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Abstract

Hydrophobized soils have functional hydrophobic coatings to delay or restrict water infiltration and thus prevent infras-
tructure failure and long-term degradation. Over time, hydrophobized soils will be subjected to degradation under the
action of external stresses, leading to the loss of its functional properties. Microencapsulation approaches, initially
developed for self-healing applications emerge as a potential solution to enhance, switch (from hydrophilic) or prolong the
longevity of hydrophobized soils. The aim of this study is to produce and investigate the effectiveness of microencap-
sulation to impart hydrophobicity in granular materials in response to external stimuli. In this research, polydimethyl-
siloxane (PDMS), with hydrophobic properties, is encapsulated in calcium alginate microcapsules with the ionic gelation
method. The effectiveness of the microcapsules to induce hydrophobicity is investigated by mixing sand with micro-
capsules and quantifying the change of the contact angle and water drop penetration time (measures of hydrophobicity)
under an external trigger, i.e., under drying and consecutive wetting—drying cycles. The results show that microcapsules
release the hydrophobic cargo (PDMS) during shrinkage. After drying, the PDMS content in sand increased to 0.1-0.8% by
mass of sand. The released hydrophobic cargo (PDMS) induced hydrophobicity in sands, reflected by a contact angle
increase from 29.7° to at least 87.7°. The amount of polydimethylsiloxane encapsulated is a key parameter controlling the
release of hydrophobic cargo. In addition, 4% capsule content in sands is identified as an effective microcapsule content in
inducing hydrophobicity.

Keywords Calcium alginate - Hydrophobicity - Microcapsules - Polydimethylsiloxane - Release behavior -
Sands

1 Introduction

The aging of infrastructure through the degradation of
materials is expected to have profound impacts on its
lifespan. Degradation of materials can be driven by phys-
ical factors (e.g., increased erosion in embankments due to
extreme weather events), chemical factors (e.g.,
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weathering) and biological factors (e.g.,, biofilms) [48].
Hydrophobized soils are initially hydrophilic, whose par-
ticles have been functionalized to acquire hydrophobic
properties, allowing their use in ground infrastructure to
delay or restrict water infiltration. In general, they can find
application as interface materials with the atmosphere or
buried in the ground in contact with structures and have
been tested as a protection layer for slopes to restrict water
infiltration, cover layer for landfills, and protection surface
for horse racing tracks [6, 22, 57]. Hydrophobized soils can
be prepared by mixing soil with hydrophobic polymers
such as dimethyldichlorosilane (DMDCS) and other
silanes, polydimethylsiloxane (PDMS), or fatty acids such
as Tung oil [36]. However, hydrophobicity being a surface
property is unlikely to last the lifespan of an engineering
structure. The level of hydrophobicity will eventually
decline, and their surfaces revert to the original, that is
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hydrophilic state. Previous studies reported the degradation
of soil hydrophobicity due to physical abrasion where the
hydrophobic coatings are chipped off exposing the under-
lying hydrophilic surfaces [34]. In addition, the
hydrophobic films covering particles can undergo molec-
ular changes due to temperature and humidity fluctuations,
UV radiation and microorganisms. Therefore, there is a
need to devise methods that could enhance the resistance of
hydrophobic soils against adverse environmental factors
and prolong their longevity.

In the last 10 years there has been a growing interest in
applying self-healing materials to repair the damage of
structures and to recover the performance of degraded
materials [7, 31, 44]. Self-healing materials can fully or
partially recover a functionality that occurs under service [7].
Concrete and asphalt have attracted most of the self-healing
research in the construction materials domain. Typical self-
healing systems include microcapsules, hollow fibers,
among others [9, 58]. Microcapsules can store healing agents
(or cargo) and protect them from an adverse environment,
such as UV radiation, oxidation, or acids. The healing
mechanism is based on the release of the stored healing
agents triggered by an external stimulus. For microcapsules
mixed with concrete, the healing process follows the rupture
of microcapsules by fissures which releases healants, leading
to precipitation and proliferation of crystalline products
filling the fissures [30, 31, 52]. This results in healing of the
cracks and recovery of properties such as permeability and
strength. In surface coatings, microcapsules are also incor-
porated in the polymer coating matrix and provides the self-
healing effect by releasing repairing agents due to crack
propagation [44]. More recently, a microcapsules-based self-
healing material has been applied to cemented soils. The
mechanism is similar to that of cementitious materials.
Microcapsules with epoxy resin cargo were mixed with
cemented coral sand. During the damage process of the
cemented soil sample, the microcapsules were ruptured, and
the released epoxy resin cargo increased the soil strength by
approximately 85% (3% of microcapsules by weight) [53].
Microcapsules with sodium silicate cargo have also been
used in cemented soil for cutoff walls. The microcapsules
were ruptured by the compressive loading and the released
sodium silicate cargo improved the soil mechanical proper-
ties. The post-healing specimens regained 44 % of their ini-
tial compressive strength [11]. Other releasing mechanisms
relevant to soils, are based on the migration of cargo from
inside to outside the microcapsules, the case of antioxidants
release from microcapsules [26] or, the controlled release of
nutrition (organic acids) in agriculture [12, 50]. Therefore,
releasing hydrophobic cargo from microcapsules to increase
soil hydrophobicity emerges as a potential solution to pro-
long the longevity of hydrophobized soils without the need to
replace them.
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Various encapsulation methods have been developed to
be used in cementitious materials [31]. Pan coating (a
physical method) has been used to encapsulate healing
particles (nutrients and bacterial spores) with a geopolymer
coating for healing microcracks in concrete [18]. Spray-
drying (also physical) generates microcapsules by atomiz-
ing liquids in a hot gas while hardening the outer shell to
sequester the core material [24] but its use is limited to
heat-sensitive materials [8, 19]. The most common chem-
ical encapsulation method is in-situ polymerization,
whereby microcapsules with urea—formaldehyde shell and
epoxy resin core are used as self-healing compounds in
concrete [20, 23, 54] and cemented coral sand [55].
Physicochemical methods include ionic gelation and
complex coacervation. Complex coacervation forms shells
by means of ionic interactions between polymers [49]. For
the ionic gelation method, the commonly used shell
material is sodium alginate where calcium ions cross-link
the alginate chains to form the microcapsules’ shell made
of calcium alginate. For complex coacervation, crosslink-
ing occurs between two or more oppositely charged poly-
mers, usually proteins and polysaccharides.
Physicochemical methods are widely used in the food
industry [10, 26], pharmaceuticals [26] and agriculture [50]
and more recently, have been used to encapsulate bacteria
[53] and sodium silicate [31] for self-healing concrete.

