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Poly(urea-formaldehyde) microcapsules – synthesis and 
influence of stirring speed on capsules size
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Abstract: Microcapsules from commercially available epoxy resin (Epidian® 52) and an organic solvent 
(ethyl phenylacetate, EPA), for application to self-healing epoxides, were prepared. Poly(urea-formalde-
hyde) microcapsules containing the active ingredients were prepared using in situ polymerization in 
an oil-in-water emulsion. The prepared capsules were characterized by scanning electron microscope 
(SEM) for their surface morphology and size distribution. Thermogravimetric analysis (TGA) has been 
carried out to determine their thermal stability and maximum processing temperature. Moreover, the 
influence of stirring speed on their size distribution was investigated in predefined conditions. It is 
demonstrated that microcapsules can be easily prepared using the literature methodology and that the 
urea-formaldehyde polymer is a good barrier for the enclosed epoxy resin–organic solvent. Performed 
experiments suggest that size of microcapsules can be controlled by the stirring speed of the emulsion 
and that the capsules are thermally stable up to 140 °C for 24 hours. Additional studies showed that 
microcapsules exhibit excellent interface with a commercial epoxy resin matrix cured at elevated tem-
peratures what is desired in their further application. 
Keywords: self-healing materials, microcapsules, epoxy resin, thermal stability. 

Mikrokapsułki mocznikowo-formaldehydowe – synteza oraz wpływ 
prędkości mieszania na rozrzut wymiaru
Streszczenie: Otrzymano polimerowe mikrokapsułki zawierające mieszaninę żywicy epoksydowej 
(Epidian® 52) i rozpuszczalnika organicznego (fenylooctan etylu, EPA) przeznaczone do zastosowań 
w samonaprawiających się materiałach epoksydowych. Kapsułki przygotowano z wykorzystaniem 
techniki polikondensacji mocznika i formaldehydu w emulsji oleju w wodzie. Metodą skaningowej mi-
kroskopii elektronowej (SEM) analizowano morfologię powierzchni wytworzonych kapsułek i okre-
ślano rozrzut ich wymiarów. Stabilność kapsułek w podwyższonej temperaturze oraz maksymalną 
temperaturę przetwórstwa wyznaczano termograwimetrycznie (TGA). Badano też wpływ szybkości 
mieszania wyjściowej mieszaniny surowców na rozrzut wymiarów otrzymanych kapsułek. Stwierdzo-
no, że stosowana żywica mocznikowo-formaldehydowa stanowi warstwę barierową (ścianę kapsułki) 
dla inkludowanych mieszanin epoksydów z rozpuszczalnikiem organicznym. Wykazano, że zastoso-
wanie odpowiedniej prędkości mieszania składników podczas emulsyfikacji pozwala na zmniejszenie 
rozrzutu wymiarów kapsułek. Otrzymane kapsułki są termicznie stabilne do temperatury 140 °C w cią-
gu 24 h. Stwierdzono też, że warstwa powierzchniowa kapsułek jest silne związana z żywicą epoksy-
dową usieciowaną w podwyższonej temperaturze, co jest korzystne w ich dalszych zastosowaniach.
Słowa kluczowe: materiały samonaprawiające, mikrokapsułki, żywica epoksydowa, stabilność tempe-
raturowa. 

Microencapsulation is an effective way of protecting 
active ingredients in a variety of fields such as medicine, 
agrochemicals, food additives, perfumes, and industrial 
chemicals [1–3]. Reactive chemicals often need shielding 
from surrounding environment so they can retain their 

activity during storage and perform required function 
after release. More recently, microencapsulation has at-
tracted an interest in the field of self-healing materials 
[4–6]. Here, microcapsules are used to distribute the re-
active ingredients within the material and to release it 
in response to external damages like micro-cracking or 
delamination. In the crack environment, the reactive in-
gredients undergo chemical reaction or physiochemical 
processes to form a new material that bridges the delami-
nated surfaces [4–6]. 
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There is a number of techniques available in the litera-
ture to create liquid filled microcapsules and they vary in 
dependence on the required capsules characteristics, core 
material, and the release mode [1–3]. In the field of self-
healing, in situ polymerization in an oil-in-water emul-
sion is the most exploited to date [7–20]. Typical capsule 
shell materials include urea-formaldehyde (UF), urea-
-melamine-formaldehyde (UMF) and melamine-form-
aldehyde (MF), which have been proved promising for 
sequestration of various reactive chemicals including 
dicyclopentadiene/ethylidene-norbornene (DCPD/ENB) 
[21–23], organic solvents [24], epoxy resins [19, 25–27], and 
their crosslinkers such as amines [28], thiols [29], and gly-
cidyl methacrylate [30].

