3 [71]. Over time,
as cracks appear on concrete structures and degradation initiates, the first repair becomes
necessary (shown in a) to maintain the required level of strength. Thereafter, depending
on the quality and the subsequent durability of the repair work, a second repair is usually
required within a span of 10-15 years. The total costs (shown in b) at the end of service life
of the structure, rise progressively, depending on the frequency of the repair and mainte-
nance activities needed over the years. Comparatively, in a self-healing concrete structure
(shown in c and d), the occurrence of crack is followed by self-healing, which is why the
total costs of such a structure can be projected to remain constant over the years. However,
the initial costs of such a structure would be higher because of additional functionalities
provided to it, compared to normal structures. Nevertheless, the elimination of frequent
repair and maintenance demands would prove to be financially beneficial for the owners.
Thus, self-healing of concrete holds significant promise towards sustainably and econom-
ically addressing the issues of damage associated with cracking and ageing.

1.1.1. Approaches to Self-Healing

The self-healing approaches studied and implemented so far, are varied. They range from
traditional autogenous self-healing of concrete, wherein the concrete demonstrates an in-
trinsic healing ability, to introduction of stimulated autogenous healing via mineral addi-
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Figure 1.3: Performance (a) and costs (b) with elapse of time for normal (A) and high quality (B) structures.
Direct costs of repair included. Performance (c) and cost (d) of a structure made with self-healing material
(concrete) with elapse of time. Interest and inflation ignored. (Reproduced from [57])

tives, super absorbent polymers, and to autonomous healing via minerals and bacteria [13],
[53]. The Rilem committee [57] proposes the following concise classification, using which
the entire field of self-healing can be described:

1. Autogenic: intrinsic, where the the self-healing process uses materials components
that could otherwise also be present when not specifically designed for self-healing
(own generic materials). This property may be enhanced by the addition of fibres,
shrinkable polymers like PET, and minerals such as supplementary cementitious ma-
terials and superabsorbent polymers.

2. Autonomic: engineered, where the self-healing process uses material components
that would otherwise not be found in the parent material. This is often also termed
as 'encapsulated’ approach, wherein the healing agent is contained within a capsule
or coating and are released upon encountering a certain physical or chemical trig-
ger. This can comprise of microvascular and tubular capsules, microcapsules, coated
pellets, and bacterial additions.

As previously mentioned, the research on the topic of self-healing concrete is still an
evolving branch of study and the most optimal self-healing methodology has not been de-
veloped yet. Several researchers opine that the autogenous healing approach stands out as
it is more efficient, cost effective, safer, and easier to implement in comparison with au-
tonomous methods using capsules containing various types of healing agents [54]. How-
ever, from the point of view of the maximum crack width healed or sealed, autogenous
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Figure 1.4: Self-Healing concrete systems [53]

healing are able to heal cracks of only upto 200um whereas for efficient damage preven-
tion, healing of crack widths larger than that is often crucial. Introduction of autonomous
healing agents via encapsulation technologies on the other hand, has managed to heal
wider cracks upto 0.9m and emerged as more promising from the laboratory scale stud-
ies conducted over the years. For enhanced durability and longer service-life of structures,
autonomous healing strategies therefore appear as more optimistic.

1.1.2. Encapsulation of healing agents

The autonomous healing approach involves encapsulation of active healing agents. It has
been the preferred technique to deliver the healing agents for effective in-situ repair [13].
The most widely investigated encapsulation systems are microcapsules and microvascular
glass tube networks [53]. Typically, the capsules or tubular networks respond to a mechan-
ical damage stimuli such as propagation of concrete cracks that induces fractures in the
capsule shell walls, leading to release of healing agents into the crack. The following are the
different types of encapsulation strategies, along with their pros and cons, that have been
studied and applied so far:

1. Microencapsulation: This comprise of capsules with diameters below and upto Imm,
containing active healing agents. They are distributed throughout the matrix directly.
A number of production methods, shell compositions, properties and cargo materi-
als have been researched over the years, each aiming to resolve specific performance
requirements of the cement composites [13].

e Pros: They are easier to apply in bulk concrete production, compared to vas-
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Figure 1.5: Micro capsule based healing [6]

cular or tubular encapsulation. They can be tailored to be responsive towards
chemical triggers such as pH or chloride changes. Additionally, improved mi-
croencapsulation techniques such as microfluidics, offer even greater control
over the production parameters than traditional techniques and enable a wide
range selection of shell and cargo materials.

e Cons: The interlock or bonding between microcapsules and cementitious ma-
trices is often incompatible which affects the efficiency of mechanical triggering
in such a system. The production of microcapsules involves complexity com-
pared to autogenous healing strategies.[54].

2. Macroencapsulation: This includes hollow polymeric or glass fibres or hollow glass
concentric macrocapsules that could envelop a healing or repair agent. Fibres were
proposed so as to additionally provide mechanical reinforcement besides healing.
Other examples of macroencapsulated healing are CHT (Cementitious hollow tubes)
and LWA (light weight aggregates).

* Pros: It enables multiple healing and the added mechanical reinforcement.

* Cons: Once ruptured, the presence of glass shells negatively affect the mechan-
ical strength of the cementitious matrices. Besdies, long-term stability and re-
peatability have not been established yet.