Previous studies in medicine and agriculture have shown
that it is feasible to control the release of cargo from
microcapsules under an external environmental action (pH
or temperature change, wetting from liquid or water vapor)
[4, 21, 40]. For controllable hydrophobization of sand by
microcapsules, it is preferable the cargo releases by per-
meating through the shell, rather than by breakage due to
tension or compression. This is because the target material
in this study, sands, are volumetrically stable as they
degrade. Based on this, calcium alginate microcapsules
emerge as a suitable candidate to be used in sands. Calcium
alginate microcapsules has been used in agriculture for the
controlled release of nutrients [17] and the release oil to
heal the cracking of asphalt [51]. For the purpose of this
research, when subjected to a wetting—drying cycle, cal-
cium alginate swells and shrinks. These volumetric chan-
ges are related to changes of water content and pH [4].
Here, as shown in Fig. 1, we hypothesize the hydrophobic
cargo is released during shrinkage driven by drying,
inducing or enhancing hydrophobicity in the soil, and
eventually leading to the depletion of the microcapsules’
hydrophobic cargo during successive wetting and drying
cycles. To test the hypothesis, the microcapsules behavior
was tested under a drying path and wetting—drying cycles.
The drying path provides details about the microcapsules’
behavior during drying (shrinkage and cargo release). The
wetting—drying cycles simulate the process of soil
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Fig. 1 Conceptual diagram for imparting hydrophobicity in sands with microcapsules and release mechanism of PDMS cargo from calcium

alginate microcapsules following drying and wetting paths

hydrophobicity degradation and subsequent recovery. In
practical terms, the hydrophobized soils are expected to
remain dry during their working life. Saturation occurs as
hydrophobicity decreases and water breakthroughs into the
pores. Therefore, in this study, after drying, the micro-
capsules were separated and saturated or flooded by water,
simulating practical scenarios where microcapsules expe-
rience wetting after soil hydrophobicity degradation.

The aim of this study is to test the potential of
microencapsulation to impart hydrophobicity in soils in a
response to a stimulus or trigger. Specific objectives are (1)
to synthesize calcium alginate microcapsules with PDMS
cargo by the ionic gelation method, (2) to investigate the
release behavior of PDMS under a single stimulus (a dry-
ing path) or multiple consecutive stimuli (wetting—drying
cycles), and (3) to verify the effectiveness of microcapsules
in enhancing soil hydrophobicity. The results will inform
the extent of hydrophobic recovery, relative timescales and
controlling mechanisms. These datasets will then provide
the foundations to design granular materials-microcapsules
systems to extend the longevity of hydrophobized soils or
to design smart infrastructure i.e., that switches to
hydrophobic in response to drying and wetting episodes.

2 Materials and methods
2.1 Fine sands as host material

Fine quartz Fujian sand with a particle size ranging from
150 to 300 pm was used. PDMS is effective in inducing
high and persistent hydrophobicity in quartz sands [35] as
it provides repeatable and reproducible results. The finer
particle size was selected to allow the measurement of
higher contact angles [45]. For application in natural soils
with variable grain size and composition, both PDMS and
fatty acids (e.g.,, tung oil) are potential candidates [27, 36].

