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Abstract 
This study aimed to characterise polynuclear biocapsules containing low-cost rejuvenating agents for asphalt self-healing. Capsules consisted of a 
biopolymeric matrix of calcium alginate containing cooking oil and mineral oil as rejuvenating agents, synthesised using ionic gelation through the pumping 
dripping technique. The physical-chemical properties of the oil-in-biopolymer emulsions and their stability over time were studied. The morphological and 
thermophysical properties of the biocapsules and the encapsulation efficiency of the rejuvenating agents were quantified and characterised by microscopic 
techniques and laboratory tests. Main results showed that emulsions should be used for encapsulation purposes within a period no longer than 2h, 
reducing the effect of instability phenomena. Besides, the biopolymer-based polynuclear capsules presented uniform size, internal multicavity 
microstructure resulting in high encapsulation efficiencies and thermal stability at high temperatures, proving that cooking oil and mineral oil can be 
potentially used as low-cost rejuvenating agents and thermally stable additives for asphalt self-healing purposes. 
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 Introduction 

Nowadays, intense research has been carried out to promote 
the autonomic healing of cracked asphalt pavement by 
means of microencapsulated rejuvenating agents [1]. 
Encapsulated rejuvenators are spherical particles that contain 
about 70% of low-viscosity oils and are added to the asphalt 
mixture as an additive to recover the original properties of 
aged bitumen [2,3]. When microcracks in propagation 
encounter capsules, they trigger to rupture, and the 
rejuvenator fills the cracks by capillarity reconstituting the 
chemical composition of bitumen caused by ageing [4]. For 
this, low-cost and low-environmental impact rejuvenators 
such as cooking oil [5] and bio-oil [6] have been encapsulated 
using alginate, a biopolymer presenting nontoxicity, excellent 
biocompatibility, easy gelation, and long-term stability [7-9]. 
Currently, in-situ polymerisation [10-12] and ionic gelation 
[13,14] techniques have been widely used for the synthesis of 
core-shell and polynuclear capsules, based on the preparation 
of oil-in-water (O/W) emulsions containing a rejuvenating 
agent (disperse phase) in an aqueous solution (continuous 
phase). Nevertheless, O/W emulsions are usually affected by 
physical instability phenomena, such as gravitational 
separation (creaming or sedimentation), flocculation, or 
coalescence [15-18], reducing their long-term stability during 
the encapsulation process and negatively affecting the 

synthesis of the capsules. To evidence the occurrence of these 
phenomena, the measurement of the droplet coarsening of 
the disperse phase over time is a simple and effective method 
to evaluate the instability of the O/W emulsions [15]. 
To prevent the occurrence of instability in the O/W emulsions, 
authors such as Su et al. [4,10,12]  and Sun et al. [11] have 
proposed the incorporation of surfactants during the 
synthesis of capsules via in situ polymerisation, reducing the 
interfacial tension between the continuous and disperse 
phases. Su et al. [12] concluded that the incorporation of 
styrene-maleic anhydride, between 1.5-2.0 wt.% is a proper 
amount to stabilise the emulsions. Meanwhile, Sun et al. [11]  
proposed the incorporation of sodium dodecyl sulfate, 
resulting in microcapsules with high yield and regular shape. 
On the other hand, authors such as Garcia et al. [3], Micaelo 
et al. [13] and Norambuena-Contreras et al. [2,6,14] have 
recently proposed the preparation of O/W emulsions 
incorporating a biopolymer of alginate for the synthesis of 
capsules, based on the ionic gelation principle. These 
emulsions, containing sunflower oil as a rejuvenator, are 
expected to be stabilised by the thickening effect of the 
alginate used as an encapsulating agent, as proposed by 
Micaelo et al. [13]. Thus, the movement of the oil droplets is 
reduced, preventing them from coalescing. However, the 
factors influencing the occurrence of instability phenomena 
in O/W emulsions synthesised to develop encapsulated 
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rejuvenators in asphalt pavements have not been reported 
yet. Thus, the study of these factors in emulsions 
incorporating low-cost rejuvenators could promote their use 
as a feasible alternative to conventional ones and improve the 
current methods used for the synthesis of capsules with 
asphalt self-healing purposes. 
This study presents the synthesis and characterisation of 
polynuclear biocapsules containing two low-cost rejuvenating 
agents encapsulated in a biopolymeric matrix with asphalt 
self-healing purposes. With this objective, polynuclear 
biocapsules were synthesised using cooking oil and mineral oil 
as rejuvenators, encapsulated in a biopolymeric matrix of 
sodium alginate. The physical stability of the O/W emulsions 
containing the rejuvenators and the morphological and 
thermophysical properties of the polynuclear biocapsules 
were evaluated in laboratory. 