3. Vascular network: This comprise of a network of glass or polymeric hollow tubes that
resemble the human cardiovascular system that transports blood around the body
[13]. There are 1D, 2D and 3D forms of vascular networks created to provide multi-
ple alternative pathways for the healing agent to be transported and delivered at the
damage sites in concrete matrices.

e Pros: Healing agent can be continually supplied to reach the damage zones as
appropriately as desired.
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Figure 1.6: Basic concept of the concentric glass capsules in self-healing. The crack propagation triggers
release of healing minerals. Consequent interaction of released healing agent with water and CO, results in
the formation of different hydrated and carbonated products to seal and possibly heal the crack. [52]
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Figure 1.7: Vascular network based self-healing. [6]

* Cons: If the ends of the vascular network are left open to the atmosphere, it
could provide a pathway for harmful gases and chemicals to enter the matrix
and sabotage the durability. Challenges also persist to upscale this technology
and to enable its remote activation.

Considering the pros and cons of the aforementioned encapsulation strategies, it can be
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surmised that micro-encapsulation is a feasible approach as that eliminates the challenges
relating to both macro and vascular encapsulation. Additionally, there have been success-
ful field trials of using microcapsules in reinforced concrete panels [53]. This points to the
feasibility of upscaling this technology for longer terms. However, many reports indicate
the need for further research on microencapsulation, especially to address the bond inter-
face problems leading to inefficient and unreliable mechanical triggering mechanisms [15].
It is also a challenge to ensure that all capsules will be broken or are responsive to mechani-
cal stress trigger or crack propagation [81]. This essentially calls for a smarter encapsulation
strategy to be fabricated which can respond to environmental or chemical stimulus such
as a pH drop in the cementitious matrix, signifying damage initiation or depassivation of
steel reinforcement. A few recent advances have therefore focused the discussion and in-
vestigation on alkaline sensitive or chloride binding shell materials to target carbonation
or corrosion induced damage [15], [81], [85], [87], thereby modifying the efficacy of micro-
encapsulating technology. This forms the broader subject of the current study.

1.2. Research question

The success of autonomic healing strategies rely on the efficiency of their encapsulation
systems and their compatibility in the cementitious matrix. Factors such as response to
trigger mechanisms, release rate and repeatability govern the feasibility of its application.
Micro-encapsulation is an emerging and popular technology that has been successfully up-
scaled and applied on mass concreting on field. The surge in interest of the scientific com-
munity towards this technique is primarly because it eliminates the challenges otherwise
associated with the tubular and vascular approaches. In that context, the current study
investigates the formulation of an encapsulation system containing a synthethic healing
mineral Sodium Monofluorophosphate (NaMFP), that is responsive to chemical triggers,
or more precisely, a decrease in the pH of the cementitious environment. To that end the
following research questions have been sought to be answered through the course of this
study:

1. What is a suitable shell material for encapsulating Na-MFP, such that it is stable at
high pH environments and dissociates or ruptures at low pH environments? Here
high pH refers to the environment characterized by a normal, undamaged OP cemen-
titious composite. A low pH environment is suggestive of initiation of degradation
such as upon carbonation initiation and depassivation of the steel reinforcement.

2. How to efficiently encapsulate the cargo material with the shell material?

1.3. Research approach and outline of the thesis

To answer the above research questions, a study of existing literature on the techniques
of microencapsulation, factors affecting its efficiency, responsiveness to chemical and en-
vironmental triggers are conducted to deduce a potentially compatible shell material for
sodium monofluorophosphate as a healing agent, and a suitable technique for encapsu-
lating it. The findings of this study could serve as a basis for laboratory experiments on
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the topic of pH sensitive micro encapsulation for mineral healing agents like NaMFP. The
outline of the study is as follows:

e Chapter 1 introduces the topic background, significance and research questions of
the thesis.

* Chapter 2 provides an in-depth review on suggesting a suitable low pH sensitive shell
material that can be used for encapsulating NaMFP.

* Chapter 3 provides a review on the techniques of microencapsulation, and the gov-
erning factors for checking efficiency and repeatability, to suggest an optimal or promis-
ing technique to encapsulate the findings of chapter 2.

* Chapter 4 incorporates the limitations of this study and concludes the findings. Ad-
ditionally, it presents future scope of the study.



Encapsulation Material

The study of stimuli-responsive microcapsules have found considerable focus within a
wide range of research domains such as pharmaceuticals, agriculture, printing, fragrance
release, nutrient preservation, chemotherapy and concrete technology. The effectiveness
of environmentally triggerable microcapsules lie on their ability to store their cargo (core
material) until the shell material responds to a change in the environment, a stimuli, and
undergoes disintegration. Thereupon, the cargo is released to the larger system or matrix
and is aimed at responding to the specific stimuli [19], [7]. A variety of triggering phe-
nomena have been investigated over the years in relation to encapsulation. The success
of a triggering mechanism revolves around the application of the appropriate shell mate-
rial that best responds to a particular trigger. In this chapter, the discussion is restricted to
chemical triggering for cargo release and a compatible shell material that can facilitate this.

2.1. Cargo Material

The cargo material is an inorganic compound - Sodium Monofluorophosphate (Nay;POsFE
MFP) or NaMFP. This compound has been reported to possess a multitude of benefits upon
addition in cementitious composites. Na-MFP has been studied as an effective corrosion
inhibiting agent [46],[3],[66], a surface treatment compound for carbonated blast furnace
slag cements (BFSC) to resist frost-salt attack[11],[63],[61], a curing agent [62], and as a
self-healing agent [30],[32].

