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Abstract In this paper, uniform spherical poly(urea—formaldehyde) (PUF)
microcapsules containing paraffins, which can be used as phase change materials for
energy storage, were prepared by in situ polymerization method under high-speed
agitation (>10,000 rpm) without emulsifier. The influence of high-speed agitation
on particle size of as-prepared microcapsules and the tightness of microcapsules
were also investigated. The results show that, all the microcapsules have <10 pm
mean particles-size and narrow-size distribution, and the mean particle size
decreases with the increase of agitation rate. Furthermore, when the agitation rate is
>16,000 rpm, the effectiveness of reducing particle size by high-speed stirring is
not as remarkable as that of lower speed agitation. In order to gain good tightness of
PUF microcapsules under the high-speed agitation conditions, the final pH value of
reaction solution should be lower down compared with that of conventional agi-
tation. In our investigation, when the agitation rate was 10,000 rpm, microcapsules
fabricated at pH value <2.0 were sealed and own good tightness, however, those
fabricated at pH value >2.2 were not sealed.
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Introduction

As one of the primary preparation methods, in situ polymerization plays an
important role in producing functional microcapsules [1-3]. Poly(urea—formalde-
hyde) (PUF) resin was usually adopted as the shell material of some core—shell
functional microcapsules [4—10]. Research results of Guo et al. [8—10] showed that
the surface activity of water-soluble emulsifiers was higher than that of urea—
formaldehyde (UF) prepolymer, which could let the emulsifiers occupy on the
surface of core materials prior to UF prepolymer doing this. So the UF resin
deposited randomly in the aqueous solutions, not on the surface of core droplets.
These may influence the integrity and tightness of PUF microcapsules containing
core materials.

In addition, the results from the references [4-10] demonstrated that PUF
microcapsules still had a wide-size distribution, and the mean particle size of most
samples was >100 um. The PUF shell materials have the properties of rigid
construction, so the size of microcapsules usually is controlled by adjusting the size
of the oil droplets. In the dispersing system, there are three forces acting upon
the dispersed oil droplets: shear stress, surface tension, and viscous stress of the
dispersed phase. The first causes dispersing of the oil droplets, the second and the
third have the opposite effect. When the first is greater than the sum of the second
and third, the oil droplets can be dispersed smaller. Stirring can provide shear stress
for dispersing oil droplets. Research results from Ref. [6, 7, 10] about PUF
microcapsules also proved that increasing agitation rate can decrease the average
microcapsule size. However, the maximum stirring rate adopted in their
experiments is 3,000 rpm. Higher agitation rate can provide more powerful shear
stress to disperse the oil phase as smaller droplets, which leads to smaller particle
size of microcapsules. So the influence of high speed agitation (>10,000 rpm) on
the PUF microcapsules is worthy of investigating.

To gain the narrower-size distribution and smaller mean particle size of PUF
microcapsules, and overcome the disadvantages of using water-soluble emulsifiers,
in this study, PUF microcapsules containing paraffins were prepared by in situ
polymerization based on a high-speed agitation without emulsifier. Furthermore the
influence of high-speed agitation on size distribution and mean particle size were
investigated. In addition, the tightness of microcapsules was investigated since its
potential application in phase change materials (PCMs) for energy storage.

Materials and methods

Materials

Urea (U) and 37 wt% formaldehyde (F) were used to synthesize the UF prepolymer.
Liquid paraffin with a melting point lower than room temperature and paraffin with
a melting point between 34 and 36 °C were used as core materials. Triethanolamine

(TEA) was used to control the pH value of solutions. Tonyred was used as color
indicator. 10 wt% muriatic acid solution was prepared in our laboratory to control
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the pH value of solutions. Petroleum ether was used in extraction experiment for
evaluating the tightness of microcapsules. The above reagents were analytically
pure grade and were purchased from Chengdu Kelong Chemical Plant (China).
Deionized water was used in the preparation of all aqueous solutions.