2.2 Synthesis of microcapsules

Calcium alginate microcapsules will be produced by ionic
gelation which has proven effective to synthesize such
microcapsules and release organic acids in soils [26]. As a
natural polysaccharide, alginate has the advantage of being
biodegradable, biocompatible and non-toxic [56]. Poly-
dimethylsiloxane (PDMS), a silicone, can induce high and
stable hydrophobicity in sands and will be used as the
hydrophobic cargo [34]. PDMS can degrade in soils via a
combination of hydrolysis, oxidation, and microbial pro-
cesses [29] and is therefore safe to use in soils. The ionic
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gelation method is a commonly used encapsulation method
in agriculture for the controlled release of nutrients [50].
The method is based on the cross-linking of sodium algi-
nate with calcium ion cations [14, 38]. Sodium alginate is
composed of two glycan monomers B-d-mannuronic acid
and a o-l-guluronic acid [2]. The divalent cations (Ca®h)
interacted ionically with blocks of guluronic acid residues
of sodium alginate, resulting in the formation of a three-
dimensional network (cross-linking process) of calcium
alginate which performs as the shell of microcapsules.
Sodium alginate (NaCgH,Og) and calcium chloride
(CaCl,) (Sigma-Aldrich) were used to form the shell.
PDMS is in a liquid form and its density is 965 kg/m’
(Acros Organics). The encapsulation method workflow is
depicted in Fig. 2. The microcapsules were synthesized in
a series of steps: (I) Preparation of sodium alginate
solution: Sodium alginate was firstly dissolved in deionized
water with an overhead steerer (IKA RW20 digital, Ger-
many) at 200 rotations/min. The proportion, 1.5/100, which
is the mass of sodium alginate to the mass of distilled water
and PDMS, was used in the experiments. (2) Preparation
of PDMS sodium alginate emulsion: PDMS was added into
the sodium alginate solution and emulsified with a high-
speed homogenizer (Benchmark, D1000) at 1200 rotations/
min until a stable oil-water emulsion was formed. The
mass of PDMS used per 100 g distilled water in the
encapsulation process is defined as ‘PDMS loading’. The
PDMS loading is limited by the syringe needles used in the
encapsulation process. High PDMS loading leads to
blocking of the syringe needles compromising the encap-
sulation process. Alternatively, dripping the CaCl, solution
into sodium alginate emulsion is not advisable due to
challenges associated with maintaining precise control over
the size and shape of the resulting capsules. In this study,
microcapsules with three PDMS loadings (5 g, 10 g, 20 g
to 100 g deionized water) were produced to identify the
optimum PDMS loading to assess the healing effect of
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microcapsules. (3) Formation of microcapsules: The
emulsion droplets were then dripped into a calcium chlo-
ride solution (1.0 M) through a PTFE tube by means of a
syringe pump (KD Scientific). The dripping speed was set
as 2 ml/min, which allowed stable PDMS and sodium
alginate droplets. The calcium chloride solution was pre-
pared by dissolving 110.98 g calcium chloride powder into
1000 g distilled water. The sodium silicate cross-linked
and encapsulated the PDMS by dripping the PDMS and
sodium alginate emulsion into the CaCl, solution. The size
of the syringe needles influences the size of microcapsules.
Thus, three different syringes needles with an inner
diameter of 0.16 mm, 0.25 mm and 0.3 mm were used to
produce microcapsules with different diameters. (4) Fil-
tering: After the microcapsules were produced, they were
immersed in the calcium chloride solution bath for 24 h,
rinsed with distilled water, and filtered with a vacuum
pump (LongerPump WT3000-1JB, China). The microcap-
sules were then air-dried at the ambient temperature
(~ 25 °C) for 12 h, which allows the evaporation of water
on the surface of the microcapsules.

2.3 Characterization of microcapsules

Scanning electron microscopy (SEM) (Zeiss LEO, 1530
FEG) was used to image the dried microcapsules in order
to provide qualitative information on their morphology.
The microcapsules were sprayed with gold powder to
conduct electricity and scanned at a voltage of 5 kV. The
size of the microcapsule with air-drying was recorded. The
size and shape of microcapsules were characterized by a
dynamic image analyser (QicPic™, Sympatec GmbH). 5 g
of microcapsules samples were analyzed to obtain the 50%
median values (Dsg) of microcapsules size and shape. The
thermal stability of the microcapsules was measured with a
thermogravimetric analyzer. Approximately 5 mg of
microcapsules were heated in a PerkinElmer TGA 4000
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system, from 25 to 950 °C with a heating rate of 20 °C/min
in N, flow (20 ml/min). A PerkinElmer Frontier IR single-
range spectrometer was also used to measure the molecular
structure of the core material (PDMS) and microcapsules’
shell.

2.4 Hydrophobicity measurement

Soil hydrophobicity can be quantified by the contact angle
(CA) and water drop penetration time (WDPT) [36]. The
CA reflects the severity or degree of soil hydrophobic-
ity.Through Young-Laplace equation, a contact angle 90°
is used as a threshold, above which the soil can be classi-
fied as hydrophobic [25]. WDPT measures the infiltration
rate of a water drop into the soil and thus indicates the
persistency of soil hydrophobicity [33].

The sessile drop method [3] was used to measure the CA
of the sand specimens. A 10 pL drop of water was dis-
pensed on the sand surface and the CA was recorded with a
drop shape analyser (DSA100, KRUSS GmbH). WDPT
was measured by dispensing water drops with a volume of
50 pL with a pipette onto the surface of the sand [34] and
timing their infiltration.