It was found from the aforementioned studies that NaMFP protects the passive layer
of steel reinforcement, which is vital for resistance against corrosion. It was found to be
particularly beneficial for resisting carbonation induced corrosion. Additionally, when a
Na-MFP solution was added as a surface post- or pre-treatment compound, the durability
of BFSC against frost salt scaling of carbonated pastes was significantly enhanced [Figure
2.2], as the treatment modifies the minerological formation, leading to a more water-tight
microstructure. After studying the Ey of pore solutions, [31] demonstrated that the appli-
cation of Na-MFP as either a healing or corrosion inhibiting agent, can help reCover the
pH of the carbonated cement paste to nearly 99% for CEMI (OPC) and 80% for CEMIII/B
(BESC) of untreated paste. It was also shown that if used as a curing agent, Na-MFP would
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Figure 2.2: Frost scaling performance observed on control (con), Na-MFP surface treated (ST), and NaMFP
cured (CR) samples of BFSC. [62]

further enable autogenous self-healing upon the initiation of carbonation on BFSC con-
crete. It does so by significantly recovering the pH of a carbonated paste, as it reacts with
the latter to form secondary ettrigite, secondary portlandite, and amorphous apatite-like
formations such as calcium phosphates (ACPs) [Figure 2.3]. These products assist in im-
proving the mechanical properties and water-tightness of the carbonated microstructure,
thereby healing the same.

2.1.1. Encapsulation of NaMFP by LWA

The direct addition of NaMFP as a healing agent proved disadvantageous. It was found to
retard the setting time significantly, leading to further possibilities of bleeding and segrega-
tion in BFSC composites [62]. As such, encapsulation strategies of the compound were ex-
plored. The use of an expanded clay LWA (light weight aggregate) as an encapsulating ma-
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Figure 2.3: XRD data of formation of secondary cement phases upon reaction of Na-MFP with carbonated
BFSC phases. [32]

terial, was checked accompanied by a coating of either OPC (ordinary portland cement) or
BFSC on the surface of the LWA encapsulation. The LZWA was first impregnated with NaMFP
and was subsequently coated with a cement paste layer. Given that the aggregates are the
major constituent of any concrete mix, they could be used to host self-healing agents as
well [2]. LWA being porous, enables greater interstitial bond with the surrounding matrix,
and has found much interest in research and application over the years. In case of being
used as an encapsulating material, the addition of cement paste coating on the LWA is es-
sential as it prevents the inner NaMFP to leach out into the matrix. EDS and ESEM data
of the healing products indicated that the combination of treatment by NaMFP and port-
landite from the cement paste coating, was potentially the healing mechanism.

2.1.1.1. Disadvantages of LWA based encapsulations

Although the studies well establish the efficiency of a carbonation triggered mechanism
with the IWA - cement paste coating encapsulation system, yet it suffers from a couple of
pitfalls. First, when an OPC cement paste layer is provided as a coating on the LWA, it has
the tendency to densify upon carbonation. As CO; reacts with portlandite in OPC, it forms
phases of CaCOs, leading to a denser microstructure. As OPC is rich in CH, carbonation
might yield a more compact coating over the LWA, thereby hindering the release of NaMFP.

Second, when a BFSC is added as a coating material, additional CH is provided in order
to account for the lack of it in slag rich cements. The carbonation of CH would form calcite
which would fill up the pore volume left by carbonation degradation. However, the authors
indicate the formation of carbonate micro-crystals on the surface of CH which interferes
with complete carbonation and poses restriction on the release of self-healing agent to the
BFSC matrix.

In the light of these ambiguity and also on the data concerning the influence of the
presence of LWA encapsulated systems in partial or full replacement of aggregates, it can
be deduced that modifications on the encapsulation technique and an improvement of the
response and release phenomenon of the same, are essential. Consequently, [31] and [30]

11
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Figure 2.4: Encapsulated NaMFP in IWA reservoirs coated with cement paste, distributed in the metrix.
When CO; enters the matrix, carbonation occurs and coarsens the porosity. As the front damages the
coating layer, NaMFP is released to the matrix and healing takes place. [62]

suggest from their observations that a pH sensitive coating with affinity for carbonation
would be desirable for encapsulating NaMFP in BFSC composites, as this would enable an
autogenous healing mechanism. The requirement of this coating or shell material would
be to be stable at high pH environments such as 13, characterizing an uncarbonated ce-
mentitious matrix. In the event of carbonation reaction with the hydration products of the
matrix and the subsequent decrease of the pH in the pore solution, the shell material would
require to destabilize and either dissolve, dissociate or rupture, releasing the healing agent
into the matrix. The following section discusses the possible candidates that could fulfill
these requirements.

2.2. Shell Material

From the previous discussion, for enabling a successful pH sensitive encapsulation mech-
anism for the healing agent NaMFP, the following are required of the shell material:

1. High chemical stability of microcapsules in high alkaline environment (pH > 12)
2. Successful encapsulation and protection of NaMFP in high alkaline environment
3. Chemical non-reactivity with the NaMFP.