Preparation of microcapsules
Microcapsules were prepared by the following two-step process

At room temperature (20-25 °C), 9 g U, 18.3 g 37 wt% F aqueous solution and
50 mL deionized water were mixed into a 250 mL three-neck round-bottomed flask
equipped with a mechanical stirrer and connected to a reflux condenser. After urea
dissolved, the pH value of solutions was adjusted to 8-9 with TEA, and then the
temperature was kept at 60-70 °C for 1.5 h under magnetic stirring at about
200 rpm. In the next, the cooled solutions were diluted with a double volume of
deionized water and gained the UF prepolymer solutions. 40 mL UF preploymer
solutions were put into flask and adjusted the pH value to 5 with 10 wt% muriatic
acid solutions, then kept the flask into a water bath of 60 °C for about 20 min, called
this A solutions. 160 mL deionized water and 3 g paraffin were added to another
three-neck round-bottomed flask, then heated it up to 60 °C by water bath. In order
to measure the tightness of PUF microcapsules containing paraffins, the core
materials of samples from No. 3-1 to No. 3-5 (Tablel) were consisted of liquid
paraffin and tonyred.

Table 1 The preparation

conditions of samples Sample no.  Agitation Final pH of  Core materials

rate (rpm)  reaction

solutions
1-1 10,000 3.0 Paraffin
1-2 13,000 3.0 Paraffin
1-3 16,000 3.0 Paraffin
1-4 19,000 3.0 Paraffin
1-5 22,000 3.0 Paraffin
1-6 25,000 3.0 Paraffin
2-1 10,000 3.0 Paraffin
2-2 10,000 2.5 Paraffin
2-3 10,000 22 Paraffin
2-4 10,000 2.0 Paraffin
2-5 10,000 1.5 Paraffin
3-1 10,000 3.0 Liquid paraffin/tonyred
3-2 10,000 2.5 Liquid paraffin/tonyred
3-3 10,000 2.2 Liquid paraffin/tonyred
3-4 10,000 2.0 Liquid paraffin/tonyred
3-5 10,000 1.5 Liquid paraffin/tonyred

@ Springer



652 Polym. Bull. (2012) 69:649-660

The foregoing A solutions were dropped into the suspensions of core materials
under high-speed agitation by using Fluko FA25 high-shear dispersing emulsifier
device (Fluko, German), then the pH of the reaction solution was slowly and
carefully adjusted to the required value according to Table 1 by using 10 wt%
muriatic acid solutions. Let the reaction go on about 1 h. Finally, the resulting
suspensions were cooled down to ambient temperature, then filtered under suction,
washed with deionized water for three times, and dried in drying oven at 30 °C for
48 h. The preparation conditions of samples are summarized in Table 1.

Characterization

The morphology of microcapsules was observed by using JSM-5900LV (JEOL,
Japan) scanning electron microscopy (SEM) and 4XC-V (Shanghai Yuguang,
China) optical microscope (OM) with Finepix S304 digital camera (Fuji Film,
Japan). The surface organic functional groups of samples were characterized by
Tensor 27 (Bruker, German) Fourier transformed infrared (FT-IR) spectrometer.
Size analysis of microcapsules was performed with an optical microscope, and the
mean particle size and size distribution of microcapsules were determined from data
sets of at least 200 measurements.

Tightness of microcapsules

Tightness of microcapsules was evaluated by extraction experiment. M gram
microcapsules were added into a flask with about 500 mL petroleum ether and
shook for about 2 h, and then filtered. The residuum dried at 80 °C for 5 h. Finally,
weighed the mass of residuum, signed it as m gram. The weight loss of
microcapsules after extraction experiment is equal to (M — m)/M x 100 %.

The proportion of unbroken microcapsules

The proportion of unbroken microcapsules was calculated through the optical
microscope of microcapsules after extraction process with petroleum ether. The
core materials of the measured microcapsules were consisted of liquid paraffin and
tonyred. The red color of microcapsule in OM means the microcapsule is unbroken,
and the transparent microcapsule in OM means it has broken. The amount of
statistics microcapsules should be >200 to insure that the statistical result is typical.

Results and discussion

Influence of agitation rate on microcapsules

Figure 1 shows the SEM morphology of microcapsules prepared by selecting
different agitation rate from 10,000 to 25,000 rpm. Uniform and spherical particles

were gained seen from Fig. 1. The core—shell structure of as-prepared sample can be
proved by the SEM morphology (Fig. 2) of the cracked microcapsule. In Fig. 2,
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Fig. 1 SEM micrographs of microcapsules with different agitation rate. a 10,000 rpm, b 13,000 rpm,
¢ 16,000 rpm, d 19,000 rpm, e 22,000 rpm, f 25,000 rpm