In the classical approach, the reactive ingredients are 
first dispersed in an aqueous solution containing surfac-
tant/stabilizer and monomeric shell wall components. 
After emulsification at desired conditions (volume, stir-
ring rate), condensation of urea and formaldehyde and 
other compounds is triggered by increase of temperature 
(55 °C). As a result, low molecular weight prepolymer 
is formed in the aqueous phase, and collapses onto the 
oil and water interface. Upon continuing reaction, a solid 
and non-permeable shell made of crosslinked poly(urea-
-formaldehyde) is formed. In dependence on the require-
ments, microcapsules characteristics (diameter and shell 
wall thickness) can be easily controlled by adjusting the 
emulsification procedure, reaction time, temperature, 
core to shell reagent ratio, oil to water ratio and more im-
portantly stirring speed [25, 31]. 

In this paper we describe a microencapsulation of com-
mercially available epoxy resin (Epidian® 52) and organic 
solvent (ethyl phenylacetate) in a poly(urea-formaldehyde) 
shell wall. Epoxy resin and the solvent were encapsu-
lated since the system has been demonstrated before as 
promising healing agents for commercially available ep-
oxides and in their fiber-reinforced polymer composites 
[4, 19, 25, 26, 32–35]. In this approach, microcapsules release 
the low viscosity epoxy resin into the crack environment 
after a damage. Later, the epoxy resin polymerizes in the 
presence of separately dispersed catalytic curing agents 
[4, 18, 19, 34–37], hardeners [9, 28, 29, 38] and residual matrix 
functionality [8, 39, 40]. Newly formed polymer bridges the 
fractured surfaces and restores the materials lost structural 
functionality. For the first time, commercial Epidian® 52 ep-
oxy resin is utilized as active agent in microencapsulation. 
Microcapsules were prepared according to the literature 
in situ polymerization in an oil-in-water emulsion [20] and 
characterized in terms of their size distribution, shell wall 
morphology and thermal stability. The literature methodol-

ogy was modified, by adjusting the stirring speed, to pre-
pare microcapsules with desired size distribution. It has 
to be borne in readers mind, that microcapsules charac-
teristics are dependent on the core material characteristics 
and used equipment including reaction vessel geometry 
and size, stirrer geometry and processing temperature. To 
investigate whether the utilized shell material is robust to 
sustain processing conditions in a standard epoxy resin, 
dry microcapsules were embedded in standard epoxy resin 
(Epidian® 52) crosslinked with amine hardener (Z-1), resin 
systems utilized in coatings, adhesives and fiber-reinforced 
polymer composites. The resin system was consolidated at 
moderate temperature (60 °C) according to manufacturer’s 
recommendations [41]. The test demonstrated that micro-
capsules shell is robust to sustain the processing condi-
tions, and brittle to rupture upon propagating crack when 
embedded in the model polymer. 

EXPERIMENTAL PART

Materials 

Ethyl phenylacetate [EPA, C6H5CH2C(O)OC2H5], urea 
(NH2CONH2), poly(ethylene-alt-maleic anhydride) (EMA, 
Mw = 100 000–500 000, powder), resorcinol [C6H4-1,3-(OH)2], 
formaldehyde (37 wt % in H2O/methanol, CH2O) and am-
monium chloride (NH4Cl) were purchased from Sigma-
-Aldrich and used as received. Sodium hydroxide (NaOH) 
was purchased from POCH S.A. and also used as received. 
Commercial epoxy resin – Epidian® 52 and its hardener Z-1 
were purchased from Ciech S.A. 

Microencapsulation 

250 cm3 of deionized water containing 0.5 wt % of 
emulsion stabilizer (EMA) was prepared in a 1000 cm3 
beaker. Subsequently, 5.0 g of urea, 0.5 g of resorcinol and 
0.5 g of ammonium chloride were added and dissolved 
under continuous stirring (Table 1). 

Next, pH of the water phase was adjusted by dropwise 
addition of NaOH (≈ 0.2 N) to 3.40 and stirring speed 
was increased to desired rate (Table 2), and after 15 min-
utes, 60 cm3 of measured oil phase (Epidian® 52 : EPA at 
75 : 25  wt % ratio) was added dropwise. 