2.5 PDMS release behavior under a drying path

The release behavior of PDMS with time and the induced
hydrophobicity in the sand were investigated. The proce-
dures were as follows: (1) Microcapsules were mixed with
Fujian sand and left in ambient laboratory conditions
(~ 25°C, ~ 60% relative humidity) until further use.
The microcapsules were not completely dried and the ini-
tial water content ranged from approximately 65%, 70%, to
80%, depending on the PDMS loading (20, 10, and 5,
respectively). The sand used in the experiments was ini-
tially dried, possessing a water content of 0%. The ratio of
mass of microcapsules to the mass of sand is defined as
‘capsule density’ with three microcapsules density (4%,
8% and 12%) investigated. Preliminary testing revealed
that 8% microcapsule density in the soil can induce high
and stable hydrophobicity. For comparison purposes, den-
sity values above and below were selected (4% and 12%)
to investigate the effect of microcapsule density on soil
hydrophobicity enhancement and recovery. (2) The sand
and microcapsules were separated with sieves in the 1st
day, 3rd day, 6th day, 12th day and 24th day, where the
moisture content and PDMS content of the separated sand
sample as well as the sand hydrophobicity through the CA
and WDPT were measured. The drying times were selected
based on the shrinkage of microcapsules during drying. As
shrinkage stabilized on the 12th day, the maximum testing
duration was set as the 24th day in order to capture any
residual changes of the microcapsules volume. The

influence of PDMS loading and the capsule density were
investigated to indicate the optimal conditions to induce
hydrophobicity in soils. Sand moisture content was mea-
sured by drying samples at a temperature of 105 °C. Mass
measurements of sand moisture and PDMS were conducted
in an analytical balance with readability 0.01 mg (Sarto-
rius, Secura 225D-1S). The PDMS content was measured
by thermogravimetric analysis by heating the sand to
850 °C, as PDMS has been reported to have an 85% mass
loss in these tests [37, 46]. The CA and WDPT of sand
were also measured with the methods mentioned above.
For each experimental group, three replications were con-
ducted to obtain the standard deviation.

2.6 PDMS release behavior under wetting-
drying cycles

The release behavior of PDMS from microcapsules into the
sand under wetting—drying cycles and the respective
hydrophobic recovery were investigated. Testing was
conducted with the microcapsules prepared at three dif-
ferent PDMS loadings (5 PDMS, 10 PDMS, and 20 PDMS)
added to Fujian sand (150 g) at three different microcap-
sules density (4%, 8% and 12%). All tests initiated with the
sand-microcapsule system in a water saturated condition.
The water saturated environment was kept for 2 days fol-
lowed by air-drying (~ 25 °C, ~ 60% relative humidity)
for 5 days; after this time there is no further release of
PDMS. Note that 5-days does not imply the microcapsules
were in a dried state (water content = 0%), only that PDMS
did not further release beyond this time frame. The
microcapsules and sand were separated after each wetting—
drying cycle. The separated microcapsules were mixed
with another 150 g sand and subjected to another wetting—
drying cycle while the separated sand samples were used
for the measurements of the moisture content, PDMS
content, CA and WDPT. Samples were subjected to a total
of ten wetting—drying cycles. For each experimental group,
three replicates were conducted to obtain the standard
deviation.

3 Results and discussion

3.1 Characterization of microcapsules

3.1.1 Size and shape

Figure 3 shows the SEM image of representative dried
microcapsules. Wrinkles can be observed in the surface
suggesting shrinkage after air-drying. The microcapsule’s

median diameter change (Dsp) with air-drying time is
shown in Fig. 4. Once the microcapsules were produced,
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Fig. 3 Microphotograph of single dried microcapsules (20 PDMS
loading) by scanning electron microscopy
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the initial size of microcapsules with different PDMS
loading (5, 10 and 20 PDMS loading) and different syringe
needle diameter (0.16 mm, 0.25 mm, and 0.3 mm) is in the
range of 1.60 mm to 2.10 mm (Fig. 4a—c). For instance,
microcapsules produced by the 0.3 mm syringe needle had
the largest initial size: from 1.99 to 2.02 mm. The initial
size of microcapsules produced by 0.16 mm syringe needle
was smaller at ~ 1.65 mm. With air-drying, the size of
microcapsules decreased to a range between 1.10 and
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1.70 mm. The syringe needle diameter is the most impor-
tant factor contributing to the final size of microcapsules
after air-drying with the PDMS loading assuming a minor
role. For the dried microcapsules, with increasing syringe
needle diameter, the size of microcapsules also increased.
For example, the median diameter of 5 PDMS loading
microcapsules (Fig. 4a) produced by 0.16 mm syringe
diameter was 1.16 m, while when the syringe diameter
increased to 0.30 mm, the average diameter of produced
microcapsules increased to 1.36 mm. Also, a greater
PDMS loading resulted in a larger microcapsules size after
air-drying. For example, for a syringe needle diame-
ter = 0.3 mm, the average diameter of 5 and 20 PDMS
loading microcapsules was 1.36 and 1.67 mm, respectively
(Fig. 4a, c).