spherical paraffin pellets is encapsulated into the urea—formaldehyde resin. The
scanning electron beam melted the paraffin pellets, so the surface of the paraffin
pellets is very smooth. The relationship between mean particle size and agitation
rate is shown in Fig. 3, which indicates that the mean particle size of all the samples
is <10 pm and the mean particles size decreases from the increase of agitation rate.
For example, when the agitation rate is 10,000 rpm, the mean particle size is
8.4 um, while, when the agitation rate is 25,000 rpm, the mean particle size is
3.7 um. However, the down trend of mean particle size is slow down when the
agitation rate is >16,000 rpm. For example, the mean particle size of microcapsules
is 4.4, 4.2, 4.0, and 3.7 um, corresponding to the agitation rate of 16,000, 19,000,
22,000, and 25,000 rpm, respectively, only a small difference in particles size.
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Fig. 2 SEM micrograph of the
core—shell structure of
microcapsule (sample 1-1)
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Fig. 3 Mean particle size versus agitation rate

Figure 4 shows the size distribution of as-prepared microcapsules. It can be seen
that, all the samples prepared with high-agitation rate own narrow-size distribution.
When the agitation rate is >16,000 rpm, the microcapsules own a narrower-size
distribution than that of lower agitation rate.

Microencapsulation is a process of the pre-polymer depositing on the surface of
the core material. Emulsifier is usually used to disperse oil phase core materials.
However, emulsifier has much stronger surface activity than that of the UF
prepolymer [8—10], so the surface of the oil phase droplets is easily occupied by
emulsifier, not by UF prepolymer. Moreover, in traditional method for core—shell
microcapsules, the added emulsifier can lower the interfacial tension between oil
phase and water, which would affect the precipitating rate of prepolymer, so that the
time required by microencapsulation is prolonged. Longer time and the traditional
lower stirring rate of the polymerization procedure can easily lead to the merging of
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Fig. 4 The size distribution of microcapsules prepared with different agitation rate. a 10,000 rpm,
b 13,000 rpm, ¢ 16,000 rpm, d 19,000 rpm, e 22,000 rpm, f 25,000 rpm

oil phase droplets. So the traditional method itself easily causes non-uniform
particle-size distribution of microcapsules.

In our investigations, without surfactant, the surface of the liquid paraffin
droplets kept high activity, which could let the UF prepolymer deposit on the
surface of oil droplets quickly. Continuous high-speed stirring could disperse the
liquid paraffin droplets very tiny and avoid the oil droplets combining together
again. The mentioned above provided the as-prepared microcapsules with tiny mean
particle-size and narrow-size distribution.

@ Springer



656 Polym. Bull. (2012) 69:649-660

In addition, the shear stress increases with the increasing of stirring rate, so the
size of the as-prepared microcapsules decreased with the increase of agitating rate.
However, the effect of agitation rate can be limited when it reach to some extent
high rate. In Figures 3 and 4, when the agitation rate is >16,000 rpm, the
effectiveness of reducing particle size by stirring strength is not as remarkable as
that of lower agitation rate. The main reason can be attributed to the action of higher
surface tension caused by the higher specific surface area of smaller oil drops. When
the agitation rate is over 16,000 rpm, the effect of surface tension against the
dispersion of oil phase is enough to slow down the downtrend of drop size, so the
slope of this dependence between particles size and agitation speed significantly
decreased.

Tightness of microcapsules

The PUF microcapsules containing paraffins have a potential applicable prospect in
the field of phase change material for energy storage. In this field, the major
objective of microencapsulation for paraffin is to prevent it leakage when being
used. However, some broken microcapsules were found in Fig. 1 (indicated by
black triangle). Figure 5 shows the FTIR spectra of microcapsules prepared under
the conditions of pH 3.0 and 10,000 rpm agitation rate. The characteristic
absorption peaks (between 2800 and 3000 cm™', indicated by the arrows in
Fig. 5) associated with the C-H stretching peaks of liquid paraffin were weakened
observably after being extracted with petroleum ether. This indicated that the liquid
paraffin was extracted, and the shell membrane was not completely built to prevent

leakage of the core materials.
W

0 500 1000 1500 2000 2500 3000 3500 4000 4500
1
Wavenumber / cm

Fig. 5 FTIR spectra of microcapsules (sample no. 1-1) before (a) and after (b) being extracted with
petroleum ether
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In general, reducing the pH value of reaction solutions can lead to an increase in
polymerization rate of UF prepolymer [6]. In our investigations, pH value was
slowly and carefully reduced so as to control the polymerization rate of UF
prepolymer. Slow polymerization rate can let the UF resin deposit uniformly on the
surface of paraffin droplets. If the pH value of solutions decreases quickly,
polymerization rate will be accelerated, and the tiny UF resin particles will form in
the solutions, not only on the surface of paraffin droplets.
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Fig. 6 The relationship between pH and weight loss of the microcapsules
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Fig. 7 FTIR spectra of microcapsules (sample no. 2-5) before (a) and after (b) being extracted with
petroleum ether
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Fig. 8 Optical microscopy images of microcapsules prepared at different pH (after being extracted with
petroleum ether)