4. The ability to disperse easily and stabilize in the cement matrix.

12
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5. Rapid release of NaMFP after a pH drop on account of carbonation

A single core material is often unable to fulfill all requirements by itself. As a result, in
practice either coating materials are employed in combinations or modifiers [49]. With
particular focus on concrete applications, chemical responsive microcapsules have been
used to encapsulate and deliver healing agents [15], corrosion inhibiting agents [85], [81],
[87], self-immunizing agents [77], and phase change materials [59]. Of these, application
of pH responsive microcapsules in concrete are limited. This is because, most pH sensi-
tive materials that are otherwise used in alternate domains such as drug delivery systems,
are designed to be unstable in high pH (> 7.5) surroundings, that are typical of disorders
in human bodily requirements. For instance, BSA (Bovine Serum Albumin) was designed
to possess reversible pH response as they become permeable below pH 4 (typical of stom-
ach, colon, and lysosomes [80]) or those above pH 10 (typical of blood streams) [69] or
polyamides that could respond to pH < 5 or pH > 7.5 [7]. In general however, pH sensi-
tive micro-capsules research is a dominating field in pharmaceuticals arena, which offers
a wholesome database on prospective materials that could be also potentially used in con-
crete applications with appropriate chemical modifications.

2.2.1. Smart Polymers

Stimuli responsive polymers have emerged as an attractive choice for micro encapsulation
material due to their relatively inexpensive production compared to alternative materials
and their highly tailorable chemical properties [48]. pH responsive polymers in particu-
lar, contain either acid or base segments or groups that either accept or release protons in
response to a change in the environmental pH [56]. The physical properties of the poly-
mer such as configuration, chain conformation, and solubility can be tailored by adjusting
the pH or ionic strength [12]. The adjustment in pH alters the ionic interaction, hydrogen
bonding, and hydrophobic interaction, resulting in a reversible micro phase separation or
self-organization phenomenon. As such, the solubility, permeability and swelling of the
pH sensitive polymer can be be manipulated [80]. This renders such polymeric systems as
smart or intelligent as they can sense environmental changes and react autogenously. The
pH range where the reversible phase transition can occur can be regulated by 2 ways [44]:

1. Selecting the ionizable moiety with a pK, matching the desired pH range (selecting
between polyacid or polybase), or incorporating a pH-responsive moiety to the poly-
mer structure.

2. Incorporating hydrophobic moieties into the polymer backbone (selectively control
their nature, amount and distribution)

Thus, by modulating the pH range by one of these methods, and selecting a pH responsive
polymer that is compatible with the healing agent and which facilitates its rapid release,
the shell material can be chosen for the current case.

2.2.2. pH responsive polymers in non-cementitious applications
In drug delivery systems, the following pH responsive polymers have been most widely
used, as given in table 2.1. The purpose of studying these polymers is to explore potential
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encapsulating material for self-healing applications in cement based composites. The re-
search of the pharmaceuticals field is focused here for two reasons - first, it comprises of a
vast body of existing research into the finer details of stimuli responsive encapsulation ma-
terial. Secondly it is one field that deeply emphasizes timely, precision guided and targeted
delivery of drugs into localized areas of infection - much like the requirement in degraded
cementitious matrices.

In general, natural biodegradable polymers are often tailored to embed pH responsive-
ness at the desired pH range. Most of these polymers are combined to form hydrogels or su-
per absorbent polymers (SAPs), both of which are comprised of hydrophilic polymer chains
or networks, that can take up water and swell to several times their own weight. These are
extensively used in drug delivery and has been found quite favorable for the purpose. They
can also block cracks in concrete and aid in healing them [38].

# pH Sensitve Polymer Separation Mechanism References

Poly(2-Diethylaminoethyl

1 Methacrylate) or PDMAEMA swells at low pH and ruptures [9, 18, 45, 78, 79]

2 Poly(Acrylic Acid) (PAA) dissociation at low pH (25, 27, 28, 58]

3 Chitosan (CS) based hydrogels swelling [8, 29, 50, 51, 74, 76]
4 Alginate swelling [5, 21, 35, 38, 75]

5 Hyaluronic Acid (HA) dissolves in low pH [33, 42, 67, 80]

6 Ethyl Cellulose (EC) dissociates in low pH [47, 84, 86]

Table 2.1: pH sensitive polymers mostly used in drug-delivery systems.

Some other pH sensitive polymers that have found widespread applications in pharma-
ceuticals, nutrient preservation, fertilizers, and fragrance release industries are: polypep-
tides, poly(amidoamine), poly(aspartic acid), protamine, poly(l-lysine) (PLL), poly(Y-glutamic
acid), poly(-amine ester)(PEA), dextran and derivatives, and other polymers containing
phosphoric acid derivatives [80].

2.2.3. pH responsive polymers and other materials in cementitious appli-

cations
In literature of the recent past, some of the above mentioned polymeric materials were
used for cementitious applications, either individually or in conjunction with each other.
Table 2.2 provides an overview of the materials used for encapsulating healing or corrosion
inhibiting agents, and their pros and cons. As mentioned earlier, the use of pH sensitive
encapsulation for cementitious applications is relatively sparse compared to fields. This
is because the concrete pore solution is complex and to modulate a "smart" environment
responsive encapsulation in such a matrix requires in depth research into interdisciplinary
fields such as polymer science, inorganic and organic chemistry, colloid chemistry, etc. Be-
sides, research for successful applications in concrete involve large scale feasibility analyses
which involves further complications. Nevertheless, some research on the topic of environ-
mentally triggerable encapsulation for concrete application, have been reported from lab-

14



2.2. Shell Material 2. Encapsulation Material

scale studies. Most are inspired from the research output of the pharmaceuticals branch.
Out of this existing literature, the ones that closely fulfill the requirements of the current

investigation are reported in table 2.2.

