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Abstract: The application of micro-/nano-capsules in
construction industries has been rising over the past
decade. Polyurea with tunable chemical and morpholo-
gical structure are of interesting polymers to prepare
micro-/nano-capsules used in construction. The structure
of polyurea micro-/nano-capsule is capable to be tailored
via bulk emulsion or microfluidic method. Important fac-
tors for production of micro/nano-capsules are the rate of
fabrication and having control over mean size, dispersity,
and wall thickness. The bulk emulsion method provides
higher yield of production with less control over sizes and
dispersity in comparison to microfluidic technique. The
main applications of polyurea micro-/nano-capsules in
construction industries are categorized as thermal energy
saving, self-healing concrete, self-healing polymers, and
fire retarding. Polyurea showed appropriate thermal con-
ductivity and mechanical properties which is required for
encapsulation of phase change materials. Titanium dioxide
polyurea microcapsules possess energy storage efficiency of
77.3% and thermal storage capacity of 99.9%. Polyurea
microcapsules with sodium silicate cargo provided self-
healing abilities for oil well cement in high temperature
and showed higher self-healing abilities compared to gelatin
microcapsules. Graphene oxide polyurea micro-/nano-cap-
sules demonstrated 62.5% anti-corrosive self-healing efficiency
in epoxy coating, and steel coated via dendritic polyurea
microcapsules embedded polyurethane remained unchanged
after long time immersion in salt water.
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Abbreviations
DETA diethylenetriamine
EDA ethylene diamine

EDX energy dispersive X-ray spectroscopy
GO graphene oxide

H-bond hydrogen bond

HDA 1,6-hexamethylene diamine

HDI hexamethylene diisocyanate

H-MDI 4,4’-methylenebis cyclohexyl isocyanate
(hydrogenated MDI)

IPDI isophorone diisocyanate

MDI methylene diphenyl diisocyanate

MEPCM  microencapsulated PCM

MgO magnesium oxide

mmpy millimeters per year

NP nano particles

PAE polyaspartic acid ester

PAMAM polyamidoamine

PCM phase change material

PDMS polydimethyl siloxane

PMMA polymethyl methacrylate

PU polyurethane

PUA polyurea

PUF polyurea formaldehyde

SEM scanning electron microscope

TDI 2,4-toluene diisocyanate

TEPA tetraethylenepentamine

1 Introduction

The high consumption of construction materials is recog-
nized as one of the main sources of global warming [1].
On the one hand, modern technologies, such as self-
healing and protective coating aim to improve the quality,
efficiency, and lifetime of building materials. On the other
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hand, thermal energy usage is planned to be declined
through combination of construction materials with energy
storage ability [2,3]. The application of nanotechnology in
construction industry has been the subject of recent studies
[4]. Amongst them, encapsulation of materials in micro-/
nano-scale has been more considered due to its great
potentials for extensive applications. A micro-/nano-cap-
sule comprises a material core with a special purpose and
a shell for the material protection from miscibility, eva-
poration, reaction, or stress and sometimes release in a
controllable way [5]. These unique properties of micro-/
nano-capsule provide diverse solutions for challenges in
many industries such as electronic [6], medicine [7], textile
[8], cosmetics, chemicals [9], and construction [10].

The demand for microcapsules has been rising in
recent years. The market is projected to increase from
USD 11.9 billion in 2022 to USD 25.9 billion in 2030.
Currently, the main application of microcapsules is in
pharmaceutical and healthcare industry and construction
industry posited a share of 5% of the total microcapsule
market in 2021. However, the compound annual growth
rate of microcapsules used in construction industry is
expected to rise 9.7% from 2022 to 2030 [11]. Several poly-
meric materials have been used for preparing micro-/
nano-capsules, including polyurea formaldehyde (PUF),
polyurethane (PU), polymethyl methacrylate (PMMA), mel-
amine formaldehyde, polyaniline, and gelatin. Amongst them,
polyurea micro-/nano-capsule appeared to be a helpful shell
for construction application. Polyurea is a copolymer derived
from the reaction of diisocyanate and diamine in a polycon-
densation manner. Morphology of polyurea consists of hard
and soft segment with high and low H-bond which led to a
dense structure. The outer cement compatible surface of poly-
urea could help its dispersion within the concrete. Moreover,
polyurea micro-/nano-capsules can preserve a broad range of
materials such as energy saving [12] and bacteria [13] due to its
waterproof, stiffness, and anti-corrosive properties. Besides,
the compatibility of polyurea micro-/nano-capsule with poly-
urethane foam increases the mechanical properties of inflam-
mable sandwich panels. Due to the presence of nitrogen in
polyurea chemical structure, the reaction between the two
main components (polyisocyanate and polyamine) hap-
pens quickly and it allows the fast production of polyurea
shell through simple methods, microfluidic and bulk emul-
sion. Besides higher mechanical properties and chemical
resistance, polyurea micro-/nano-capsules hold primacy
over the other micro-/nano-capsules due to the ease of
size, thickness, and morphology tuning.

The differences between nano-capsules and micro-
capsules relay on the capsule size. The mean diameter
of nano-capsules ranges from 0 to 1,000 nm, whereas
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microcapsules average sizes are from O to 1,000 pm. In
comparison to other methods, micro-/nano-capsules synthe-
sized via chemical reaction mainly provide higher mechan-
ical properties, chemical resistance, and durability which are
required for construction applications. Interfacial polymeri-
zation is one of the most common chemical techniques for
encapsulation in nano- or micro-scale. In this technique,
which is based on the immiscibility of oil and water, one of
the components of the reaction in tandem with the core
material of the micro-/nano-capsules dissolved in oil phase
or water phase. After that, micro-/nano-droplets with their
cargo are formed in continuous phase through mechanical
stirring, centrifuging, or microfluid devices. The second reac-
tive component exists in the continuous phase or is added
after droplets formation. In order to prepare polyurea micro-/
nano-capsules, often interfacial polymerization method is
used where two components (diisocyanate and diamine)
find themselves in the interface of oil and water in micro-/
nano-droplets wall and begin their polymerization reaction.
Chemical structure of components highly influences the
porosity, mechanical properties, and the fabrication rate of
micro-/nano-capsules [14]. In case of polyurea, quick reac-
tion between components in interfacial polymerization is
beneficial due to its fast and uniform micro-/nano-capsules
production. However, the swift polymerization of in situ
manner where two components are in the same phase is
accounted as a hindrance for better adjustment of micro-/
nano-capsule mean size and diameter. Based on methods
used for the preparation of droplets, other factors such as
stirring rate, temperature, type of emulsifiers in bulk emul-
sion methods, flow rate, and osmotic pressure and again
emulsifiers in microfluidic methods have been employed
to provide desirable properties of micro-/nano-capsules,
including wall thickness, mean diameter, and size distribu-
tion. Micro-/nano-capsules are then centrifuged, washed,
filtered, and dried [15].