12.68 g of 37 % formaldehyde was added and tempera-
ture was increased to 55 °C. After 4 hours, the stirrer was 
stopped, and the microcapsule slurry was left in the wa-
ter medium for 24 hours at room temperature. Microcap-
sules were then vacuum filtered and rinsed a few times 
with ethanol to remove residual water. The isolated cap-

T a b l e  1.  Core and shell materials used in microencapsulation adapted from the literature [20] 

Oil phase (60 cm3) Aqueous phase (250 cm3) Emulsifier 

Epidian® 52 
wt %

EPA 
wt %

Urea 
g

Formaldehyde 
g

Resorcinol 
g

NH4Cl  
g

EMA  
wt %

75 25 5.0 12.68 0.5 0.5 0.5
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sules were post heated at 55 °C in an oven for another 
24 hours and weighed. Yield of microcapsules was calcu-
lated relatively to mass of used core and shell materials. 
Stirring speed, pH, temperature, and drying conditions 
for prepared microcapsules are summarized in Table 2. 

Methods of testing

Microcapsules size distribution analysis 

Microcapsule diameter and size distribution were an-
alyzed using a portable scanning electron microscope 
( HITACHI TM3000). Prior to the microscopy, dry pow-
der of microcapsules was placed on a conductive stub 
and sputter coated with a thin layer of Pt/Ag. For the size 
distribution, image analysis software (ImageJ) was used. 
Mean diameter and size distribution were obtained from 
at least 500 measurements. 

Thermal analysis 

Thermal analysis was performed using thermogravi-
metric analysis (TGA) on TA Instruments Q500 TGA. Mass 
loss of dry capsule powder was recorded under non-iso-
thermal conditions from 25 °C to 600 °C at a heating rate 
of 10 °C/min. The analysis was also performed for separat-
ed core resin–solvent and shell poly(urea-formaldehyde). 
A small amount of dry microcapsules was placed in a sy-
ringe pump and crushed gently. Core epoxy resin–organic 
solvent mixture was then filtrated to remove any residual 
shell material and analyzed using TGA. Remaining shell 
polymer was washed several times in ethanol to remove 
epoxy resin and dried overnight at 40 °C prior the analysis. 

Additionally, isothermal measurements were per-
formed for dry microcapsules at 60, 80, 100, 120 and 
140 °C for 24 h. The mass loss was calculated from the 
initial mass of microcapsules and the mass of microcap-
sules after the isotherm. 

Incorporation into epoxy resin 

Dry microcapsules were mixed with Epidian® 52 epoxy 
resin and compatible Z-1 hardener at prescribed loadings 
(100 : 13). 1 wt % of microcapsules was mixed with the 
resin, degassed for 20 minutes under vacuum and left for 
24 h at 60 °C for complete curing. Later, the consolidated 
sample was fractured, gently washed with acetone to re-
move core epoxy resin–solvent, dried and analyzed using 

a scanning electron microscope (SEM). Prior to the SEM 
analysis, the sample was placed on a microscope stub and 
sputter coated with a thin layer of Pt/Ag. 

RESULTS AND DISCUSSION

Microencapsulation of epoxy resin and organic 
solvent mixture

Microcapsules containing a solution of commercial 
epoxy resin (Epidian® 52) and an organic solvent (ethyl 
phenylacetate) at 75 : 25 weight ratio were successfully 
synthesized using in situ polymerization in an oil-in-wa-
ter emulsion [20]. Exemplary size distribution and shell 
wall morphology of capsules prepared at 310 rpm are il-
lustrated in Fig. 1. 

Microcapsules size distribution 

The dependence of microcapsules size distribution on 
the stirring speed is illustrated in Fig. 1d. Table 3 sum-
marizes results collected for synthesis performed at 310, 
450 and 550 rpm. The collected data suggest that at high-
er stirring rates, the microcapsules diameter decreases 
and size distribution becomes narrower. The mean dia-
meter measured for capsules prepared at 310 rpm was 
150 ± 120 μm and decreased with the stirring speed to 
90 ± 80 μm and 60 ± 30 μm for 450 and 550 rpm, respec-
tively. Increasing the stirring speed, higher shear forces 
are generated within the reaction volume and finer oil 
droplets are created. After the shell formation, the liquid 
core is encapsulated and resulting microcapsules exhibit 
decreased size. However, at reduced agitation rates be-
low 310 rpm, the microencapsulation was unsuccessful as 
the active material escaped from the emulsion, coalesced 
and impeded the shell formation process. In addition, in-
creasing the agitation rate above 550 rpm, resulted vortex 
in the reaction vessel causes undesired turbulent flow, 
what puts a limit on the microencapsulation procedure. 