#  pH sensitive polymer Core Material Pros Cons Reference
I. All capsules are not pH triggered.
I. Shell thickness adjustable with II. Capsule size determined by core content;
Polystyrene resin dosage of material. higher amount of latter will imply bigger
14,15,
1 (PS) NaMFP 11. Shell stable at pH 13, capsule size. L 589
completely destroyed at pH 7 I11. Big microcapsule size (680-770 pm)
V. Unclear data about influence on concrete
properties.
1. Successfully triggered by low pH 1. Presence of water causes local s.wcll of EC
and stable at high pH 1I. Not all capsules could be pH triggered
2 Ethyl Cellulose (EC) Calcium Hydroxide atmgh prt III. May promote negative influence due to (16, 77)
II. Forms pinholes, crevices or peels . . X X
big particle sizes of microcapsules (5001m)
off as pH decreases. .
IV. Unclear data about influence on concrete
properties
1. Stable at pH 13
11. Swelling upto 450 times their 1. Reduction of compressive strength upto 18%
3 SAPs based on acrylic acid, acrylamide, original weight at pH 12. Reduction of 1. Reduction of bending strength upto 13% 137, 40]
N,N’ methylenebisacrylamide swelling at lower pH. III. These polymers are prone to alkali induced !
I11. Assist in partial or full healing of hydrolysis
cracks
I. Compressive strength still reduced by 5% with
I. Stable swelling capacity between pH 7-11. 1m% of hydrogel
4 Chitosan based hydrogel Bacterial spores 1I. Good biocompatibility and cell entrapping 11. Only 32% of crack locations were completely [75]
property bridged.
111. Potentially better for bacterial healing than
mineral based healing.
1. Shell was protected by Na-rich film at
5 COGI (corrosion inhibitor) BTA (Benzotriazole) hlgher‘pH (>11), so limited co{e release. 1. Some 1_'e1e'<.15e still occ.ured at high pH (= 13) 88]
11. Rapid release of core material ILInvestigations only simulated concrete
inlow pH (<11). pore solutions.
e o . U L Facilitates rapid release at pH 10 to 11.
6 Poly(acrylic acid)-Acrylamide corrosion inhibitors 11. Successfully suppressed corrosion of 1. Limited study on further infleunces in concrete. 201
rebar samples.
7 Silver Alginate hydrogel L Lapsules‘collapse at F].l\{n% 1. Big microcapsules (2.5mm) [81, 88]
concentration of chloride ions. I1.Unclear data about concrete applications
11. Can be modified for pH responsiveness : PP
8  PAM-coNaAlg hydrogel 1. Swelling degree higher at high pH. I. Limited data about core release [22]
II. Improves compressive strength of concrete behavior at lower pH
9  Colophony NaNO; corrosion inhibitors I. High encapsulation efficiency of 83.2% I. Increased release of core with higher pH; [55]
II. Improved mechanical performance of concrete unsuitable for acidic trigger based release.
N N L 1. Controlled release at pH < 6
10 Eudragit Corrosion inhibitors 11. Possess self-healing potential 1. Limited release till pH reaches 6 1651
I11. Able to store high contents of inhibitor.
. - 1. Limited data on pH stability
11 Hybrid sol-gel BIA L. Facilitates local release at pH change. and sensitivity at pH 12-13. 160, 851
II. Limited data on concrete influences.
12 Nanocapsules TEA (Triethanolamine) L Limited data on pH stability [10]

1. Facilitates local release at pH change from neutral.

and sensitivity at pH 12-13.
II. Limited data on concrete influences.

Table 2.2: Comparison of pH sensitive encapsulation materials used in cementitious applications

In particular, pH sensitive polymer based hydrogels and SAPs were extensively inves-

tigated at Universiteit Ghent [36-41, 75]. These hydrogels and SAPs take up water during
mixing and release it during mortar hardening [36, 37, 40, 75] . If embedded with pH re-
sponsiveness mechansisms, they swell or shrink (thereby releasing water and core materi-
als) with changes in the surrounding pH [39]. However, other than the SAP mentioned in
point 3, and the hydrogels at points 7 and 8 in table, the other reported pH sensitive hy-
drophilic encapsulations have not been designed to release core contents at low alkaline
environments. Moreover, the swelling of such encapsulations tend to leave behind pores
that negatively affect the concrete properties. Larger the swelling, more the negative ef-
fect. Literature on this topic lack specific information on how the mechanical properties
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are influenced by addition of SAPs and hydrogel based encapsulation.

Natural polymers on the other hand are more extensively available, economical and
environmentally safe. Much research has been conducted at Shenzhen University on the
topic of pH-triggerable polymer based microcapsules that encapsulate healing or corro-
sion inhibiting agents [14-16, 24, 77]. They indicate that polymers like PS and EC could
effectively respond to a pH drop in a simulated cement pore solution and therefore possess
significant potential for use in carbonation or corrosion detection. Surface damage at vary-
ing pH values by means of SEM, ESEM and texture element analysis microscopy, release
mechanism after trigger, and recovery efficiency were checked for polymer based encap-
sulations. A significant limitation of these research that hinders large scale application, is
the relatively big size of microcapsules that are being tested. Dosage of core material often
determine the size of microcapsules. Presence of bigger capsules poses more challenges
for the already weak capsule-cement matrix interface bond (Chapterl, section 1.1.2). This,
followed by restriction of data about influence on concrete properties, presents some am-
biguity on the topic. Nevertheless, out of the available material examined so far, polymers
appear more favorable as their chemical properties are adaptable. In the light of the ad-
vantages offered by polymers, the following section presents recommendations that can
be applied for encapsulating NaMFP for low-pH, trigger based release.