Polyurea micro-/nano-capsules have diverse appli-
cations in structural and infrastructural industry. It pro-
vides a quick-forming shell for energy saving materials
with sufficient thermal capability. A small amount of
polyurea micro-/nano-capsules in gypsum could consid-
erably raise its thermal saving abilities. Polyurea micro-/
nano-capsules contained sodium silicate or bacteria-
embedded concrete provided self-healing properties and
filled the concrete cracks. Another interesting application
of polyurea micro-/nano-capsules in construction industry
is to make self-healing and self-lubricating coats. The pro-
tection abilities of self-curable coats are demanding for
concrete and steel used in aggressive environments. Key
parameters of the interfacial polymerization, including
temperature, stirring rate, and type of solvent were studied
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on the preparation of polyurea, polyamide, and polyester
microcapsules [14]. It was obtained that polyurea possessed
a denser microcapsule shell in comparison to polyamide
with the same condition. The application of isocyanate-
core microcapsules for preparing self-healing materials
has also been reviewed in which polyurea, PU, and PUF
microcapsules have been compared [16]. Results showed
that microcapsules’ characteristics such as mechanical
properties, core content, and shelf life are the conse-
quences of the type of polymer, size diameter, and wall
thickness. Applications of those microcapsules have been
studied only for self-healing abilities in polymeric materials.
Besides, microcapsules prepared via interfacial polymeriza-
tion have been studied in terms of their synthesis and appli-
cations. Polyurea microcapsules showed a great long-term
stability while it is used as a carrier [17]. Other studies also
reviewed the application of micro-/nano-capsules in self-
healing polymers [18], drug delivery [19], and textile industry
[20]. The results of a study review on the building application
of phase change materials (PCMs) micro-/nano-capsules
showed that the encapsulation in nano-scale offered better
performance than in micro-size. It also concluded that
current encapsulation techniques suffer from high cost of
processing and selecting appropriate materials [21]. How-
ever, there is no review studies that focus on the applica-
tion of polyurea microcapsules in different areas of con-
struction industry. Therefore, the focus of the present
review is on the synthesis, preparation, and properties
of polyurea micro-/nano-capsules used in construction
industry. These applications are classified as thermal
storage capability, self-healing concrete, self-healing
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polymer, and flame retardant, based on the existing
research. Appropriate production methods of polyurea
microcapsules for construction applications were also
mentioned considering the key barriers of construction
industry, including cost, rate, and simplicity of produc-
tion. Chemical structures, mean size, and controlling
parameters in different preparation methods were inves-
tigated. Comparisons also were made between polyurea
micro-/nano-capsules with other micro-/nano-capsules
used in structural and infra-structural industry to weigh
pros and cons of polyurea applications. Evaluations are
based on the important factors of construction applications,
e.g., rheology and mechanical properties of resulting
concrete, chemical resistance abilities, and self-healing
efficiency of polyurea micro-/nano-capsules. The effects
of nanomaterials and second layer shells on polyurea
micro-/nano-capsules also were considered.

2 Structure and chemistry

The morphology of the polyurea plays a key role in emer-
ging its unique properties. The understanding of the seg-
mental structure in the polyurea chain would be helpful
to design polyurea with desirable properties. The chain of
polyurea consists of repeated polyurea group, which is a
consequence of reaction between two compounds: a dii-
socyanate molecule that comes usually with a chain
extender and an amine terminated polymer (Figure 1a).
Accordingly, two separated phases were created through

Soft Segment { /" =Oligomeric diamine

@
=== = Diisocyanate
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i =Hydrogen Bond

Hard Segment
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Figure 1: (a) Chemical reaction between diisocyanate and diamine [23], (b) microphase separation in a typical polyurea molecule [40], and

(c) a typical tapping mode AFM image of a polyuria [23].
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step polymerization of diisocyanate and diamine in a
polyurea molecule. This segmented block copolymer con-
tains high-Tg and low-Tg domains [22]. High-Tg domain is
a segment with higher diisocyanate where the hydrogen
bonding between diisocyanate enables polyurea with extra
strength. Conversely, a soft domain composed of diamine, is
mainly responsible for the elastomeric behavior of polyurea.
Figure 1b and c illustrates the hard and the soft phase of
polyurea. The exceptional mechanical behavior of poly-
urea mainly relies on its molecular structure. Main part
of this copolymer consists of diisocyanate and diamine.
Hexamethylene diisocyanate (HDI), methylene diphenyl
diisocyanate (MDI), toluene diisocyanate (TDI), isophorone
diisocyanate (IPDI), hydrogenated MDI (H-MDI) have been
used for the preparation of polyurea micro-/nano-capsules
as diisocyanate [23]. During the fabrication of microcap-
sules, the shape, morphology, and thickness of the shell
membrane and its hardness are tunable through changing
the concentration of diisocyanate [24]. A numerical study
showed the considerable reliance of polyurea mechanical
properties on the type of diisocyanate [25]. Diamines the
second component of the interfacial reaction possess higher
variety in their chemical structures, molecular weight, and
source materials. Some common diamines are tetraethyle-
nepentamine (TEPA), diethylenetriamine (DETA), ethylene
diamine (EDA), polyamidoamine (PAMAM), polyethyleni-
mine, and polyetheramine. The addition of other polymers
was also studied during the polymerization or as a hybrid
layer to design the desirable chemical structure. Polyols,
PU, polyaspartic acid ester (PAE), polyphenyl isocyanate-
co-formaldehyde, chitosan oligosaccharide, polyvinyl alcohol,
and polydimethyl siloxane (PDMS) were used in combination
with polyurea molecular structure. Also, polyurea micro-/
nano-capsule with hybrid shells of PUF and nanomaterials
have been prepared to raise the mechanical properties, avoid
leakage, and increase the thermal transition [26]. Table 1
shows a number of studies for fabricating polyurea micro-/
nano-capsule with various materials. In addition to diamine
and diisocyanate, the reaction between isocyanate and water
resulted in CO, and polyurea foam [27] which has been used
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for the preparation of uniform polyurea nanospheres [28].
Greener production of polyurea materials has been studied,
including the use of waste materials and biosources [29]. The
high-rate reaction between diamine and diisocyanate is desir-
able for the fast production of micro-/nano-capsules. However,
in condition where lower reaction rate is required, a secondary
amine such as polyaspartic ester is used. The steric hindrance
causes decrease in reaction time [30].

Chain extenders are another chemical compound in
polymerization of polyurea, which are added to the amine
side as co-reactants. The role of chain extenders is poignant
as a result of its hydrogen bonding effect on polyurea hard
segments [38]. A combination of aromatic and aliphatic
chain extenders would result in optimal H-bonding in the
hard segment [39]. Aromatic chain extenders show rapid
reaction with the diisocyanate compared to aliphatic chain
extenders. Indeed, in aliphatic ones, the increment of length
has negative effects on polyurea mechanical properties. This
mainly relays on less cross-linking density (H-bonding)
caused by higher distance between two urea linkages.
Figure 1b shows the location of chain extenders, H-bond,
and urea link in the morphology of polyurea. According to
this schematic figure, the density of cross-linking is higher
in the polyurea hard segment. Besides, the needle struc-
ture of the hard domain is illustrated in Figure 1c.

Because of the high density of its H-bonding which
acts as a network of physical cross-linking, polyurea
shows exceptional mechanical properties. The energy is
damped in front of mechanical stress through opening
and reconnecting H-bonds. Moreover, polyurea showed
substantial compatibility to several nano-fillers such as
nanoclay [41], graphene oxide (GO) [42], silica aerogels
[43], and silicon carbide [44].

2.1 The comparison between polyurea and
polyurethane

Polyurea and polyurethane both are prepared via polycon-
densation of the diisocyanate with another compound,

Table 1: Different raw materials for the synthesis of various polyurea micro-/nano-capsules

Polyurea chemical structure Core Ref.

MDI, water, and chitosan Pesticides Yu et al. [31]

IPDI, TDI, polyvinyl alcohol, and PU Active agents Xu et al. [32]

TEPA, IPDI, and PAE Butyl stearate with reversible photochromic materials Sun et al. [33]

TDI and 1,6-hexamethylene diamine (HDA) Essential oils Ferrandiz Garcia et al. [34]
MDI, H-MDI, TEPA, PUF, and nano-Al,03 Cross-linking materials Wu et al. [26]

TDI, EDA, HDA, and DETA Herbicide Rao et al. [35]

HDI and PAMAM Self-lubrication oil Tatiya et al. [36]

TDI and lysin Drug Zoabi and Margulis [37]
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and therefore both have segmental structures. Furthermore,
the abbreviations of PU, PUR and PUA (only for polyurea)
have been employed for polyurea and PU which led to some
confusion in literature [45]. To clarify the differences
between PU and polyurea structure, some important points
should be highlighted. Diamines on one side of the poly-
condensation accelerate the reaction in comparison to diol
in PU. After polymerization, two different functional groups
are synthesized: NCO for PU and NCON for polyurea. Each
nitrogen has a hydrogen attached to carbonyl (C=0) group
(2:1). This bidentate H-bond is highly stiff and increase the
melting point of the polyurea to their decomposition tem-
perature; whereas, C=0 bond has a weak monodentate
H-bond in PU (1:1), and therefore the hard domain of PU
shows less strong characteristics [46]. Figure 2 illustrates
the bonding differences between polyurea and PU. In con-
struction industry, polyurea is usually used as a water-
proofing layer with higher mechanical properties, whereas
the main application of PU is the production of sandwich
panels [47]. The reaction of water with isocyanate has dif-
ferent effects on polyurea and polyurethane [48]. Isocya-
nate is hydrolyzed and produces carbamic acid through
the reaction with water. This carbamic acid is then changed
to CO, and amine. After that, the amine can react with iso-
cyanate and yields urea group in the structure of the main
polymer. The presence of urea segment is not desirable in PU
foams due to fibril structure and phase separation.