Shell wall morphology 

Scanning electron microscope was used to investigate 
the microcapsules shell wall morphology (Figs. 1, 2 and 3). 
Microcapsules illustrated in Fig. 1 exhibit a smooth exte-
rior shell made of the amino resin depositing uniformly 
onto the oil and water interface. It suggests that the shell 

T a b l e  2.  Stirring speed, pH, temperature, and drying condi-
tions 

No. Agitation
rpm pH Temperature

°C
Drying 

T/p/t

P1 310
3.3–3.5 55 55 °C/vac/24 hP2 450

P3 550

T a b l e  3.  Yield and mean diameter for microcapsules prepared 
at various stirring speed

No. Microcapsules yield 
%

Mean diameter 
μm

P1 71.2 150 ± 120

P2 74.5 90 ± 80

P3 82.1 60 ± 30
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Fig. 1. a, b) Poly(urea-formaldehyde) microcapsules filled with Epidian® 52–EPA prepared using in situ polymerization in an oil-
-in-water emulsion at 310 rpm, c) graph illustrating size distribution, d) graph illustrating the size distribution dependence on stir-
ring speed

a) b)

c) d)

forming materials are fully consumed during encapsula-
tion. In the case of capsules prepared at 450 and 550 rpm, 
the shell wall is comprised of two distinct regions that 
include a thin continuous inner wall, separating the core 
material from the environment, and a thicker rough ex-
terior layer of the depositing polymer.

The continuous membrane is formed as urea and form-
aldehyde react in the aqueous phase to form a low molec-
ular weight prepolymer. The prepolymer is then depos-
ited onto the water and oil interface. Rough exterior layer 
is created as the prepolymer grows in size and collapses 
onto the capsules surface [20, 25]. This shell morphology 
is desired for application in damage responsive materials 
as it increases the bonding area with the host material and 
facilitates the microcapsules rupture by propagating crack. 

Yield analysis 

The yield of microencapsulation was determined 
for all prepared batches and is reported in Table 3. The 
maximum (82.1 %) was calculated for capsules synthe-
sized at 550 rpm and decreases to 74.5 and 71.2 % for 
batches prepared at 450 and 310 rpm, respectively. At 

low stirring speed, the size of oil droplets generated in 
the emulsion is larger and causes creation of thin wall 
onto their surface. These capsules are easily ruptured 
while vigorously stirred, what results in release the core 
material. The liquid core is later washed with ethanol 
during further processing. A good balance is achieved 
at 550 rpm as the size of resulted oil droplets is easily 
covered with a thick and porous shell, able to sustain 
the vigorous stirring. 

Thermal stability analysis 

To investigate the thermal stability of microcapsules, 
thermogravimetric analysis was performed for P3 batch. 
Non-isothermal analysis was performed in air conditions 
from 25 to 600 °C for capsules and separately core and 
shell materials (Fig. 4). 

The first significant mass loss observed for microcapsules 
(230 °C) is associated with the decomposition of the shell 
polymer and release of liquid core. Subsequently, a rapid 
mass reduction from 230 °C to 300 °C corresponds to evapo-
ration of the organic solvent (EPA) and partial decomposi-
tion of the Epidian® 52 liquid. The remaining mass decom-
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posing above 310 °C is associated with decomposition of 
homopolymerized epoxy resin. A similar trend is observed 
for the mixture of epoxy resin and organic solvent. Here, 
EPA solvent evaporates first as is not protected in the shell. 
In the following step, epoxy resin is partially decomposed, 

what results in the mass reduction, and partially homopo-
lymerized. The weight loss presented here suggests that the 
core materials is composed in 24.94 % of more volatile EPA 
and 75.06 % of the active epoxy resin (Epidian® 52). In ad-
dition, the analysis performed for poly(urea-formaldehyde) 
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Fig. 2. Poly(urea-formaldehyde) microcapsules filled with Epidian® 52–EPA prepared using in situ polymerization in an oil-in-water 
emulsion at a, b) 450 rpm, c, d) 550 rpm 
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Fig. 3. Shell wall morphology of poly(urea-formaldehyde) micro-
capsules synthesized at 450 rpm
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suggests that the polymer is stable to maximum 170 °C. 
Therefore, it is undesired to use the microcapsules in man-
ufacturing requiring higher temperatures than 170 °C. 