2.3. Recommended Material

From the preceding comparative review on the application of pH sensitive materials in
cementitious and non-cementitious materials, one of the 3 following options are recom-
mended. Some modifications are also suggested that can be employed to overcome the
current limitations of these polymers in cementitious applications.

1. Polystyrene (PS)
2. Ethyl Cellulose (EC)

3. COCI

2.3.1. Limitations and potential modifications of suggested polymers

In general, the polystyrene and ethyl cellulose polymer based microcapsules examined in
cementitious applications so far, suffer from a mutual restriction in pH sensitivity. Further,
they would both benefit from a greater control on the capsule sizes. The pH sensitivity
can be enhanced by coating these with thin polyelectrolyte films via electrostatic interac-
tions through a layer-by-layer (LbL) method [80]. However, LbL. method does have certain
drawbacks of its own, which are further discussed in the following chapter. To produce
more controlled microcapsule sizes, the solvent evaporation method or the upcoming and
popular microfluidics technique can also be experimented to fabricate the microcapsules.
More discussion on the feasibility of this follows in the next chapter.
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Encapsulating Techniques

Based on the selection of core and shell materials, an appropriate encapsulating technique
needs to be chosen for intended application. The choice of the most suitable method in-
volves examining a variety of possible and widely documented techniques. This chapter
contains a discussion and analysis of mostly used methods, their advantages or disadvan-
tages, feasibility for application in the current context, and finally a recommendation of
which one method is most likely well suited for encapsulating NaMFP with one of the three
polymeric shell material choices presented in the previous chapter.

3.1. Encapsulation Techniques
A variety of techniques exist for microencapsulation, each with their specific field of appli-
cations, pros and cons. The choice of a strategy to encapsulate is governed by [4, 19]:

1. Required shell wall thickness

2. Chemical composition and mechanical integrity of the shell wall
3. Required capsule size and shape

4. Core characteristics such as acqueous, organic or inorganic

5. Expected application of the product

Broadly, the techniques are classified into three groups: Chemical processes, physico-chemical
processes, and mechanical or physico-mechanical processes [26, 29]. Under chemical pro-
cesses, interfacial polymerization (IFP) and in-situ polymerization are more popular. Un-
der physico-chemical processes, the coacervation and phase separation, layer by layer ad-
sorption and solvent evaporation techniques have been mostly applied for environment
triggered release mechanisms. Under mechanical or physico-mechanical processes, spray-
drying and congealing and fluidised bed coating are studied to be more advantageous
[17],[29]. Table provides a comparative analysis of the different encapsulation methods,
their pros and cons, materials on which the method has been investigated on . Out of the
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Chemical Method

Physical Method Physical & Chemical Method

Multiorifice centrifugal
Fluidised Bed Coating

Coacervation

Emulsion Polymerization

Complex Precipitation

Interfacial Polycondensation

Spray-drying and Congealing Solvent Evaporation

Electrostatic Encapsulation Layer-by-layer Adsorption Suspension Polymerization

Figure 3.1: Some majorly used microencapsulation methods [26]. Note that solvent evaporation is
sometimes categorised under physico-mechanical processes by different authors. In this study, the above
classifications are adopted.

numerous methods currently available in literature pertaining to drug delivery, food tech-
nology, crop protection, energy, fragrance release, and concrete, the methods analysed in
the table were chosen on the basis of: depth of research conducted, economical and their
applicability in polymer or inorganic materials. As the topic of microencapsulation tech-
nology is a rapidly evolving branch of study, improvements to the disadvantages listed here
are quite possibly already available or will be in the near-future, in most state-of-the-art
research body. In this study, the attempt is to investigate the most widely used methods
and to do that, a selection of recently conducted review literature have been consulted
(4, 17, 19, 26, 29, 43, 49, 68, 83]. In addition to this, the flowchart presented in figure 3.2
provides a helpful and concise summary of the key features and potentials of the various
microcapsule fabrication methods.

1L ization, Solvent ion, Particle collection
1. Silica-based
1. Based on reaction diffusion 2. Best for producing Flavoring Powders, High produetivity
mechanism 2. Low operating temperatures,
: p G 3. High encapsulation, Encapsulation of Food Materials e.g. Milk, Perfect for organic/inorganic
'l'; (;“:ivi“ “::“ fo‘r ='T|": COrE bioactive composites materials
B 4. Pharmaceutical products, increasing self-life of volatile oils,

3. Encapsulation of materials like fats 3. Biotechnology field
drugs, insecticides and inks __/‘
4. Active cells, biocatalysis, y R p . 4. Designing of materials at required
5 temperature
Spray \ \
\ Drjing /' Sobgel )
Il bl o A encapsulation |
; ® ‘ testioa 1 - -
e e e i N 1. Nontoxic, Nonflammable
constituents, urea or melamine is 3 /
used N 4 Frig g i )
y T s Supercritical | 2, Environmentally friendly process
2 .Self-healing purpose / el X Microcaps“k €O, Method ‘ i
i . n situ | Loy \ / . Chromatographic analysis,
3. Production of nanocomposit Py \ / b
mgterris:; N | polymerization .‘ Fabrication e bioactive compounds extraction etc.
v . Methods