As polyurea and PU contain same segmental struc-
ture and hard domain component, compatibility of poly-
urea with PU is higher than other polymers. Therefore,
PU has been used in several studies as copolymer for
fabrication of microcapsules with single or hybrid shells.

2.2 Micro-/nano-capsules preparation
methods

Preparation methods of micro-/nano-capsules can be
categorized as physical, physiochemical, and chemical

[¢]
I
C

o N

with carbonyl group
(monodentate H-bonding)

o=—0----1—32

\
I

Urethane N-H hydrogen bonded

Polyurea micro-/nano-capsule applications in construction industry: A review = 5

[21]. All methods include dispersing of the core material
(solid or liquid) into an appropriate media (liquid or gas)
and formation of the wall material upon the core surface.
Amongst chemical methods of preparation, in situ poly-
merization and interfacial polycondensation are numer-
ously found in the literatures. PUF micro-/nano-capsules
are commonly prepared through in situ polymerization,
where two reactants are in the continuous phase at the
beginning of the polymerization. In contrast, two compo-
nents of interfacial polymerization are in different phases
and polycondensation occurred at the interlayer between
the micro-/nano-droplets and continuous phase. The latter
technique is often used for preparing polyurea micro-/
nano-capsules with high reaction rate. Interfacial poly-
merization of polyurea occurs at the surface of micro-/
nano-droplets inside a non-reactive solvent. The droplets
are formed through dispersing of the non-miscible phase
in continuous phase via a stirrer [35], ultrasonication [49],
or by a microfluidic device [50]. The biphasic structure can
be formed through dispersing oil in water (o/w) or water in
oil (w/0). The dispersion of oil in water, so-called on-water
method, is commonly used for polyurea micro-/nano-cap-
sules preparation that benefits from being safe and easy
[51]. Nonetheless, there are a few studies that used organic
phase as the continuous phase [48]. Recently, the oil-in-
water-in-oil (O/W/0) and water-in-oil-in-water (W/O/W)
methods were studied for the synthesis of polyurea micro-
capsules [52]. Resulted microcapsules possessed more
control over releasing cargo and potential wider applica-
tions. After the formation of shell, micro-/nano-capsules
are dried using spray drying or freeze-drying method to
avoid aggregation. The process of polyurea preparation
mainly depends on the industry type, such as medical or
construction, the required accuracy, and the cost of pro-
duction. Micro-/nano-capsule fabrication should meet cer-
tain mechanical properties to be employed in construction
material. For instance, they should survive in mixing pro-
cedure with other building materials and prevent the con-
siderable fall of the concrete mechanical properties [53].
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Figure 2: Polyurethane and polyurea functional group and mono- and bidentate hydrogen bonding between hard segments [46].
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From the environmental perspective, the production of
micro-/nano-capsules is helpful and is more interested
in industrial application due to the reduction of the solvent
consumption and for the efficient heat transfer in aqueous
culture [51].

2.2.1 Bulk emulsion method

Bulk emulsion technique is one of the common methods
for the synthesis of micro-/nano-capsule. Figure 3 demon-
strates the step-by-step formation of polyurea micro-/
nano-capsules [35]. First, oil droplets of isocyanate have
been formed inside water by the agitation of the mechan-
ical stirrer, then diamine is added to the water and dis-
solved, finally polymerization occurred at the interface
of the oil droplets. Besides, there are some studies that
used organic phase as continuous phase. Surfactants are
employed to provide emulsion through decreasing droplet
diameter to micro-/nano-size [54]. The amount of dis-
persed phase, the ratio of TDI to HDI, PH value, and
temperature are important parameters for the synthesis
of well-shaped and defect-free micro-/nano-capsules of
a desirable size. Also, the diffusion of the solvent into
aqueous phase can avoid the appropriate encapsulation
[24]. A model also was derived for predicting the crystal-
linity and molecular weight of polyurea formed in micro-/
nano-capsule preparation. Regarding the capability of the
current technology, the quantity of polyurea micro-/nano-
capsule production via bulk emulsion technique is higher
than microfluidic, yet there is a considerable portion of
not encapsulated particles observed in the final product.
This item plays a key role in the manipulation of micro-
capsules in construction industry where cargo leakage
may lead to decrease in the life of the building materials
[21,55]. Although studies showed that parameters, including

-

Addition of water phase to
oil phase or vice versa

Stirring the solution to form
droplets with desirable size in
the continuous phase
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emulsifier percentage, temperature, and stirring rate deter-
mine the particle size of micro-/nano-capsule, the precision
of controlling shell thickness is lower in comparison to the
microfluidic device. Bulk emulsion with continuous process
has been studied for the production of polyurea micro-/
nano-capsule, in an appropriate condition, this process
led to produce 198 g (capsule)/h [56]. However, the process
encountered some limitations; the higher micro-/nano-
capsule concentration in the emulsion resulted in more
collisions between droplets and the broad range of
micro-/nano-capsule size. Therefore, the optimization
of flow rate and monodispersed particles are required.
This process was then compared with microfluidic method.
The flow rate was 0.26 L/h in a recirculation loop reactor and
0.028 L/h in a similar microfluidic device, yet polydispersity
is 39.4% in the loop reactor against 2.8% in microfluidic,
which indicates the higher size variation in the particles.
The broad size distribution of droplet is obtained
through bulk emulsion technique. The effect of the reac-
tivity of the diisocyanate and diffusivity in different sizes
of nano-capsules have been studied. Droplets with 83 nm
diameter have been provided with ultrasonication [49].
Results of mathematical model confirmed by experiments
showed that reaction of higher reactive diisocyanate
underwent diffusion control process, whereas lower reac-
tive isocyanates followed kinetics of reaction. In the bulk
emulsion method increasing the agitation rate can lead
to production of micro-/nano-capsules with smaller mean
size. In a study [31], micro-/nano-spheres with the average
diameter of 10.74 + 0.94 pm and distribution width of 2.27
decreased to 4.20 + 0.32um and 0.93, respectively, by
increasing the agitation rate from 6 x 10> to 12.0 x 10> rpm.
Additionally, rotating packed bed have been used for the
preparation of polyurea micro-/nano-capsules [57]. In this
method a high gravity is applied by the centrifugal force. The
mean diameters of polyurea micro-/nano-capsules provided

Addition of the second part of
the reaction which is dispersible
in continuous phase

Adjusting the temperature

Figure 3: Preparation of polyurea micro-/nano-capsule via bulk emulsion technique.
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by this technique were about 11.88, 12.31, and 11.83 pm for
1,200 rpm.

2.2.2 Microfluidic method

Another method for preparing polyurea microcapsules is
using microfluid devices, which can be fabricated through
different techniques. Similar to the emulsion method, iso-
cyanate is dissolved in oil phase and diamine in water
phase. Oil microdroplets are then formed through injecting
the oil phase into the continues phase (water) via a capil-
lary tube or channel. There are several techniques for dro-
plet formation in microfluidic devices such as terrace-like,
cross-flow, co-flow, and focusing flow which are shown
in Figure 4. Among the materials employed for making
microfluidic chip, PDMS with planar shape and glass
capillary with 3D geometry are the most commonly used.
Also, the focusing flow technique is widely used for com-
posite droplets, e.g., core—shell droplets. As shown in
Figure 5, the device includes a set of capillary glass tubes
and a controllable pumping force to fabricate microcap-
sules. By the aid of the microfluidic devices, microcapsule
with a broad range of thickness and diameter can be pro-
vided [58]. As the permeability, stability, and releasing
function of microcapsules are highly dependent on their
size [59] narrow size distribution is required for their max-
imum performance [60]. Microfluidic method can offer
more control over microcapsules’ preparation and provide
uniform droplet size with narrow dispersity [61]. Although
controlling over the mean size and wall thickness of
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Figure 5: (a) Schematic figure of emulsion drop generation by
focusing flow and (b) real micro-/nano-graph of the glass capillary
during the micro-/nano-droplet formation [58].

polyurea micro-/nano-capsules is higher in this technique,
industrial scaling of microfluidic methods is still the sub-
ject of many recent research studies [62]. Different flow
rates of encapsulated phase were compared in various
methods of microfluidic and bulk emulsion. High throughput
glass microfluidic device, microfluidics, microchannel emul-
sification, and micromixer possessed 0.004, 0.0015, 0.025,
0.06 L/h, respectively. In contrast, bulk emulsion methods
showed higher yields. Flow rates of encapsulated phase for
membrane emulsification with porous glass, static mixer in
the recycled loop, and recirculation loop reactor were 0.9,
11.94, and 0.26 L/h, respectively. It seems that in comparison
to microfluidic method, emulsion methods have higher pro-
duction yield in industrial scale. However, microfluidic
methods are more desirable for production of monodisperse
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phase T phase
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Figure 4: Different method of creating micro-/nano-capsules by microfluidic devices [64]: left 2D PDMS devices and right 3D glass capillary.
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hybrid shell with two or three layers, due to the possibility
of controlling liquid flow and then collecting the emitted
microcapsules in the capillary [63].