 Materials and methods 
 Materials 

Biopolymeric capsules, containing fresh Cooking oil (CO) 
coming from sunflower and Mineral oil (MO) as rejuvenators, 
were synthesised in this study. The polymeric structure of the 
capsules consisted of calcium-chloride dihydrate (CaCl2·2H2O) 
with 77% purity, provided by Winkler and low-viscosity 
biopolymer sodium alginate powder (density 1020 kg/m3, 
viscosity ≤ 0.3 Pa·s in a 2% w/w solution), provided by Buchi. 
CO presented density 850 kg/m3, viscosity 0.07 Pa·s @ 20°C, 
and pH 5.3-5.5 @ 25°C. MO presented density 730 kg/m3, 
viscosity 0.274 Pa·s @ 20ºC, and pH 7.9-8.1 @ 25°C. 

 Synthesis and characterisation of oil-in-
water emulsions 

Two types of O/W emulsions were synthesised in this study, 
based on the incorporation of 1) cooking oil (CO) and 2) 
mineral oil (MO). Firstly, for each type of emulsion, 250 mL of 
a 2% w/w sodium alginate solution were prepared, being 
continuously agitated by a magnetic stirrer (Scilogex, model 
SCI550-S) at 250 rpm for 24h. Next, the alginate solution was 
stirred at 950 rpm for 40 min. using a mechanical stirrer 
(Scilogex, model OS40-Pro-LB Pro). During this process, 25 g 
of the CO and MO rejuvenators were incorporated into the 
alginate solution, resulting in two oil-in-water (O/W) 
emulsions. 
The stability of each O/W emulsion was evaluated through 
the creaming index (𝐶𝐶𝐶𝐶 ) [16,17], indicating the extent of 
separation of the O/W emulsion components over time, as 
represented by Figure 1. For this, first, 15 mL of each freshly 
emulsion was poured into a glass vial, measuring its initial 
total height (ℎ𝑒𝑒) in cm, associated to an initially homogeneous 
O/W emulsion without phase separation, as described by 
Figure 1a. To evaluate the rate at which the components of 
the emulsions experienced phase separation, the height of 
the serum layer (ℎ𝑠𝑠) in cm was measured for each emulsion 
at different resting times: 0h, 1h, 2h, 3h, 6h, 12h, and 24h. The 
measurement of the serum layer with time is an indicator of 
the extent of separation of the disperse phase (CO and MO 

used as rejuvenators) from the continuous one (alginate 
solution), by the ascension of the oil droplets to the top of the 
O/W emulsion, known as the creamed layer (ℎ𝑐𝑐). 

 

Figure 1. Representation of the creaming of an O/W emulsion over 
time. (a) First, the oil is dispersed into the aqueous phase, resulting in 
a homogeneous O/W emulsion of initial height ℎ𝑒𝑒. (b) With time, the 
emulsion becomes physically unstable, and the oil progressively 
ascend to the top of the emulsion, identifying three layers: a serum 
(ℎ𝑠𝑠 ), a middle (ℎ𝑚𝑚), and a creamed (ℎ𝑐𝑐 ) layer. (c) In the end, the 
continuous and disperse phases of the emulsion are completely 
separated in a serum (ℎ𝑠𝑠) and a creamed (ℎ𝑐𝑐) layers. 

Thus, 𝐶𝐶𝐶𝐶 was determined according to Equation 1: 

𝐶𝐶𝐶𝐶(%) = ℎ𝑠𝑠
ℎ𝑒𝑒

× 100    (1) 

𝐶𝐶𝐶𝐶 was reported as the average of three measurements for 
each resting time. In addition, for each of the after-mentioned 
times, an aliquot of the O/W emulsion was extracted to 
evaluate the droplet size (diameter) of the disperse phase by 
fluorescence microscopy (ICOE IV 5100FL) and the image 
processing software ImageJ® (Fiji, version 1.52p). The 
number-weighted (d10), surface-weighted (d32) and volume-
weighted (d43) mean diameters, as well as the droplet size 
distribution of the disperse phase, were determined, as 
proposed by Grumenezcu [15] and McClements [17], 
respectively. 