\ - Layerby |
Microfluidic |/ Dl

1 ‘| !
| Method “I’ | Layer method /
/" Self-Assembly \ /
A A method i
A

1. Small quantity of liquid

Khglived 1. Straight forward multipurpose
process

2. Interdisciplinary field, suitable

tool for microcapsules, Better 1. Independent spontaneous process 2.suitable for thin films capsules with

homogeneity R aF better controllable shape and size

S 2. Interactions, Hydrogen Bonding, Vander wall,
3 Drug deli 1 electrostatics are the main driving forces. 3. Biomedical field 2.controlled and
. Drug delivery, ce . targeted release

categorization and analysis, 3. PCM’s (energy storage) 5

cosmetics 4. Renewable energy material (solar energy) 4. Blmsen.sors. Microreactors and
5.Biogenic capsules

4. Medicine, dehydrated food stuff 5. Thermal storage and regulations

Figure 3.2: Key features and potential applications of the various methods [4]
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#  Methods

Pros

Cons

Materials Invstigated

1 Emulsification Polymerization

2 Interfacial polymerization

3 Layer by Layer Assembly

4 Coarcevation

5 Internal Phase separation

6  Spray drying and congealing

7 Insitu polymerization

8  Fluidised bed coating

9  Solvent evaporation technique

10 Microfluidics

11 Centrifugal extrusion

12 Liposome entrapment

1. High strength capsule shell walls
1. Large scale synthesis

IIL Thick shell wall

IV. Narrow size distribution

1. Suitable for oil and aqueous cores
1. Fabrication processes are simple

1. Compatible with aqueous and organic
cores

II. Easy trigger incorporation

111 Post fabrication core loading

IV. Narrow size distributions if particles
are uniform

V. Controllable shell thickness

1. Ease of use in stimuli dependent
application
11 Simple fabrication

1. High strength shell walls
11. Ideal for thermal triggers

1. Low cost application

II. Simple fabrication

11 Could produce various sizes from 10 ym to 3mm.
IV. Good encapsulation efficiency.

V. Possibility of large scale production.

L.Simple Fabricationn
1I. Good for ph sensitive shells
111 Mainly used for production of microspheres

L.Low cost
1I. Allows porosities into product
1I1. Allows specific capsule size distribution

LFacilitates pH triggerable shells
1I. Allows porosities into product
11 Allows easily scalable synthesis
111. Economical

LAllows huge range of shell materials for use
11. Allows precise control over shell thickness
111. Can manipulate small quantities of fluids
to fabricate large number of

desired microcapsules.

1. Facilitates good bonding of core and
shell wall
11 Relatively low temperature entrapping method

1. Suits entrapment of liquid or lipid soluble material
I1. Facilitates good control of core delivery.

Suitable to high water activity

applications

1. Difficult to encapsulate aqueous cores

11. Can be loaded only once

II1. Surfactant and polymerization specific

IV. Often large size distributions

V. More suited for encapsulating lipophilic
(insoluble or scarcely soluble in water) materials

1. Use of organic solvents required
11 <Less than 100% release of active core ingredients
I11. Right wetting conditions critical for fabrication

1. Laborious fabrication procedures

11. High flocculation tendencies

I11. Often poor structural integrity compared to
other processes

1. Often better for hydrophobic cores
I1. Low strength shell walls

111. Can be loaded only once

IV. Large size distribution

1. Limited trigger capabilities

1. Hydrophobic core required

111 Limited core/shell polymer combination
IV. Large size distribution

1. Difficult to control capsule size
II. Inconvenient to remove solvents used
during drying process.

1. Incomplete release of core
11. Not suited for liquid core encapsulation

1. Degrdataion of highly temperature
sensitive compounds

1. Difficulty in controlling evaporation and
growth rate.

1. Requires expertise in inter-disciplinary fields
I1. Simplification of process yet to be made.

II1. pH sensitive release not yet studied in cement based applications

L Difficult to fabricate if material is too viscous
I1. The capsule must be separated from
the liquid bath and dried

I. Limited data of pH triggered release

Poly(alkyl acrylate)s

Polyurealinsecticides, catalysts],
Polyamideloils], Polyurethane
[insecticides], polyester[protein]

Polyelectrolytes

Protein, Polysaccharides, Ethyl cellulose, gelatin

Polysaccharides

Chitosan, Tripolyphosphate,Polystyrene, Ethyl Cellulose

Amonium phosphate, Urea,Melamine - Formaldehyde

Emulsifiers, starches, gums

Colophony, Ethyl Cellulose,

Polymers,glass.

Polyacrylonitrile

Polymers

Table 3.1: Comparative analysis of the different fabrication methods.

3.2. Recommended Technique
From the preceding comparative analysis and taking into account the requirements of this
study, the following two methods appear as best suited among the list: Spray-Drying and
Solvent Evaporation.

1. Spray-Drying:

e Principle:

This process consists of spraying of an emulsion or dispersion in a

stream of hot inert gas into a concentrated solution of wall material. The re-
sultant emulsion is atomized into a spray of droplets by pumping the slurry
through a rotating disc into the heated compartment of a spray drier. There
the water portion of emulsion is evaporated, yielding dried capsules contain-
ing core material. This process mainly involves three steps: droplet production
(atomization); droplet-to-particle conversion by drying (solvent vaporization);
and particle collection (separation from the drying gas). Further, the operations
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involved include homogenization, evaporation and coating. Due to the quick
evaporation of water and the quick drying of particles, it has a high production
ratio. This procedure is also used for putting a second or third wall layer around
the capsules and thus for altering the wall permeability.[4, 17, 64]

Homogeneous suspension

(Particle + Coating Solution) — (—Gas

. Sl
Two fluid
Nozzle -—

w

é L » droplet of coating solution
2 ——> Particle

s

§ ————> Coated Particle

[ -]

Figure 3.3: Schematic of spray-drying process [23]. Reproduced from [4]

e Compatibility with shell material and cement matrix: Spray drying method
has been reported to be compatible with pH triggerable polystyrene capsules
containing NaMFP [14, 15], for ethyl cellulose capsules containing CH [77] and
finally for PLA based capsules containing NaMFP [90]. Considering the bene-
fits offered by this fabrication method, such as low cost and possibility of large
scale production of microcapsules, followed by its reported compatibility with
the core material in this study and the recommended shell materials, it defi-
nitely manifests as a feasible method for the current study.