Polyurea monodisperse microcapsules were prepared
by controlling the flow rate of water phase and oil phase
in microfluidic devices [58]. MDI dissolved in limonene,
used as oil phase, TEPA, SDS, and NaCl were dissolved
in water phase. Oil droplets were formed in the micro-
fluidic device by the aid of an air pump. In another study,
polyethylenimine and TEPA, as well as TDI were used to
study the effect of different surfactants in the microfluidic
device. Osmotic driven inflation of 0-1,740 kPa resulted
in 66-125 pm microcapsule mean size with thickness of
80 to 120 * 12 nm. Results show that increasing the HLB
(hydrophilic to hydrophobic) ratio of the surfactant will
enhance the stiffness and permeability of the polyurea
shell. It was also found that the more solubility of the
amine in the oil phase, the thicker the polyurea shell
would be [50].

Bulk emulsion technique possesses poor control over
the size of micro/nano-capsules and the distribution size
due to the formation of preparing droplet with homogenizer.
Conversely, microfluidic devices use adjustable high shear
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force to fabricate droplets out of the two immiscible flow
streams. This provides higher control over size and disper-
sity [61]. According to the results, at the constant continuous
flow rate (Q.) of 100 uL/min and altering the flow rate of
disperse phase (Qq) from 1, 2, 3, 4, and 5 pL/min, polyurea
microcapsules with mean sizes of 27, 30, 32, and 34 pm were
obtained. Figure 6 compares the narrow results of polyurea
microcapsules size dispersity prepared by microfluidic
method at Q; = 5pL/min to a typical outcome of bulk
emulsion technique. The broad and bimodal distribution
of microcapsules’ size in the range of 0-16 um has been
obtained for the bulk emulsion; whereas, the microfluidic
method endowed microcapsules with uniformity and narrow
dispersity between 32 and 36 pm.

3 Polyurea micro-/nano-capsules
in the construction industry

The consumption of cement has reached four billion tons,
contributing to 5-7% of total carbon dioxide emission
[65]. The quality of construction materials is regarded

b)
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Figure 6: Size distribution of emulsion droplets produced by standard and microfluidic methods. (a and b) Optical microscopic images of o/w
emulsions produced by (a) homogenizer and (b) microfluidic chip (Q. = 100 pL/min, Qq = 5 pL/min). (c and d) Histograms of droplet size distribution
from (a and b) analyzed by Image] for (c) homogenized and (d) microfluidic chip produced droplets (Q. = 100 pL/min, Qq = 5 pL/min) [61].
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as an important factor in global warming [66]. One of the
main advantages of micro-/nano-capsules in the con-
struction industry is the reduction of concrete consump-
tion by avoiding deterioration. The life-time of concrete
in normal conditions has increased using self-repairing
technologies based on life-cycle assessment methodolo-
gies [67]. The deterioration is more significant in marine
conditions because of chloride ions, where lifetime increment
from 7 years goes up to 60-94 years through self-healing
technologies. The benefit of the micro-/nano-capsule appli-
cation in the construction industry is not limited to self-
healing properties, energy-saving materials also contribute
to 14-21% energy saving in cases of using micro-/nano-
capsules containing PCMs [68]. The application of micro-/
nano-capsules in the construction industry is widening,
wherein polyurea is considered as one of the most advan-
tageous polymer [69], which is due to its compatible
nature with building materials, rate of production, and
size distribution control. Various applications of polyurea
micro-/nano-capsules have been illustrated in Figure 7. The
applications are divided into storage materials as well as
storage and releasing cargo at the proper time. The differ-
ences between the design of micro/nano-capsules for dis-
charging is to consider the appropriate shell thickness and
mechanical properties at the time of release.

In addition to these applications, micro-/nano-capsules
of polyurea were used to encapsulate biocide for construc-
tion materials [70]. The biocide property also improved the
anti-biofouling coat in marine conditions [71].

Polyurea micro-/nano-capsule applications in construction industry: A review = 9

3.1 Thermal energy storage

One of the main concerns in developing building mate-
rials is their capability of saving energy. Different methods
of thermal energy storage, including sensible heat storage,
latent heat, and chemical energy storage have been stu-
died [72]. In the latent heat method, energy is saved and
then released during the physical transformation of
melting and crystallization, whereas, in the chemical
energy storage method, energy is released through the
chemical reaction, or the water sorption. The design of
buildings by which no mechanical devices are used for
heating and cooling is called passive solar technologies.
Energy saving materials are used for passive solar tech-
nology. As micro-/nano-encapsulation provides stabi-
lity, longer life, preservation, and higher active surface,
encapsulated energy saving materials are widely used in
construction industries. Polyurea has desirable proper-
ties for encapsulation of energy saving materials. The
encapsulation efficiency and structural stability of poly-
urea are highly desirable for synthesizing PCM micro-/
nano-capsules [21]. Table 2 summarizes the studies focused
on micro-/nano-size encapsulation of PCMs and reversible
chemical materials by polyurea, in which effects of micro-/
nano-capsules addition in cement, gypsum, or a polymeric
coat were studied. In addition to construction industry,
energy saving abilities of microcapsules possess an exten-
sive area of application such as textile [73], electronic [74],
and medicine [75]. Nevertheless, the application of PCM

Polyurea micro-/nano-capsules for
construction applications

4 ' ' ' 1
Thermal Energy / Self-healing Self-healing \
Storage concrete polymer Flame retardant
Reversible

. . —  Sodium silicate
Chemical Reaction

Phase Change —
Material

Calcium nitrate

— Magnesium oxide

= Bacteria
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Preservation and release the cargo
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Figure 7: Summary of applications of polyurea micro-/nano-capsule in the construction industry.
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Table 2: Application of polyurea micro-/nano-capsules as energy storage materials

Shell material

Core material

Ref.

PCM
Polyurea/siloxane Salt hydrate
Polyurea Cyclohexane

Polyurea/graphite in gypsum
Polyurea/TiO, in cement
Polyurea/graphite in cement

n-Octane

Polyurea Salt hydrate
Polyurea in cement paste Paraffin
Polyurea Paraffin

Polyurea/Fes0, nanoparticles
Reversible chemical material

Polyurea
Polyurea/PU Xylitol
Polyurea/PU Xylitol

Paraffin and graphite

Paraffin and graphite

n-Octadecane

Butyl stearate with spirooxazine

Yang and Kim [77]
Zhou et al. [57]
Xie et al. [76]
Zhao et al. [78]
Zhang et al. [79]
Wang et al. [80]
Zhan et al. [15]
Shi et al. [81]
Lone et al. [82]

Sun et al. [33]
Salaiin et al. [83]
Salalin et al. [84]

microcapsules in particular for building construction has
been recently reviewed due to its crucial role in energy
consumption [21,55]. PCMs used in building materials
should possess appropriate temperature of melting
(22-33°C) and their mechanical properties promise their
survival during mixing with other building materials. In
addition, special devices are required for evaluating the
amount of energy saving that PCM micro-/nano capsules

- Airflow == Lighting

Water flow

C

provide [3,76]. Figure 8 shows a part of a device setup
for studying polyurea microcapsules that contain PCM.
As shown, the building wall embedded with polyurea
microcapsules was exposed to radiation and convection
heating. Solar light was simulated in another chamber
and highlighted with orange arrows, the convective heat
process was simulated by the aid of heating and cooling
devices.

oling |’

PCM
component

conduct

Figure 8: Device setup for calculation of the amount of energy saving in a building wall with polyurea microcapsules addition [76].
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3.1.1 PCM