Two factors control the size of microcapsules after air-
drying: the initial dimension of droplets and shrinkage
during the air-drying process. The initial dimension mainly
depends on the size of the emulsion droplets (stage 3 of the
synthesis procedure) before adding to the calcium chloride
solution. As a result, the falling height of the droplets, the
pumping speed as well as the diameter of the syringe
needle affects the droplet size and finally influences the
initial diameter of the microcapsules [13]. The shrinkage of
microcapsules is driven by water evaporation and mostly
controlled by the PDMS loading, related to the ratio of
PDMS to water in the microcapsules. For a lower PDMS
loading, the proportion of water within the microcapsules is
greater resulting in a large mass loss during drying and
consequently in a greater microcapsule’s shrinkage.

The retention of microcapsules in soils under the influ-
ence of seepage water is proven to be related to the particle
size distribution of the microcapsules and the host soils.
Based on the washout test of microcapsules, a constriction
size-based criterion was proposed by Chen et al., whereby
for a size of microcapsules ranging from 1.60 to 2.10 mm,
and the size of the host soil particles ranging from 0.15 to
0.3 mm, the flushing away percentage of microcapsules in
soils under seepage water was less than 0.07% (99.93% of
retention rate) [15].

3.1.2 Thermal stability

The thermal stability of microcapsules is an important
property to (1) evaluate the microcapsules behavior under
seasonal soil temperatures (10-40 °C, Hong Kong [16]),
(2) to assess the decomposition of the shell material and
cargo and, (3) to evaluate the proportion of cargo encap-
sulated. The thermal gravimetric analysis for mass loss of
blank microcapsules and microcapsules with encapsulated
PDMS is shown in Fig. 5a. For blank microcapsules, the
thermal degradation processes were related to (1) dehy-
dration (25-100 °C), (2) calcium alginate decomposition
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(170-350 °C), and (3) carbon volatilization (350-800 °C)
[1]. For microcapsules at variable PDMS loading, there
were four steps of mass loss: (1) water evaporation
(25-100 °C), (2) calcium alginate decomposition
(170-350 °C), (3) decomposition of PDMS (400-600 °C),
and (4) carbon volatilization (350-800 °C). Using the
blank microcapsules as a baseline, the height of the flat
range of the curves indicates the proportion of PDMS
encapsulated in the microcapsules.

The endothermic curves of blank microcapsules and
microcapsules with encapsulated PDMS is shown in
Fig. 5b. Two endothermic temperature ranges can be
detected (around 240 °C and 400 °C to 600 °C). The initial
endothermic range is shared with the blank microcapsules,

which corresponds to the evaporation of water and
decomposition of calcium alginate. The second endother-
mic region corresponds to the decomposition of PDMS in
the range 400 °C to 600 °C.

FTIR was also used to assess the presence of charac-
teristic groups in the microcapsules [12]. Figure 6 shows
the FTIR results of PDMS (Fig. 6a) and microcapsules
with PDMS core (Fig. 6b). PDMS exhibits peaks at
789-796 cm ™' (~CHj; rocking and Si-C stretching in Si—
CHs), 1020-1074 cm™! (Si-O-Si stretching),
1260-1259 cm ™! (CHz deformation in Si-CHj3), and
2950-2960 cm ™! (asymmetric CHj stretching in Si—CH3)
[28] indicating that PDMS had been encapsulated.

3.2 PDMS release behavior under air-drying
and sand hydrophobic enhancement

3.2.1 PDMS release

Figure 7a shows that the PDMS content released into the
sand increases with time. As stated, microcapsules with
three PDMS loadings and three capsule densities were
used. The PDMS content in sand is assumed to be equal to
the amount of PDMS being released from the microcap-
sules. For example, as shown in Fig. 7a, for sands mixed
with 10 PDMS loading and 12% capsule density, the
PDMS content increased to 0.31% after 24 h and eventu-
ally reached 0.63% on the 24th day. As shown in Fig. 7a,
most PDMS release occurs in the initial days. In average,
the releasing amount accounted for 59.9% of the total
release during the testing period. In other words, the
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Fig. 7 PDMS release and sand moisture content with time for samples prepared at 5, 10, 20 PDMS loading and 4%, 8%, 12% capsules density;

a PDMS release; b moisture content in sand

releasing rate was higher in the initial days, decreasing
Afterward. With continuous drying of microcapsules, the
shell densifies, hindering the cargo movement from the
core of the capsule to outside.

PDMS loading and capsule density influenced the
PDMS content in the sand. As shown in Fig. 8a, for sand
mixed with microcapsules with 12% capsule density and
increasing PDMS loading (5, 10 and 20 PDMS loading),
the PDMS contents also increased, from 0.22, 0.64% to
0.80%, respectively. As shown in Fig. 8b, as the capsule
density increased from 4 to 8% and 12%, PDMS content on
the 24th day increased from 0.32% to 0.47% and 0.64%,
respectively (10 PDMS loading). The experimental group
with the highest PDMS loading and capsule density had the
highest PDMS content in the sand. For example, 20 PDMS
loading and 12% capsule density reached 0.80% in the 24th
day, which was higher than the other groups.