 Synthesis and characterisation of 
biocapsules 

Polynuclear biocapsules were synthesised based on the ionic 
gelation principle using the pumping dripping technique 
described by Norambuena-Contreras et al. [6]. For this, a 
syringe containing 60 mL of each O/W emulsion (Figure 2a) 
was placed in an automatic syringe pump configured at a rate 
of 2 mL/min. The outgoing emulsion drops from the syringe 
were let down into a CaCl2 hardening solution of 5% w/w 
calcium chloride in deionised water, continuously agitated by 
a magnetic stirrer (SCI550-S) at 250 rpm, see Figure 2b. The 
distance between the outgoing drops and the CaCl2 solution 
was 0.35 m. Then, freshly capsules were filtered and dried in 
an oven at 35°C for 24h (Figure 2c) and then stored in a 
freezer at -10°C, avoiding possible oxidation of the 
rejuvenating agents. 

 

Creaming of the emulsion over time 

(a) (b) (c)
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Figure 2. Representation of the synthesis of the: (a) CO and MO emulsions; and (b) CO and MO biocapsules. (c) Synthesised CO and MO 
biocapsules. 

The encapsulation efficiency (𝐸𝐸𝑒𝑒) of CO and MO capsules was 
determined based on the method proposed by Guadarrama-
Lezama et al. [19]. First, 2 g of capsules were added into 10 
mL of hexane and stirred for 10 min. at 100 rpm, using a 
magnetic stirrer. Next, the hexane containing the non-
encapsulated rejuvenating agent was filtered from the 
capsules and stored in a 25 mL glass beaker, previously 
weighted.  
The filtered capsules were distributed in two 15 mL Falcon 
tubes incorporating 8 mL of sodium citrate solution in a 
concentration of 8% w/w, being periodically agitated for 24h 
until the complete dissolution of the capsules. Then, 5 mL of 
hexane: isopropanol solution in a volume proportion of 3:1 
were incorporated to each Falcon Tube and then 
centrifugated at 5000 rpm for 10 min. in a Hermle Z207A 
centrifuge. The dissolvent solution containing the 
encapsulated rejuvenator was extracted from the Falcon 
tubes and stored in other 25 mL glass beaker, previously 
weighted.  
Both beakers were placed in an oven at 30°C for 24 h. Once 
completed this process, the residual mass in the beakers was 
measured each 10 min. until no difference was registered in 
two consecutive measures. The beaker with the residual mass 
from the filtered capsules corresponded to the rejuvenating 
agent (𝑅𝑅𝑠𝑠 ) on the surface of the capsules, in g. While, the 
beaker with the residual mass after the dissolution of the 
capsules, corresponded to the encapsulated rejuvenating 
agent (𝑅𝑅𝑒𝑒 ), in g. This way, 𝐸𝐸𝑒𝑒  was calculated according to 
Equation 2: 

𝐸𝐸𝑒𝑒(%) = 𝑅𝑅𝑒𝑒
𝑅𝑅𝑠𝑠+ 𝑅𝑅𝑒𝑒

× 100   (2) 

Thus, 𝐸𝐸𝑒𝑒  was represented as the average of three 
measurements. Additionally, the size and mass distribution of 
100 capsules were determined by optical microscopy (Leica 
EZ4) and an auto-balance (PerkinElmer AD 6000), 
respectively. The internal structure of the capsules was 
characterised by SEM (Hitachi SU 3500). Finally, the thermal 
stability of the capsules and their components was measured 
by TGA-DTG between ambient temperature and 600ºC at 
10ºC/min in N2 (10 mL/min) in a TA Tech Q50 thermobalance. 