PCMs are nowadays considered as a useful technology for
energy saving of buildings. These materials show a higher
potential of commercial application in construction indus-
tries and several studies investigated the types of materials
with the capability of melting and solidifying during the
day—night temperature fluctuation. PCMs use the latent
heat of reversible crystallization that happened during the
liquid-to-solid or solid-to-solid phase transition. Paraffin,
n-hexadecane, and tetradecane are some prevalent PCMs.
In addition to having an appropriate melting temperature,
PCMs have two major characteristics: low expansion during
the phase change and large surface area per unit volume,
resulting in higher efficiency of heat transfer. Although
PCMs have directly been used in passive solar panels [85],
micro-/nano-encapsulation provides many benefits for PCMs
construction applications such as preventing from reaction
with their environment, increasing the compatibility with
the media, and enhancing the heat transfer through more
surface-to-volume ratio [78]. Considering the require-
ments, many parameters could be a candidate as material
for micro-/nano-capsule shells. The heat absorbing and
release rate are related to the type and thickness of the
shell wall, ensuring the energy efficiency of the core-shell
and the construction material environment. This para-
meter handles rapid thermal response. At the same time,
the mechanical properties of the shell should prohibit any
rupture and fracture against production or application
processes [80]. Polyurea satisfies these requirements and
provides possibilities for designing the required thickness
with aforementioned desirable properties [21]. Further
improvements on materials of polyurea micro/-nano-cap-
sules have been performed and PCMs were encapsulated
through polyurea with GO and hybrid shell. Besides, the
method of synthesis has a key role on the properties of
the resulting materials where using a rotating packed
bed provided well-shaped micro-/nano-capsules with higher
mechanical properties and more efficient energy storage.
Unique properties of shell produced by polyurea containing
paraffin resulted in the fabrication of PCMs and its insulation
properties in the presence of solar radiation. In order to
increase the thermal conductivity of the micro-/nano-cap-
sules and decrease the strength loss in the resulting building
material, flaky graphite-doped polyurea micro-/nano-cap-
sule was also prepared [79]. Results showed that these mate-
rials not only lower the temperature of the wall and indoor of
the test rooms by a maximum of 13.1 and 6.22°C, but also the
flexural and compressive strength of the resulting cement
composite was in the satisfying area of standard building
materials (14.2 and 4.1 MPa, respectively).
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In another study, the application of polyurea micro-
capsules in gypsum board increased the temperature of
the board surface by 2, 4, 5, and 7°C at the radiant flux
density of 200, 400, 600, and 800 W/m? [76]. Actual core
content, the ratio of fusing enthalpy of polyurea to pure
PCM, and the encapsulation efficiency [86] are main para-
meters of evaluating the amount of energy saving. Besides,
mean diameters, distribution sizes, and wall thickness
should be adjusted for the maximum energy saving effi-
ciency considering the required mechanical properties [72].

Thermal properties of PCMs with polyurea shell have
been studied. The actual core content and the encapsula-
tion efficiency were 42.5 + 0.5 and 85.0 + 0.92, respec-
tively, which reached to 79.60 + 0.17 and 63.67 + 0.14 by
increasing the amount of PCMs in the process of encap-
sulation. In another study, titania-polyurea microcap-
sules were used to produce PCM and applied in cement
paste [78]. The schematic picture of hybrid polyurea shell
is depicted in Figure 9. Scanning electron microscope
(SEM) images also confirmed the second layer of titania-
polyurea. The melting and freezing cycles indicate the
excellent thermal stability and strength of the polyurea/
TiO, shell. The amount of octane core increases from 56.5
to 72.8 wt% via increasing the microcapsule sizes from 100
to 300 um. Energy storage efficiency and thermal storage
capacity were 77.3 and 99.9%, respectively. In another
study, the crystallization of PCM inside polyurea micro-
capsules was investigated through the addition of nano-
particles of Fe;0, to the n-octadecane which made them
magnetic. The use of microfluidic device for the prepara-
tion of microcapsules resulted in the uniform sizes of
microcapsules and near 100% efficiency of encapsulation.
Figure 10a—c shows the uniform polyurea microcapsules,
microcapsules with Fe;0, nanoparticles, and a photo-
graph of microcapsules suspension in a vial, respectively.
Their response to the magnetic field is also shown in
Figure 10d which indicates that nano particles (NPs) inside
polyurea microcapsules were stable after washing. The
addition of Fe;0, NPs, led to the increase of the heat
flow of PCM microcapsules from 159.5 to 169.7J/g and
from 159.1 to 165.7 J/g in cooling and heating process.

Nano-capsules of polyurea/Fe;0, nanoparticles with
the size of 400-600 nm were prepared via O/W emulsion
method through stirring rate of 8,000 rpm [87]. The pre-
sence of Fe;0, nanoparticles provided the magnetic prop-
erty to the polyurea PCM nano-capsules and elevated the
thermal conductivity of the shell. However, increasing the
amount of Fe;0, nanoparticles from 0 to 6.6% led to the
decrease of the melting and freezing latent heat from 101.1
and 105.6 to 83.28 and 87.4]/g, respectively, due to the
higher density of nanoparticles.
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3.1.2 Reversible thermal reaction micro-/nano-capsule

The reversible thermal reaction is another form of energy-
storing by polyurea micro-/nano-capsules. Crystalline
polyols or sugar alcohol, salt hydrate, and anhydrous
salts are capable to release their storage energy when
their molecular structure is altered in different tempera-
tures. The preparation and heat release of xylitol encap-
sulated by polyurea/PU have been studied. Water sorption
of xylitol releases negative heat solution of —36.5 kcal/kg
at 35°C which is higher than several PCMs [83]. Polyurea
micro-/nano-capsules with mean pore size of 19.6 + 1.7
and 15.3 + 2.0um and encapsulated xylitol of 15.1 and
77.1% showed 24.4-124.3]/g heats of dilution at 35°C,
respectively. The yield of shell formation increased from
16.2 to 30.9% by increasing the ratio of MDI from 16.6 to
28.5%. In another study, polyurea micro-/nano-capsules
with xylitol core and mean size of 19.3 + 2.7 um which had
dilution heats of 13.9-179.9]/g were obtained [84].

Other energy saving materials using the reversible
chemical reaction are organic photochromic compounds
which can be divided to chemical bond cleavage, cis—trans
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isomerism, and pericyclic reaction type. These materials
can raise the energy saving ability in PCM microcapsules.
One of the common chemical bond cleavage types is spir-
ooxazine. The energy storage mechanism of spirooxazine
relays on the ring-opening reaction of its C-O bonds where
it transformed from a colorless state to its color isomer
anthocyanin at the exposure to ultraviolet radiation. In
addition, the ring-opening anthocyanin structure had a
large conjugated molecular system. Due to the stability
of spiral form, the molecule tends to return to this config-
uration after stopping the ultraviolet radiation, returning
energy in a considerable amount [33]. This material was
dissolved in butyl stearate as PCM, before encapsulation.
Three types of diamines were selected to study their poly-
urea micro-/nano-capsule size and surface via in situ poly-
merization. Mean sizes of 0.72-5.64, 1.32-20.11, and
0.86-4.15 um were obtained as the result of the reaction
of TEPA, low NH PAE, and high NH PAE with IPDI, respec-
tively. SEM results also showed that high NH PAE and
TEPA had softer surface, whereas micro-/nano-capsules
prepared by low NH PAE was thin and brittle because of
fast and uncontrollable reaction. As a result of 1:1, 1:1.5,

PCM micro- MEPCM with
droplet shell
(a) (b)

PUA MEPCM with composite

TiO,-PUA shell
(c)

Figure 9: Schematic drawing of (a) PCM micro-droplet, (b) microencapsulated PCMs (MEPCMs) with PUA shell, and (c) MEPCMs with
TiO,—PUA shell. Micrographs of (d) individual MEPCM with PUA shell and (e) individual MEPCM with TiO,—PUA shell. (f) Fabricated free-

flowing MEPCMs [78].
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Figure 10: Optical images of (a) PCM@polyurea microcapsules without Fe30, NPs in the discontinuous phase, (b) PCM@polyurea micro-
capsules generated by encapsulating Fe;0, NPs along with n-octadecane in the discontinuous phase, captured at the reservoir at 35 °C, (c)
photograph of PCM@polyurea microcapsules with encapsulated Fe;0, NPs, and (d) magnetically aligned microcapsules in the image (c)

under an external magnetic field at room temperature [82].