2. Solvent Evaporation:

* Principle: Solvent evaporation has been a promising alternative for microen-
capsulation. The polymer is dissolved in a water immiscible volatile organic
solvent like dichloromethane or chloroform, into which the core material is also
dissolved or dispersed. The resulting solution is added dropwise to a stirring
aqueous solution having a suitable stabilizer to form small polymer droplets
containing encapsulated material. The mixture is then dispersed in the lig-
uid manufacturing vehicle (LMV) with continuous agitation to obtain tiny cap-
sules with desired size. Solvent extraction produces microcapsules with higher
porosities than those obtained by solvent evaporation [26, 29]. Figure 3.4 shows
a schematic representation of microencapsulation by solvent evaporation tech-
nique.
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S / Evaporation

. | /L/ .

o : g

ferials A i h

core materials A in organic phase —) .. .. -. ..
. e®

cliff materials B in continuous phase

Figure 3.4: Schematic of solvent-evaporation method [26]

* Compatibility with shell material and cement matrix: It has been reported by
[55] to be compatible with pH triggerable microcapsule containing colophony
formation in cementitious environments, and for PS/NaMFP capsules by [89].
This method offers the advantage of producing capsules with adjustable sizes.
Given the positive reports of compatibility of this method for use in NaMFP
based core and polymer based shell materials, this is another method that can
be adopted for the purpose of encapsulating NaMFP by polymeric shells for pH
triggerable applications.
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Limitations, Conclusion and Future Scope

This study investigates the use of a pH sensitive microcapsule material for encapsulating
MaMFP, and the technique to fabricate the same. NaMFP has been widely reported to ad-
minister a multitude of benefits when applied in concrete. It has been studied as an ef-
fective corrosion inhibiting agent, a self-healing agent, a surface treatment compound for
resisting frost-salt attack, and a curing agent. Since direct addition of the compound in ce-
ment based composites proved disadvantageous, encapsulation by clay LWA was studied
in previous researches. However, despite the numerous benefits of this system, challenges
with respect to response and release mechanisms of the encapsulations hindered feasi-
bility of large scale applications. In the light of such challenges, it was deemed that a pH
sensitive coating with affinity to carbonation would be a more suitable way to encapsu-
late NaMFP. To that end, the current study attempted to suggest a pH sensitive material
for feasible microencapsulation along with a technique, by way of comparative analyses
of existing research in the domains of cementitious and non-cementitious applications of
microencapsulation. The following sections define the limitations of this study, a summary
of the research output and future scope of the investigation.

4.1. Limitations:

The scope of this study was to study the possible material and strategies for encapsulating
NaMFP, that could be responsive to pH sensitive triggers in cementitious systems. This in-
volved reviewing, comparing and analysing the advances made in the field of environment-
sensitive microencapsulations in the domains of pharmaceuticals, energy, food industry,
agriculture and the relatively fewer applications in concrete science. The output of this
study are the suggestion made in terms of shell material and technique that is deemed
compatible for fabrication of such shells and the given core material. In that, this report
could serve as a basis for potential laboratory-scale undertakings in the pursuit of effective
encapsulation of NaMFP. The following limitations exist in the report:

1. The suggestions made in this report are hypothetical, based on the theoretical ideas
collected from the past researches on the matter. Laboratory experimentation need
to conducted in order to validate the feasibility.
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2.

This report does not detail the steps and procedures for applying the suggested ma-
terials, but only propose possible ways to modify the current drawbacks of the sug-
gested materials, if any. For any lab experimentation of either materials or tech-
niques, the steps defined in the cited literature need to be checked.

4.2, Conclusion

In conclusion, the study arrives at the following findings of the two research questions for-
mulated:

1.

2.

What is a suitable shell material for encapsulating Na-MFP, such that it is stable at
high pH environments and dissociates or ruptures at low pH environments?

* The study proposed 3 possible and suitable candidates after analysing the com-
patibility, and pros and cons of several prospective materials. These are: Polystyrene
(PS), Ethyl Cellulose (EC), and COCI.

How to efficiently encapsulate the cargo material with the shell material?

* After a comparative analysis on several techniques, the study proposed 2 most
suitable fabrication methods which are: Spray-Drying and Solvent Evaporation.

4.3. Future Scope

The study recognizes the following scope for a future evaluation of proposed materials and
techniques:

1.

The functional and mechanical behavior, and the durability of using the proposed
materials in concrete made of varying cement types.

The influences in concrete made of varying water/cement ratios.

The economic and cradle-to-grave environmental life cycle assessments and costs of
using the proposed material and techniques for fabrication.

Better understanding of the science involving enhancing pH sensitivity

. Streamlining the fabrication methods for faster and more efficient use in large-scale

applications for concrete.
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