3.2.2 Sand moisture content
The moisture content in sand was measured as it is known
to influence soil wettability, by switching a soil to hydro-

philic above a critical moisture content [36]. Figure 7b
shows the change of moisture content in sands with time.
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The moisture content increased as the microcapsules dried,
due to the release of water from the microcapsules. As
shown in Fig. 8c, d, sands mixed with a lower PDMS
loading and a higher capsule density had a higher moisture
content because for a decrease of PDMS loading, the
proportion of water in the microcapsules increased. Sand
samples mixed with microcapsules at 5 PDMS loading and
12% capsule density had the highest sand moisture content,
which was 0.31% on the 24th day.

3.2.3 Sand hydrophobic enhancement

The CA was measured in the sand after the release of
PDMS (Fig. 9a). The CA of clean sand was 29.7 &+ 0.77°
and increased with time with a higher rate of increase
initially. For example, as shown in Fig. 9a, for 5 PDMS
loading and 4% capsule density, the CA increased signifi-
cantly to 87.3° on the 1st day and eventually reached 89.8°
on the 24th day. Two reasons may explain the significant
increase initially. On the one hand, a small amount of
PDMS can induce a large CA increase for an originally
hydrophilic sand. On the other hand, the release amount of
PDMS from the microcapsules was also greater at the
beginning.
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The CA increased with PDMS loading (Fig. 8e). For the
experimental group with 4% capsule density, the CA on the
24th day was 89.8°, 92.2° and 115.8° for 5, 10 and 20
PDMS loading, respectively. However, the CA does not
increase with the increase of capsule density, on the

contrary, a slight decrease was measured. As shown in
Fig. 8f, for the experimental group with 5 PDMS loading,
the CA on the 24th day was 89.8°, 88.6° and 87.7° for a
capsule density 4%, 8% and 12%, respectively. The CA
was 92.2°, 90.6° and 87.7° for the 10 PDMS loading
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Fig. 9 Sand hydrophobicity with time for samples prepared at 5, 10, 20

b water drop penetration time

experimental group and 115.8°, 115.6°, 115.6° for 20
PDMS loading, at the same capsules’ density. Hydropho-
bicity (via the CA) not only depends on its intrinsic value
(107° for PDMS) but is also affected by other factors such
as particle size and sand moisture content. The adsorption
of water to hydrophobic sand surfaces, which is related to
the increase of moisture content, can increase the net sur-
face free energy of the sand and weaken hydrophobicity
[32]. As shown in Fig. 8b, d, f, although the PDMS content
and moisture content in sand increased with increasing of
capsule density, hydrophobicity decreased. For example,
for experimental groups with higher capsule density (12%
capsule density, 10 PDMS loading), both PDMS content
and moisture content were higher, at 0.64% and 0.23%,
respectively, but hydrophobicity decreased.

Figure 9b shows the WDPT results of sand after
removal of the microcapsules. WDPT was less than 5 s for
samples with 5 PDMS loading and 10 PDMS loading,
indicating a negligible persistence of hydrophobicity.
WDPT at 20 PDMS loading increased to 1320 s, 2064 s
and 676 s at 4%, 8%, 12% capsule density, respectively, on
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PDMS loading and 4%, 8%, 12% capsules density: a contact angle;

the 1st day. From the 3rd day, the WDPT at 20 PDMS
loading exceeded 3600 s, indicating an extreme and per-
sistent hydrophobic state.

Differences between soil CA and WDPT may be
attributed to the methods followed and percentage of
PDMS cover of sand grains. CA measurements are typi-
cally conducted as soon as a neat image of the three-point
interface (solid—air—water) is obtained. This is done in
order to minimize the droplet bouncing, spreading and
infiltration after placing on the sample. As a result, CA
measurements will tend to be higher. On the opposite, the
low WDPT for 5 and 10 PDMS loading could be inter-
preted as a partial or patchy cover of grains with PDMS,
resulting in a greater spreading of the water meniscus on
the surface of the grains, thus resulting in lower
persistency.
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3.3 PDMS release behavior under wetting-
drying cycles and sand hydrophobic
enhancement

3.3.1 PDMS release

Figure 10a shows the content of PDMS in sand mixed with
microcapsules with 5, 10 and 20 PDMS loading after each
wetting—drying cycle. Since the PDMS content in sand
represents the PDMS release amount from microcapsules at
each wetting—drying cycle, the release of core material
decreased with the increase of wetting—drying cycles. As
shown in Fig. 10a, for microcapsules with 5 PDMS load-
ing, after the initial wetting—drying cycles, PDMS content
in sand was 0.06%, 0.15% and 0.20% for 4%, 8%, 12%
capsule density, respectively. After ten wetting—drying
cycles, the PDMS content reduced to less than 0.02%.
PDMS content in sands mixed with 20PDMS loading is the
highest, from 0.18%, 0.44% and 0.40% in the first wetting—
drying cycle, gradually decreasing to 0.04%, 0.09% and
0.15% on the 10th wetting—drying cycle (for 4%, 8%, 12%
capsule density, respectively).
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The PDMS content in sand increased with capsule
density. For example, in Fig. 10a, after the initial wetting—
drying cycles, as the capsule density increased from 4 to
12%, the PDMS content increased from 0.16 to 0.35% (10
PDMS loading). The average PDMS release for all wet-
ting—drying cycles for 4% capsule density and 8% capsule
density were 2.55 x , 2.17 x , and 2.62 x (for 5, 10, 20
PDMS loading, respectively), while for 8% capsule density
and 12% capsule density, the relationships were 1.99 x ,
1.51 x ,and 1.41 x (5, 10, 20 PDMS loading). In relative
terms, considering the experimental errors, the PDMS
content in the sand at 8% capsule density was approxi-
mately 2 x higher than 4% capsule density, and for 12%
capsule density was approximately 1.5 x higher than 8%
capsule density, indicating that the releasing amount of
PDMS by a single microcapsule under wetting—drying
cycles was similar, with the number of microcapsules
controlling the total PDMS content in the sand.