1:2, and 1:2.5 ratio of IPDI to high NH PAE, micro-/nano-
capsules with crystallization enthalpy of —72.94, —72.14,
-72.73, and -73.56J/g were obtained. Results show that
the temperature of polyurea microcapsules containing
PCM with photochromic materials were 4.9°C higher than
the temperature in same microcapsules without photo-
chromic properties.

3.2 Self-healing concrete

Self-healing or self-repairing ideas for concrete arise from
the healing of wounds in trees, animals, or the human
body. Concrete is susceptible to numerous cracks that
appear inside due to intrinsic shrinkages, weathering,
chemicals, and other aggressive factors. These cracks
are responsible for the common decrease in concrete life-
time and strength. Self-healing concrete is recognized as
prevalent technology for increasing the service life of
concrete [67]. The use of self-healing concrete appears
to be a rational method for saving concrete structure,
especially in marine situations. Two main categories of

autogenous (fiber- or mineral-reinforced) [88] and auton-
omous (micro-/nano-capsules) strategies or a combina-
tional method for self-healing or fluorescence labeling of
concrete [89] have been studied in recent literature.
There are four methodologies for active agents used in
self-healing concrete [90]. Coacervation, in situ polymer-
ization, interfacial polymerization, and sol-gel reactions.
Coacervation, the physio-chemical process is cross-linking
of phase separated macromolecular lump (coacervate)
such as gelatin/gum acacia. Sol-gel method is the forma-
tion of colloidal solution of silica from hydrolyzed tetra-
ethoxysilane and through adding a trigger solution such as
ammonia. Polyurea micro-/nano-capsules as an autono-
mous healing method can contain sodium silicate, col-
loidal silica, calcium nitrate, magnesium oxide (MgO),
and bacteria as expanding and self-healing agents [91].
In addition to their shell thickness, adhesivity to the con-
crete is an important characteristic of micro-/nano-capsules
used in self-healing concrete when encountering concrete
cracks and contributes to their rupture while concrete
cracking. Studying the effect of shell thickness of acrylate
microcapsules in concrete showed that microcapsules with
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7 and 12 pm wall thickness possessed the same amount of
rupture in the cement paste. In contrast, polyurea linkage
with concrete were confirmed by the characterization
results which led to appropriate time and efficient exempt
of materials [13]. The summary of the application of poly-
urea micro-/nano-capsule as self-healing admixture in con-
crete has been gathered in Table 3. Although self-healing
agents increase the concrete lifetime by preventing the con-
crete crack, addition of external particles in concrete caused
reduction in its compressive strength. Nevertheless, the
scale of self-healing agents contributes to the amount of
reduction effect on compressive strength of the concrete.
The finer the admixtures, the denser the concrete [92].

3.2.1 Sodium silicate

Reaction of sodium silicate with calcium hydroxide not
only heals the concrete cracks but also produces calcium
silicate hydrate (C-S—H) gel, which is durable and resis-
tant to aggressive environments. Calcium hydroxide is
susceptible to acid attack and is water soluble. In condi-
tions that sodium silicate is directly mixed with concrete,
processing encounters several problems such as altering
the setting time and efflorescence, whereas the encapsu-
lated sodium silicate provides the opportunity for in situ
curing after the cracks appear in the concrete. Due to
the possibility of using polyurea at higher temperature
without losing mechanical performance, their applica-
tion on oil well cement at a temperature of 80°C has
been studied [53]. Stiff and elastic types of polyurea
referred as T1 and T2 were employed to prepare micro-
capsules as self-healing materials for oil well concrete.

Table 3: Polyurea micro-/nano-capsule for self-healing concrete
application

Description Ref.
Sodium silicate core
Polyurea shell in oil well cement Mao et al. [53]

Comparison polyurea and gelatin
shell in concrete
Comparison polyurea and gelatin
shell in concrete

Kanellopoulos et al. [93]

Giannaros et al. [94]

Polyurea/PU shell colloidal Tan et al. [95]
silica core

Calcium nitrate core

Polyurea shell magnetic capsule Kleinfeldt [96]
Polyurea/PU shell Reinke [97]
MgO core Mao [98]

Bacteria encapsulation Zamani et al. [13]

DE GRUYTER

Microcapsules with mean size of 110 pm contained 90%
sodium silicate cargo and 10% polyurea shell decreased
the crack depth by 13 and 58% through 2.5-7.5% addi-
tion. However, compressive strength was also reduced by
26 and 40% for stiff and elastic polyurea shell. Figure 11
shows the SEM and energy dispersive X-ray spectroscopy
(EDX) of the T1 microcapsules. In SEM image, C-S—H gel
was found in a form of fibrous materials near the residual
shell of the T1 microcapsules on the cracking surface.
EDX was used to determine the chemical elements of
the fibrous materials. The results of EDX also confirmed
the release of sodium silicate cargo of the ruptured micro-
capsules at the cracking surface and the healing reaction
of calcium hydroxide with sodium silicate.

A study compared two commercial types of polyurea
and gelatin microcapsules with the core of sodium silicate
that were referred as T130 and L500, respectively [93].

Figure 12 compared the sorptivity results of cement
paste with two different microcapsules. It was obtained
that the addition of polyurea microcapsules had a higher
self-healing effect of concrete and reduced the sorptivity
of concrete by 45% in 7 days, whereas the sorptivity of
concrete enhanced by gelatin microcapsules decreased
by only 15% in the same period [94]. The effect of sorp-
tivity reduction in cement paste is observed. Figure 13
shows the improvement in sealing of cracks in cement
pastes with polyurea microcapsules.

Also, the percentage of adding microcapsules above
12% reduced the compressive strength by about 24—-27%.
In this work, micro-/nano-capsules with the mean sizes
of 40-700 pm have been employed to investigate healing
of concrete cracks with different width.

The addition of microcapsules with mean size under
5-30 pm (Portland cement sizes) in concrete can fill the
concrete voids, whereas higher mean sizes contain more
sodium silicate and thus higher healing efficiency. Rheological
properties of concrete embedded gelatin microcapsules with
mean size of 500 pm also compared with concrete enhanced
by polyurea microcapsules with 130 um mean size. Results
showed that concrete viscosity increased by gelatin and poly-
urea microcapsules by 54 and 47%, respectively, reducing the
concrete compressive strength [94].

3.2.2 Calcium nitrate

Calcium nitrate is one of the main materials used as the
core of micro-/nano-capsules to provide self-healing abil-
ities in concrete. The self-healing mechanism of calcium
nitrate mainly relies on hydration acceleration and crystal-
lization of cement by cations resembling tricalcium silicate
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Figure 11: SEM observations of the healed oil well cement pastes containing T1 microcapsules (a) various SEM images from the fractured
surfaces and (b) an SEM image of a microcapsule and the corresponding EDX analysis results of ruptured microcapsules [53].

and dicalcium silicate. Indeed, the reaction of calcium
hydroxide via calcium nitrate results in calcium hydroxy
nitrate with higher basic capacity and greater abilities of
hydrosilicate formation. The presence of calcium nitrate
led to the formation of calcium carbonate in the cracks
which intense the healing abilities of calcium carbonate.
Calcium nitrite containing micro-/nano-capsule of polyurea/
PU has been employed in steel bar-reinforced concrete. The
calcium reacted with water anywhere cracks occurred in
the concrete, and provided 58% of crack recovery and pro-
tection of rebars from corrosion [97]. The addition of nano-
magnetic materials to polyurea microcapsules was proposed
as an idea in another study [96]. In this method, magnetic
polyurea microcapsules can reach to the location of steel
embedded inside the reinforced concrete through running
an electric current in the wire, which has not yet been stu-
died. The water in oil emulsion method was employed
to synthesize magnetic polyurea microcapsules containing
calcium nitrate and sodium silicate as core materials. Results
showed adding 0.3 wt% hydrophobic nano iron oxides
caused phase separation, whereas addition of 0.10 wt%
resulted in the stabilized emulsion of polyurea microcap-
sules with average size of 10 pm. The presence of calcium

nitrite provides corrosion resistance abilities at the interface
of rebar by penetration through the concrete and repassi-
vating the steel. Magnetized polyurea microcapsules with
PCM materials as cargo are shown in Figure 10. Anti-corro-
sion properties of PUF microcapsules for steel bar in rein-
forced concrete have been studied [99]. The method mainly
relays on the release of calcium hydroxide core at low PH
near the rebar to form a passive film.