 Results and discussion 
 Influence of the rejuvenating agents on the 

instability of oil-in-water emulsions 

The freshly prepared CO and MO O/W emulsions presented 
d10, d32, and d43 values of 49.47 µm; 58.90 µm; and 63.67 µm, 
and 56.62 µm; 75.40 µm; and 82.56 µm, respectively. Thus, 
the synthesised emulsions can be categorised as 
macroemulsions, for which the diameter of the droplets 
range between 0.1µm-100µm [15]. As stated by Grumenezcu 
[15], this category of emulsion is particularly affected by 
instability phenomena associated to the physical-chemical 
properties of their components, such as the droplet size of the 
disperse phase. For instance, based on the above-mentioned 
mean diameter values, both emulsions presented d10<d32<d43, 
meaning a polydisperse nature with a tendency to creaming 
and coalescence instability phenomena. The particularly 
highest d10, d32, and d43 values for the MO emulsion indicate a 
tendency to be more unstable than CO emulsion. 
To prove this, Figure 3a shows the average results of creaming 
index for both O/W emulsions over time, observing an 
increase of their value in two stages. The first stage, defined 
from 0h to 3h, CO and MO emulsions presented a high 
creaming rate with 𝐶𝐶𝐶𝐶 values of 58.5% and 71.8% at the end 
of this period, respectively. During this stage, the initially 
homogeneous emulsions (ℎ𝑒𝑒) developed phase separation of 
their components in three layers; ℎ𝑠𝑠, ℎ𝑚𝑚, ℎ𝑐𝑐; as described 
by Figure 1b. From 3h to 24h, a second stage was defined and 
characterised by the increase of the 𝐶𝐶𝐶𝐶  at a significantly 
lower rate than the first stage. After 24h, CO and MO 
emulsions reached 𝐶𝐶𝐶𝐶 values of 73% and 80%, respectively. 
At the end of this period, the emulsions presented a total 
separation of their components in two layers; ℎ𝑠𝑠 , 
corresponding to the aqueous phase; and ℎ𝑐𝑐, corresponding 
to the disperse phase (see Figure 3b). Overall, the above 
results evidenced that emulsions were affected by the 
gravitational separation of their components by creaming, 
becoming unstable over time. 
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Figure 3. (a) Average creaming index results over time for the CO and MO O/W emulsions; (b) Evolution of the creaming process occurring in an 
O/W emulsion with CO as rejuvenator agent at 0h, 3h, and 24h of response. 

 

Figure 4. Frequency histograms of the diameter of the droplets fitted to a log-normal distribution(N: number of samples, Avg.: Average value, SD: Standard 
deviation, CV: coefficient of variation, and P(0.5): 50th percentile for the diameter measurement) and fluorescence microscopy images of the oil droplets 
at 0h, 3h, and 24h for the O/W emulsions containing: (a) Cooking oil (b) Mineral oil as rejuvenating agents. 

 
The particularly high 𝐶𝐶𝐶𝐶  for the emulsion containing MO 
could be attributed to the following three factors:  

• The density difference between the continuous and 
disperse phase (Δρ) promotes the creaming phenomenon 
based on Stokes’s law [16]. Thus, the more the density 
difference between these phases, the more the creaming 
velocity. Therefore, MO presented a Δρ higher than CO; 
290 kg/m3 and 170 kg/m3, respectively. 

• The increment of the droplet size of the disperse phase 
over time by coalescence, as seen in the fluorescence 
microscopy images in Figure 4a and b. Thus, the greater 
the droplet size of the disperse phase, the greater the 
velocity at which the droplets ascend to the top of the 
emulsion, facilitating the creaming process. For instance, 
after 24h response, the average droplet diameter for CO 
and MO emulsions increased to 69.2 µm and 83.1 µm, 
being in-line with their respective 𝐶𝐶𝐶𝐶 tendency, and so, 
with the velocity of ascending of the rejuvenators to the 
top of the emulsion, favouring the phase separation. 

• Another factor facilitating the creaming of the emulsions 
is the fact that alginate is an anionic polysaccharide with 
no emulsifying activity, promoting instability phenomena 
in O/W emulsions [20]. To reduce the effect of the 
creaming, current researches have explored the chemical 

functionalisation of alginate, providing it with an 
amphiphilic nature to stabilise O/W emulsions [21]. 

Finally, although it is possible to decrease the instability of the 
O/W emulsion by incorporating surfactants or by keeping the 
emulsion under agitation, these alternatives could potentially 
increase the economic cost of the capsules. Thus, considering 
the above discussion and the current state of fabrication of 
the emulsions, they should be used for encapsulation 
purposes within a period no longer than 2h, reducing the 
effect of instability phenomena. 