From Fig. 10a, for the same capsule density, a higher
PDMS loading also achieved a higher PDMS content with
wetting—drying cycles. For example, for 8% capsule den-
sity, as the PDMS loading of microcapsules increased from
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Fig. 10 PDMS release and sand moisture content with wetting—drying cycles under 7 days of typical wetting—drying duration (2 days of wetting
and 5 days of drying) for samples prepared at 5, 10, 20 PDMS loading and 4%, 8%, 12% capsules density; a PDMS release; b moisture content in

sand
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5 to 10 and 20, the released PDMS amount after the 3rd
wetting—drying cycle was 0.03%, 0.14% and 0.26%,
respectively. This demonstrated that the release amount of
core material from a single microcapsule is higher as the
PDMS loading increases. In other words, the PDMS
loading can change the release ability of single microcap-
sules in the wetting—drying process. This can be explained
by the microcapsule’s synthesis, where the increase of
PDMS loading leads to a decrease in the proportion of
sodium alginate resulting in a weaker crosslinking structure
which might amplify the ability of PDMS to percolate from
the inside to the outside of the microcapsules.

3.3.2 Sand moisture content

Figure 10b shows the sand moisture content after wetting—
drying cycles. With the increase of wetting—drying cycles,
the moisture content after air-drying decreased. The
moisture content in the first three wetting—drying cycles
was significantly higher than the remaining cycles. For
example, for 5 PDMS loading (Fig. 11a), the sand moisture
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content in the first wetting—drying cycle was 0.14%, 0.18%,
0.26% (for 4%, 8%, 12% microcapsules density, respec-
tively), decreasing to < 0.03% in the 4th wetting—drying
cycle. Experimental groups with 10 PDMS loading and 20
PDMS loading showed similar trends.

3.3.3 Sand hydrophobic enhancement

Figure 11a shows the CA’s after each wetting—drying
cycle. With the increase of wetting—drying cycles, the CA’s
increased at first followed by a decreased. For example, for
5 PDMS loading with 4% capsule density, the CA
increased to 93.2° after the second wetting—drying,
decreasing to 74.2° after the 10th wetting—drying cycle. As
PDMS loading increased, sand hydrophobicity increased
with wetting—drying cycles. As the capsule’s density
increased, the CA was lower in the first three wetting—
drying cycles and higher after the 4th wetting—drying cycle.

Figure 11b shows the WDPT after wetting—drying
cycles. Similarly, the WDPT increased with wetting—dry-
ing cycles at first and then decreased. For the experimental
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Fig. 11 Sand hydrophobicity with wetting—drying cycles under 7 days of typical wetting—drying duration (2 days of wetting and 5 days of
drying) for samples prepared at 5, 10, 20 PDMS loading and 4%, 8%, 12% capsules density; a contact angle; b water drop penetration time
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group with 5 PDMS loading, WDPT increased from less
than 5 s (after the first wetting—drying cycles) to 880 s,
820s, 199 s (for 4%, 8% and 12% capsule density,
respectively) after the 5th wetting—drying cycle, which
shows the sand switching to hydrophobic. Sand
hydrophobicity becomes persistent (WDPT > 2000 s) in
the 6th wetting—drying cycle. As PDMS loading increased,
hydrophobicity becomes more persistent in the initial
wetting—drying cycles. For instance, for 10 PDMS loading,
WDPT is greater than 3600 s from the 5th wetting—drying
cycle and from the 2nd wetting—drying cycle for 20 PDMS
loading. Afterward, WDPT decreases with an increase of
wetting—drying cycles. For 5 PDMS loading, WDPT
reduced to 500 s on the 8th wetting—drying cycle (4%
capsule density), while for the experimental group of 8%
and 12% capsule density, it decreased to 500 s after the 9th
wetting—drying cycle. A similar decrease took place for 10
and 20 PDMS loading.

As revealed by the results, both CA and WDPT were
affected by the PDMS release and sand moisture content.
Although more PDMS was released in the initial wetting—
drying cycles, the moisture content was also higher,
explaining why experimental groups with higher micro-
capsules density had a lower CA and WDPT. For experi-
mental groups with higher PDMS loading, the PDMS
release amount is higher and the moisture content in sand is
lower, resulting in a higher CA and WDPT.