Tightness of microcapsules is determined by the bonding strength of PUF shell
material, which is also influenced by the pH value of reaction solutions. Lower the
pH value of reaction solutions, higher the cross-linking degree of UF polymer, and
vice versa [11]. High cross-linking degree of UF polymer can provide compact wall
shell, so the tightness will be better. In the traditional two-steps method [4, 6, 7, 12]
for preparing PUF microcapsules, at the second encapsulation stage, the pH of
solutions is commonly reduced to a value between 4 and 3.5, the compact PUF shell
can be gained. But in our investigations, the pH value was reduced to 3.0, the
compact PUF shell was still not gained, the high-speed agitation may be the main
reason. The above analysis indicated that the pH value should be further optimized
under the condition of high-speed agitation.

Figure 6 shows the relationships between the final pH value of reaction solutions
and the weight loss of the microcapsules after being extracted with petroleum ether.
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Firstly, the weight loss decreases with the decrease of pH value till it is 2.0, and then
the weight loss keeps the same when the pH value is sequentially reduced. The
weight loss of the microcapsules in the extraction experiment consists of two parts:
the first is the paraffin loss from unsealed microcapsules during the extraction stage,
and the second is the loss of adsorption water and formaldehyde during the stages of
drying. The original mass of the wall material and the core material was fixed in this
study, so the second weight loss may be regarded as constant for each sample here;
its value is approximately equal to the weight loss of the same mass UF resin drying
at 80 °C for 5 h. Here the test value is about 3 %. The results from the extraction
experiment indicate that the tightness of microcapsules increases with the decrease
of pH value. When the pH is <2.0, the mass of extracted paraffin of microcapsules is
about 2 %, which means the shell membrane is nearly completely built. Figure 7
shows the FTIR spectra of microcapsules prepared under the conditions of pH 1.5
and 10,000 rpm agitation rate. Whether or not being extracted with petroleum ether,
the characteristic absorption peaks of paraffin between 3,000 and 2,800 cm™" are
still obvious. This also proves the microcapsules prepared under the conditions of
pH 1.5 and 10,000 rpm had a compact shell.

Figure 8 shows the OM of microcapsule samples containing liquid paraffin and
tonyred after being extracted with petroleum ether. It is shown that the number of
red microcapsules decreases with the increase of final pH value of reaction
solutions. When the pH value is 2.0, nearly all the microcapsules have red color.
However, when the pH value is 3.0, all the microcapsules are transparent. The red
color means the microcapsule is tight, and the transparent means the microcapsule
is untight. The statistics results of the proportion of unbroken microcapsules are
shown in Fig. 9. When the pH value is <2.0, the proportion of unbroken
microcapsules is >98 %, and then with the increase of pH value, the proportion of
unbroken microcapsules is reduced remarkably. The result is in agreement with
that of Fig. 8.
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From the above analysis, the following can be concluded: when the agitation rate
is 10,000 rpm, microcapsules fabricated at pH value <2.0 are sealed and own good
tightness, and those fabricated at pH value >2.2 are not sealed.

Conclusion

(1) Uniform and spherical PUF microcapsules containing paraffins as core
materials were prepared by in situ polymerization under high-speed agitation
(>10,000 rpm) without surfactant. Continuous high-speed agitation is in favor
of dispersing the oil phase into tiny droplets, so mean particle size of as-
prepared PUF microcapsules is <10 pm and the size distribution is narrow.

(2) When the final pH value of reaction solution is 3.0, the mean particle size
decreases with the increase of agitation rate. But when the agitation rate is
>16,000 rpm, the effectiveness of reducing particle size by agitating strength
is not as remarkable as that of lower agitation rate. When the agitation rate is
10,000 rpm, microcapsules fabricated at pH value <2.0 are sealed and own
good tightness, and those fabricated at pH value >2.2 are not sealed.
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