 Morphological and physical properties of the 
biocapsules 

Figure 5a and b show that the encapsulation process of the 
O/W emulsions resulted in biocapsules with regular spherical 
and external rough morphology. From these images, it is also 
appreciated that MO capsules presented a size visibly larger 
than the CO capsules. This was confirmed by the frequency 
histograms sowed in Figure 5c, where the average diameter 
of CO and MO capsules were 1771.49 µm (SD: 79.21 µm) and 
1800.47 µm (SD: 94.58 µm), respectively. The slightly higher 
diameter for the MO capsules was attributed to its high 
viscosity compared to CO, retarding the release of the 
outgoing O/W emulsion drops from the needle tip. Overall, 

0H 3H 24H

1 cm(a) (b)

(a) (b)
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the encapsulation of each oil rejuvenator resulted in capsules 
with homogeneous size as evidenced their low coefficient of 
variation (CV) in the histograms. Additionally, representative 
SEM images taken from the cross-sectional area of both 
biocapsules (Figure 5d-f) reveals that the rejuvenators were 
encapsulated in an internal polynuclear microstructure, also 
reported by Zhang et al. [22] and Xu et al. [23]. They 
hypothesise that a polynuclear internal microstructure can 
provide: (1) a controlled liberation of the rejuvenating agent, 
providing multiple healings on aged bitumen, and (2) good 
thermal and mechanical stability. Moreover, the frequency 
histograms of mass in Figure 5g show that the MO capsules 
presented an average mass higher than CO capsules; 2.75 mg 
(SD: 0.56 mg) and 3.14 mg (SD: 0.59 mg), respectively. Thus, 
the MO biocapsules could store an amount of rejuvenator 
higher than CO biocapsules. 
To prove the previous hypothesis, Figure 5h shows the 
average 𝐸𝐸𝑒𝑒  results for both type of capsules, showing that 
the MO capsules increased the amount of encapsulated 
rejuvenating agent presenting a higher encapsulation 
efficiency compared to the CO capsules; 93.4% (SD: 2.65%) 
and 88.1% (SD:1.86%), respectively. Based on these results, 
the higher 𝐸𝐸𝑒𝑒  for the MO capsules was attributed to their 
larger size compared to the CO capsules, extending their 
internal polynuclear microstructure to store a greater amount 
of rejuvenator inside them. A reason for a 𝐸𝐸𝑒𝑒  not being 
100% was attributed to the encapsulation mechanism. When 
the outgoing emulsion drops impacted on the CaCl2 solution 
in agitation, part of the rejuvenating agent could have been 
separated from the emulsion, as proposed by Martins et al. 
[24]. As a consequence, when extracted the capsules from the 
hardening solution, a remanent amount of rejuvenator was 
remained on the surface of the capsules, being then identified 
as non-encapsulated rejuvenator (𝑅𝑅𝑠𝑠 ). Thus, reducing the 

distance between the drops and the hardening solution could 
increase 𝐸𝐸𝑒𝑒 . Although this, the higher encapsulation 
efficiency obtained for both types of biocapsules indicates 
their potential use as additives for asphalt self-healing 
purposes.  
Nonetheless, for a successful incorporation of encapsulated 
rejuvenators into asphalt pavements, the biocapsules should 
meet a series of specifications related to the manufacturing 
of asphalt mixtures. From a thermal point of view, capsules 
should resist the temperature of fabrication of HMA around 
160° C, as stated by Xu et al. [23]. While, from a mechanical 
point of view, Yamaç et al. [25]  stated that capsules should 
at least resist a compressive strength value of 10 N to prevent 
breaking during mixing and compaction. 

 Thermal stability of the biocapsules 

Figure 6(a-c) shows the TGA and DTG curves, recorded for 
biopolymeric capsules with and without the rejuvenating 
agents. As evidence of the thermal decomposition of the 
encapsulating biopolymer of alginate, the Figure 6a shows 
that a polynuclear biocapsule without rejuvenating agent 
reached its higher rate of decomposition at 183°C, resulting in 
a loss of mass of 14.04%. This phase decomposition has been 
attributed to the removal of physically and chemically 
bounded water and the limited devolatilisation of some 
fractions of the alginate. Vincent et al. [26] reported a similar 
tendency, witnessing the drying and volatilisation of hydroxy-
compounds (including water bound to organic groups) in the 
same order of temperature. In the present study, the 
recorded mass loss was below 5% at the temperature of the 
fabrication of asphalt (around 160°C), proving that alginate 
can be potentially used as an encapsulation material for the 
different rejuvenating agents. 