3.4 Release mechanism and implications for use
in ground infrastructure

A release mechanism of hydrophobic cargo from micro-
capsules during air-drying and wetting—drying cycles is
proposed in Fig. 1. The mechanisms of cargo release from
microcapsules include diffusion, dissolution, osmosis and
erosion [47]. In this study, the release mechanism is assumed
to be driven by shrinkage during air-drying with the cargo
percolating through the shell pores. With continuous drying,
the microcapsules shrunk to ~ 70% of their original
diameter. The microcapsules shell structure densifies which
further hinders the release of cargo from the microcapsules.
In the subsequent wetting stage, water is re-absorbed into the
system and the microcapsules swell to ~ 75% of the orig-
inal diameter according to a previous study [42]. The swollen
microcapsules can further release cargo as the environment
switches from wet to dry until all PDMS is released in the
subsequent wetting—drying cycles. Deformation-driven
mechanisms have also been proposed for asphalt [5, 43].
This study has demonstrated that controllable
hydrophobization of sands by microencapsulation is fea-
sible in the laboratory. Microcapsules mixed with sand,
release hydrophobic cargo with air-drying, imparting
hydrophobicity in originally hydrophilic soils. In

infrastructure, hydrophilic or hydrophobic sands can be
mixed with microcapsules loaded with hydrophobic car-
goes and placed at soil-structure or soil-atmosphere inter-
faces to respond as barriers to wetting. Hydrophobic
barriers provide a dry environment that can preserve
microcapsules with hydrophobic cargoes. As soon as pore
water reaches the microcapsules, they will saturate and
release the hydrophobic cargo in the subsequent air-drying
episode. Consecutive air-drying events will then enable the
re-release of the hydrophobic cargo leading to a gradual
built-up of hydrophobicity and switching the soil from
hydrophilic to hydrophobic.

From this study, microcapsules can endure 10 wetting—
drying cycles and still release hydrophobic cargo and induce
hydrophobicity on the last cycle. Notwithstanding the
exploratory and experimental nature of this study, similar
functional times to recover soil hydrophobicity could be
achievable in infrastructure. As for the optimal conditions to
deploy microcapsules in the field, since a higher loading
increases hydrophobicity while a lower capsules density
limits the increase in soil moisture, based on the results, 20
PDMS loading, and 8% capsule density represents the best
combination to deploy microcapsules in infrastructure.

3.5 Limitations and future work

As for differences between the laboratory and field appli-
cation, in the field, hydrophobic recovery would represent a
cumulative increase by successive additions of hydropho-
bic cargo in the same soil, rather than a continuous release
in a fresh hydrophilic soil, as tested here. Therefore, further
work is needed to ascertain possible differences with this
study. In addition, for soil hydrophobicity induced by
polymers (e.g., organo-silanes, fatty acids), there is a crit-
ical value after which the polymer content does not further
increase hydrophobicity. Therefore, if the same soil were
used in these experiments, hydrophobicity would remain
constant while the PDMS content in the soil increases with
wetting—drying cycles.

As for differences between the laboratory-tested soil
sample and field natural soils, soils with finer particle sizes,
such as silt and clay, may require a higher amount of
hydrophobic cargo to induce soil hydrophobicity. Addi-
tionally, the presence of organic matter, residual water, and
other non-mineral matter can potentially hinder the effec-
tiveness of the treatment [39]. As a result, the application
of microcapsules in natural soils, characterized by diverse
particle sizes and mineral compositions, requires additional
investigation.

Moreover, future work should also consider the release
of cargo from microcapsules in solutions, i.e., in a water
saturated phase, as this study concerned the release of
microcapsules under a drying path and, the influence of
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environmental factors such as temperature and pH on the
performance of the microcapsules. As an organic material,
the calcium alginate capsules are likely to degrade and
empty their cargo over time. To minimize such effects,
capsules could be deployed when needed through infil-
trating solutions. Future studies could also test capsules
with a longer durability. For example, capsules produced
by in-situ polymerization, have an urea formaldehyde shell
with a lifespan in excess of 32 years [41]. However, their
environmental impact will need to be accounted for.

4 Conclusions

This study demonstrates the feasibility of encapsulating
hydrophobic compounds in calcium alginate microcapsules
and subsequent release in fine sands to induce hydropho-
bicity. Polydimethylsiloxane was encapsulated in calcium
alginate microcapsules by the ionic gelation method and
subjected to continuous drying and wetting—drying cycles.
During drying, the polydimethylsiloxane release increases
with time. Under wetting—drying cycles, the release ability
of polydimethylsiloxane reduces with the cycles. The
polydimethylsiloxane loading (ratio of polydimethylsilox-
ane to water mass inside the microcapsules) and the
microcapsules density (percentage of microcapsules mixed
with soil) affected its hydrophobicity enhancement. In
general, higher polydimethylsiloxane loading results in a
higher sand hydrophobicity and higher microcapsules
density results in a higher amount of released PDMS.
However, for higher microcapsules density, hydrophobicity
decreases due to the higher sand moisture content. Based
on the results, 20 PDMS loading and 8% capsule density
represents the optimal conditions to deploy microcapsules
in infrastructure, since a higher loading increases
hydrophobicity while a lower capsules density limits the
increase in soil moisture.
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