3.2.3 Mg0

The shrinkage of cement causes cracks inside the con-
crete decreasing the mechanical properties. MgO is one of
expanding materials used for the shirking compensation
through reaction with water and producing MgOH. In this
self-healing technique, MgO increases in volume to 117%
which is able to fill the hollow canals. The micro-/nano-
encapsulation of MgO for self-healing of the cement has
been investigated [100]. As the polyurea shell is service-
able at higher temperatures, the application of MgO and
sodium silicate polyurea micro-/nano-capsule has been
studied for crack healing of oil well cement [98].
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Figure 12: Sorptivity of cracked specimens containing L500 gelatin microcapsules (blue line) and T130 polyurea microcapsules (red line) at
4% volumetric fraction compared with cracked cement specimens (black line) [94].

rol Samples

Figure 13: Sorptivity measurements are taken over a 28-day healing period. Comparison of later absorbed by cement (left) control cement
paste samples and (right) cement paste samples containing 4% T130 microcapsules (polyurea microcapsules). Testing is after a s7-day
healing period [94].
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3.2.4 Bacteria encapsulation

Recent technologies are using biological methods for
repairing concrete cracks [101,102]. Amongst different
methods of using bacteria for healing concrete, micro-/
nano-encapsulated bacteria showed higher self-healing
properties [103]. In a study, self-healing polyurea micro-/
nano-capsules filled with bacteria have been employed to
repair concrete cracks. Since the cracks appear in the
concrete, the polyurea shell releases the bacteria and
nutrition materials. As oxygen and moisture are avail-
able, the bacteria began to charge calcium carbonate
inside the crack. Polyurea has met the requirements of
an appropriate shell because, first, the novel chemical struc-
ture and multiple donner acceptor bonds of urea led to
intermolecular hydrogen band, substantial mechanical sta-
bility as well as chemical and water resistance properties
which protect the bacteria from the alkali and wet environ-
ment, second, the fast reaction makes the simple and tun-
able production of the capsule [13]. Figure 14 shows the
crack repairment of the concrete through metabolic conver-
sion of organic compounds to calcium carbonate. The mean
sizes of polyurea micro-/nano-capsules containing bacteria
from 0.2 to 1.3 mm were prepared by stirring polyethera-
mine and MDI at 400 rpm. Optical density at 600 nm
showed that the bacterial spore germination increased
from 0.212nm 0 h to 2.499 nm after 48 h of incubation.

3.3 Self-healing polymer

Concrete and steel coating is accounted as a conventional
method for protection against aggressive environments;
moreover, to prevent reinforcing steel embedded in the
concrete from rusting, an anti-corrosion coat is applied
on its surface. Cross-linked polymers are diversely used as
a two-component curing coat. The methods of self-healing
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polymers and their application in construction industry
are diversely studied in previous literature [43,104]. These
methods are based on different mechanisms, including
reversible polymerization, softening of thermoplastic phases,
and hydrogen bonding. The polyurea itself has an excellent
self-healing properties due to its H-bonds and used in con-
struction industry as an autonomous self-healable coating
[69]. In addition to polyurea, PU and epoxy coatings are
conventionally used for protecting concrete and steel, and
their protective ability could be enhanced through the addi-
tion of micro-/nano-capsules containing active agents. In
order to well-dispersion of micro-/nano-capsules, silaniza-
tion and other modifications performed to avoid decreasing
the mechanical properties of final coats [105]. The dispersion
of polyurea micro-/nano-capsules in PU coating was studied
[106]. Infrared results showed that the interaction between
polyurea microcapsules and PU led to the formation of dis-
tributed hydrogen bonds. In another study, the effect of the
incorporation of polyurea microcapsules on epoxy coatings
was analyzed. It was obtained that 3% of microcapsules
addition raised the tensile strength of the epoxy to 14.5%;
whereas, 5% addition of microcapsules raised the tensile
strength to 9.5%. It shows that the bond between microcap-
sules and epoxy was not strong [107]. The dispersion of poly-
urea microcapsules in epoxy was enhanced in another study
by the introduction of GO in polyurea shell [108]. Also, the
polyurea/silica hybrid shell with the core of hydroxy dii-
socyanate has been prepared and dispersed in epoxy to
develop self-healing coatings [109]. Table 4 tabulates dif-
ferent studies that used polyurea microcapsule as self-
healing agent in a polymeric matrix.

3.3.1 Active agents
Micro-/nano-capsules of active agents have been used for

preparing self-healing polymeric coats. HDI, H-MDI, IPDI,
HDA, and epoxy were encapsulated by polyurea [122] and

Figure 14: Image taken from crack filled with precipitation of calcium carbonate at the magnifications of (a) 50x and (b) 230x [13].
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Table 4: Summary of polyurea micro-/nano-capsule application for self-healing of polymeric materials
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Material

Ref.

Active agent

Polyurea/GO shell HDA and IPDI core for epoxy coat

Polyurea shell HDA core in epoxy for marine coat

Polyurea/silica shell and HDI core for one-part anti-corrosive coating
Polyurea shell HDA core for corrosion inhibition of steel

Polyurea with epoxy core for corrosion inhibition of steel in sea water
Polyurea shell, polyaziridine core for corrosion inhibition

Modified polyurea shell with HDI-trimer core

Double layer polyurea shell and HDI core

Hybrid polyurea/PUF shell and MDI and H-MDI core in epoxy for steel protection
Hybrid polyurea/PUF shell and MDI and H-MDI core (lubrication properties)
Polyurea/lignosulfonate shell IPDI core in polyurea coat for steel protection
Hybrid polyurea/polyaniline shell IPDI core in epoxy coat for steel protection

Ma et al. [108]
Ma et al. [110]
Wu et al. [109]
Ma et al. [111]

Yi et al. [112]
Shukla et al. [113]
Nguyen et al. [114]
Sun et al. [115]
Sun et al. [116]
Sun et al. [117]
Qian et al. [118]
Li et al. [45]

Polyurea/MF/lignin shell, and IPDI core
Organic oil

Dendritic polyurea shell quinoline core in PU coat for steel protection

Dendritic polyurea shell, linseed oil core for steel protection
Polyurea/fly ash shell, linseed oil/fly ash core for steel protection
PAMAM polyurea shell tung oil and HDI core for steel protection

Yi et al. [119]

Gite et al. [120]
Tatiya et al. [106]
Li et al. [121]
Tatiya et al. [36]

added to epoxy, PU, and polyurea coat. This mechanism
was also used for preparing self-healing cement paste
[123]. The aim of the isocyanate micro-/nano-capsule pre-
paration is to react with water or epoxy to heal the cracks
that appear at the coating surface [119]. Figure 15 shows a
schematic image of micro/nano-capsules behavior for self-
healing coating. This mechanism enhances the protective
abilities and service life of the coat in seawater or other
harsh area exposures. However, reactive agent capsulation
with polyurea encountered a number of drawbacks. Common
solvents for active agents such as isocyanates are of

Catalyst particle

Ruptured capsule

hazardous materials and are dissolved in the matrixes in
the long term and require higher mechanical properties. In
a study, the effect of functionalization of polyurea micro-/
nano-capsules on their mean size distribution and water
uptake were investigated [114]. Results showed that the
modification increased the amount of encapsulation and
decreased the size variation where the core content, mean
size, and dispersity of non-functionalized polyurea micro-
capsule were changed from 49%, 165um and 86-83%,
73 um and 15 by using hexamethyldisilazane. Also, water
uptake decreased from 2.4 to 1% for modification of

Empty capsule

Healed Crack

o 9D ,.v..-'
20 %5 9"
Coatingdd » & 9 |
Primer

Coated metal with embedded  Propagating crack causes
rupturing of capsules

capsules and catalyst

Crack is healed by the healing
material and catalyst reaction

Figure 15: Schematic representation of crack healing by micro-encapsulated self-healing agent with a catalyst embedded in a resin

matrix [104].
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Figure 16: Corrosion test results of steel panels coated with PU coatings with different percentages of polyurea microcapsules containing

tung oil before and after testing for 120 h [36].

polyurea micro-/nano-capsules via 2-ethylhexylamine.
Moreover, fluorinated amine polyurea microcapsule could
retain the isocyanate after 2 days of immersion in water by
60%, but the normal polyurea shell loses the encapsulated
isocyanate in the same period [114].