 

 
Figure 5. (a-b) Optical images of CO and MO biocapsules, respectively; (c) Frequency histograms of the diameter of the CO and MO biocapsules 
fitted to a normal distribution; (d-f) SEM images showing the polynuclear internal microstructure of the biocapsules; (g) Frequency histograms of 
the mass of the CO and MO biocapsules fitted to a normal distribution; and (h) Average results of the encapsulation efficiency of CO and MO 
biocapsules. 
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Figure 6. Thermogravimetric results for: (a) the alginate biopolymer used as encapsulating agent; (b) CO capsule; and (c) MO capsule. 

To confirm this, Figure 6b and c show the thermal 
decomposition curves of the CO and MO biocapsules 
incorporating the respective oils in the biopolymer matrix of 
alginate. From these Figures, it can be noticed that the 
alginate extended its thermal stability when containing the 
CO and MO oils, with low degradation rates (DTG below 
1%/min) at temperatures up to 339°C and 209°C, 
respectively. Particularly, for the CO and MO capsules, the 
thermal degradation occurred in a single step with a 
maximum decomposition rate at 384.8°C and 294.6°C, 
respectively. Although the lower temperature at which the 
MO capsules were significantly degraded, this temperature is 
still considerably higher to that at which asphalt mixtures are 
manufactured. 
Finally, it can be concluded that the synthesis of polynuclear 
biocapsules using alginate as encapsulating material and CO 
and MO oils as rejuvenating agents can be potentially used as 
a thermally stable additive for asphalt self-healing purposes.  

 Conclusions 
Based on the previous discussion, the following conclusions 
can be drawn: 

• The cooking and mineral oil-in-water emulsions were 
categorised as macroemulsions, since d10, d32, and d43 

mean diameters were in the range from 0.1µm to 100µm. 
They also presented a polydisperse character, which 
meant both types of oil-in-water emulsions were 
susceptible to instability phenomena, with a greater 
effect on the MO due to its higher droplet sizes attributed 
to the higher viscosity of the oil. 

• The physical stability results of the emulsions indicated 
that both cooking and mineral oil-in-water emulsions 
were totally creamed after 24h. The particularly higher 
creaming index value for the mineral oil-in-water 
emulsion was attributed to the increase of the droplet 
size over time, the low density and coalescence of the 
disperse phase, and the non-emulsifying activity of 
alginate. To reduce the creaming effect in the emulsions, 
they should be used with encapsulation purposes within 
a period of 2h. 

• The encapsulation of the cooking and mineral oil-in-water 
emulsions in the alginate biopolymer matrix resulted in 
biocapsules with spherical morphology, uniform size, and 
internal polynuclear microstructure. The particularly 

higher viscosity for the mineral oil promoted the synthesis 
of the largest biocapsules with average sizes of 1.8 mm. 

• The larger size of the mineral oil-in-water emulsion 
allowed to keep more rejuvenator inside them, with an 
average encapsulation efficiency of 93.4%. Overall, the 
encapsulation efficiency over 85% reached by both 
emulsions suggests their use as a suitable solution for 
asphalt self-healing. 

• TGA results proved that the biopolymer of alginate used 
as encapsulating material provided high thermal stability 
to the cooking and mineral oil biocapsules, which 
presented residual mass over 96% at the temperature of 
asphalt manufacturing, proving that cooking oil and 
mineral oil can be potentially used as low-cost 
rejuvenating agents and thermally stable additives for 
asphalt self-healing purposes. 

Finally, future research could be focused on the synthesis of 
thermophysical and mechanical optimised capsules in asphalt 
mixtures, determining: (1) the best method of incorporation 
of the capsules during the fabrication of an asphalt mixture, 
without affecting their structural integrity (e.g., during 
compaction process at high temperatures), (2) the release 
mechanism and (3) diffusion of the rejuvenating agent 
through a cracked asphalt mixture, and finally (4) the study of 
the self-healing properties of the optimised capsules on aged 
asphalt mixtures. 
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