Isothermal experiments were performed to further 
investigate the thermal stability. The mass loss was de-
termined for microcapsules P3 heated at 60, 80, 100, 120, 
140 and 160 °C for 24 hours (Fig. 5). Analyzing data en-
closed in the Table 4, it is observed that microcapsules 
lose from 0.2 to 3.5 % of their total mass for temperatures 
from 60 to 140 °C. This minimal mass reduction is asso-
ciated with removal of residual water from the shell wall 
and further crosslinking of poly(urea-formaldehyde) 
[20, 25]. Increasing the temperature to 160 °C, the maxi-
mum 20.30 % mass loss was recorded and it is associated 
with softening of the shell material and core release. Or-
ganic solvent (EPA) evaporates in this temperature what 
causes the significant weight loss. 

Incorporation into epoxy matrix 

Figure 6 illustrates a cross-sectional area of the Epi-
dian® 52–Z-1 containing 1 wt % of P3 microcapsules. The 
resin system was cured at 60 °C for 24 hours in air con-
ditions and manually fractured before the SEM analysis. 

The presence of ruptured microcapsules in the fracture 
plane suggests that the shell polymer is brittle and ex-
hibits a good interface strength with the matrix epoxy 
resin. It is necessary as capsules after damage have to 
rupture and release the healing agent. The rough poly-
meric surface provides extra mechanical bonding to the 
epoxy matrix. When the porous surface is infiltrated with 
the liquid matrix, after consolidation provides increased 
bonding area as well.

CONCLUSIONS 

In the presented work, epoxy resin–organic solvent 
microcapsules were successfully synthesized using in 
situ polymerization adapted from the literature [20]. Mi-
crocapsules ranged from 30 to 270 μm in diameter and 
exhibited a smooth polymeric surface suggesting full 
consumption of shell materials during synthesis. It is 
demonstrated that the size of microcapsules and its dis-
tribution can be easily controlled by the stirring rate at 
emulsification stage. 

T a b l e  4. Mass loss of microcapsules (P3) during 24 hours iso-
therm performed at various temperatures 

Temperature, °C Mass loss, %

60 0.18
80 0.29
100 0.47
120 2.10
140 3.30
160 20.30

Exemplary heating cycle: temperature ramp from RT to 60 °C at 
2 °C /min, isotherm 24 hours at 60 °C, ramp from 60 °C to RT at 
2 °C/min.

Fig. 6. a) Ruptured poly(urea-formaldehyde) microcapsules in a crack plane of a standard epoxy resin, b) a single microcapsules in 
a crack plane
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The performed TGA analysis suggests that the micro-
capsules are thermally stable to sustain temperature condi-
tion of many commercially available epoxy polymers and 
composites. Temperature of 140 °C was identified as the 
maximum processing temperature above which the shell 
polymer softens and releases slowly the encapsulated core 
material. Below the temperature, poly(urea-formaldehyde) 
is stable and successfully protects the epoxy resin–solvent 
mixture from the environment and during fabrication. The 
performed TGA analysis also confirmed the presence of 
both encapsulated core materials (Epidian® 52 and EPA) in 
desired weight ratio (75 : 25). 

In addition, microcapsules were successfully embed-
ded in a standard epoxy resin (Epidian® 52–Z-1) and con-
solidated at elevated temperature (60 °C) for 24 hours. 
The presence of ruptured microcapsules in the fracture 
plane suggests that the used shell material is brittle, 
breaks upon a propagating crack, and releases the en-
capsulated core. 

In general, narrow size distribution, high thermal stabil-
ity, bonding to the matrix, and rupture upon fracture were 
demonstrated in the study, and make the synthesized mi-
crocapsules as promising to be applied in self-healing epoxy 
polymers, adhesives, coatings and fiber-reinforced poly-
mer composites. Therefore, prepared microcapsules will be 
combined with a selected catalytic curing agent or hardener, 
and utilized in epoxy based fiber-reinforced polymer com-
posites to demonstrate their self-healing potential. 

This work has been financed by the National Centre for 
Research and Development in Poland as grant No. PBS3/
A9/30/2015.
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