Hybrid polyurea/PUF microcapsules were prepared
and dispersed in epoxy. The amount of encapsulation
was about 73% and the mean diameter was 158 + 42 to
60 + 17 pm with PUF thickness of 422 + 36 to 309 + 27 nm.
The lower sizes showed lower resistance to water and
organic solvent due to lower thickness of PUF. In addition
to self-healing properties of H-MDI, its lubrication properties
were also studied [117]. In comparison to HDI, H-MDI pro-
vided higher protective properties as an active agent for

micro/nano-capsules due to its oily nature. The friction coef-
ficient of epoxy-embedded polyurea microcapsules with core
of H-MDI decreased by 78.9%. The wear width and wear
depth of this epoxy then decreased from 1.3 + 0.1 mm and
74 + 36 pm to 0.9 + 0.1mm and 20.0 + 4.1 pm through
addition of polyurea microcapsules. HDA encapsulated
by polyurea GO was used as a self-healing agent in epoxy.
The mean size of 500 nm with shell thickness of 80 nm was
obtained through agitation rate of 1,800 rpm and emulsi-
fier dodecyl benzene sulfonate. Results showed 62.5%
anti-corrosive self-healing efficiency in epoxy by adding
only 3% of GO-PU nano-capsules. In comparison to poly-
ether amine encapsulated by PMMA with 60% healing
efficiency by 5% PMMA microcapsules addition [124],
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polyurea showed more accurate results with lower ratio of
microcapsules. Polyurea and lignosulfonate have been
used for encapsulation of IPDI and dispersed in polyurea
coat. The polyurea microcapsules with the average mean
size of 50 um and the encapsulation efficiency of 75.3%
were obtained. The corrosion current as an indicator of
self-healing has been analyzed before and after scratching.
The steel demonstrated that 2.06 x 10~°* millimeters per year
(mmpy) decreased to 1.54 x 10~** mmpy after coating with
polyurea while the ruptured polyurea showed 2.49 x 107
mmpy, which decreased to 8.95 x 10"°> mmpy after auto-
nomous self-healing [7].

3.3.2 Organic oil

Protective coats are often exposed to physical wear or che-
mical erosion, organic oils are able to reduce the coefficient
of friction and wear rate by forming a lubricating film at
the surface [125]. Nevertheless, due to their vulnerability
against higher temperatures and harsh environments, organic
oils require to be protected with an engineered and strong
shell. Also, the direct addition of some organic oils such as
quinoline resulted in reaction with isocyanate and deacti-
vated the anti-corrosion abilities. Several studies reported
the employment of polyurea for encapsulation of quino-
line, tung oil, and linseed oil as well as inorganic oils [126].
In order to prepare polyurea microcapsules with anti-cor-
rosion core, quinoline have been dissolved in xylene and
ethyl acetate [120]. These two different core materials then
encapsulated by polyurea through stirring at 5,000 rpm.
Microcapsules with xylene core material possessed mean
size of 72 pm, whereas average size of microcapsules was
86 um for the core of ethyl acetate solvent. Both formed in
a broad distribution average size from almost 1 to 200 pm.

The polyurea microcapsules released their quinoline
dissolved in xylene with 20.568, 41.332, and 50.703%
after 1, 3 and 6 h. Finally using 4% polyurea encapsulated
quinoline, a considerable decrease in the corrosion of
steel was observed from 2.016 to 0.6506 mm/year led to
the increase of average inhibition efficiency to 67.72%.
Linseed oil is also used for the corrosion protection of
steel. The cross-linkers can be mixed with organic oil
and used as core of micro-/nano-capsules. These micro-/
nano-capsules are able to provide both self-lubrication
and self-curing properties at the same time. Tung oil was
encapsulated by polyurea with different types of diamines.
Polyurea microcapsules prepared by DETA and TETA
showed deformation where 70-80% of them damaged
and ruptured after stirring in hot water at 70-80°C. In
contrast, composite droplets prepared by PAMAM survived
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in the same condition with only 5% damage [36]. As can be
seen in Figure 16, metallic surface coated with PU con-
tained polyurea microcapsules remained unchanged after
120 h immersed in salt water. In contrast, metallic sheet
without polyurea microcapsules encountered severe corro-
sion on its surface. A few studies used magnetic properties
of microcapsules for inhibition of corrosion with targeted
delivery which limited to ethyl cellulose microcapsules
with tung oil core [127]. Results showed that the average
distance of microcapsules from steel decreased by 50%
from 160.7 to 80.8 um under an external magnetic field.

3.4 Flame retardant

Fire is another destroying factor for building. One of the
obligations of using sandwich panels in the construction
and building industry is being fire-proof, whereas, the PU
foam inside the metal layers is highly flammable. Polyurea
micro-/nano-capsules contain flame retardant materials as
an additive in sandwich panels used in buildings [128].
Ammonium polyphosphate has been encapsulated via
polyurea which provides intumescent properties during
exposure to very high temperatures [129]. Although ammo-
nium polyphosphate has already been used for making PU
foam self-extinguished, the encapsulation of ammonium
polyphosphate provides higher mechanical properties and
moisture adsorption resistance for the PU foam. Other prop-
erties required in building industries such as energy-saving
or biocide could be coupled with flame retardancy proper-
ties while encapsulation. In a study, a multifunctional poly-
styrene microcapsule has been prepared and applied in
concrete. The cargo included paraffin as energy storage
material and phosphoric acid as flame retardant. Synergistic
results was obtained for this microcapsules [130]. In another
study, the bifunctionality of polyurea microcapsules was
studied with thermal energy storage and biocide abilities
[131]. It means that there is an opportunity to use combina-
tional properties for making polyurea micro-/nano-capsules
for construction applications.

4 Conclusion

This study reviewed the recent applications of polyurea
micro-/nano-capsules in construction industry. Based on
the recent studies, below conclusions have been gained:
1) Polyurea micro-/nano-capsule has unique properties
and could be tailored for various construction appli-
cations. Polyurea possesses special chemical structure
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and tunable morphology. Its compatibility with con-
crete and gypsum led to the appropriate dispersion of
polyurea micro-/nano-capsules in construction mate-
rials, whereas the protective abilities save the internal
core in the alkaline environment of concrete. In com-
parison to other materials used for fabrication micro-/
nano-capsules, polyurea stands out with fast formation,
waterproofing abilities, excellent mechanical properties
as well as compatibility with building materials and
other polymers. Hydrogen bonds in polyurea structure,
contribute to its mechanical properties.

2) There are two main methods of preparing polyurea
micro-/nano-capsules applied in construction industry:
bulk emulsion and microfluidic. Microfluidic devices pro-
vide micro-/nano-capsules with narrow distribution size,
whereas the rate of production is higher in bulk emulsion
technique. The role of surfactant is significant in both
methods so as to provide droplet size and shell thickness.

3) Energy-saving materials including PCMs were encap-
sulated with the outer layer of polyurea. Almost 100%
efficiency of encapsulation was gained by using micro-
fluidic device. Thermal conductivity of polyurea were
enhanced by the addition of iron nanoparticles, tita-
nium dioxide shell, and graphite flakes in the micro-
capsule. The appropriate mean diameter, size distri-
bution, and wall thickness of micro-/nano-capsules
is vital for designing optimal energy saving and
avoiding leakage, which is important for the life
time of buildings.

4) Polyurea microcapsules hold its serviceability in 80°C
and survived the mixing process of concrete. This
microcapsule which contained 90% sodium silicate
decreased the crack depth of the oil well cement by
58%. Another similar polyurea microcapsules pro-
vided the reduction in water sorptivity of the self-heal-
able cement by 45% in 7 days, which was higher than
gelatin microcapsules by 15%.

5) Self-lubricating and self-curing polyurea microcap-
sules with the core of tung oil and curing agent,
showed the average corrosion inhibition efficiency of
67.72 and 62.5%, respectively.

6) The incorporation of GO in polyurea microcapsules
raised its mechanical and protective properties and
enhanced its dispersion in epoxy coatings.

7) Flame-retardant materials were also encapsulated by
polyurea in micro-/nano-scale, making sandwich panels
fireproof with higher mechanical properties.
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