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Abstract

The microcapsules comprisimgoctadecane and nucleating agents encapsulated in melamine-formaldehyde resin shell witjwabout 1
in average diameter were prepared through in situ polymerization. The effects of nucleating agents, i.e. sodium chloride, 1-octadecnol and
paraffin, on the crystallization properties, morphology and dispersibility of microcapsules were investigated using SEM, DSC and XRD. The
super-cooling was prevented by adding about 6 wt.% sodium chloride to the emulsion, however, the microcapsules were worse dispersed and
their surfaces were rough. Adding approximately 9 wt.% 1-octadecanol in core material was found to prevent microcapsules from super-cooling,
but the microcapsules were easily conglomerated and their surfaces were extraordinarily rough. Microcapsules with approximately 20 wt.%
paraffin in core material were free from super-cooling, and paraffin had no influence on the morphology and dispersibility of microcapsules.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Microcapsules; Phase change material; Super-cooling; Nucleating agents

1. Introduction prevent the super-cooling ofpentadecane in MicroPCMs
[13]. Yamagishi selected 1-tetradecanol (2wt.% by weight
Microencapsulated phase change materials (MicroPCMs) of the core material) as a nucleating agent for super-cooling
were studied in the late 1970s after phase change materiaprevention ofn-tetradecane in MicroPCMs (microcapsule
(PCM) had long been employed as the thermal storage anddiameters 110-30@m) [12]. Mamoru also synthesized Mi-
control materiald1]. Along with Lane’s effort which was  croPCMs with the core material consistedmélkanol and
made to incorporate PCM directly in structural materials in n-paraffin without super-coolinflL4]. Lee considered that
order to enhance the energy storage of the matej2d)s the derivatives oh-paraffin, such as 1l-octadecylamine, 1-
Mehalick investigated MicroPCMs as a heat transfer fluid octadecanol, were suitable for preventing PCM from super-
to enhance both heat transport characteristics and energyooling and were used appropriately within a range of about
storage properties in 1973]. From then on, MicroPCMs  1-6 wt.% with respect to the weight of PCJ#5]. However,
have been widely applied to fabrif3-7], and suspensions the influence of nucleating agents on the enthalpies of Mi-
for heat transfef8], solar and nuclear heat storage systems croPCMs except super-cooling have not been studied. In ad-

[9] and packed bed heat exchang@i@]. Furthermore, Mi- dition, the morphology and dispersibility of microcapsules
croPCMs are hopefully employed in the microclimate envi- with PCM and nucleating agents have been investigated.
ronmental control on vegetation and segts. In this paper, the effects of the nucleating agents, including

Although MicroPCMs are widely used in many fields, the sodium chloride, 1-octadecanol and paraffin, on the melting
super-cooling is still an important obstacle to the industrial and crystallization behavior, morphology, and dispersibility
application of MicroPCMs. Yamagishi et al. demonstrated were studied.
that the crystallization temperature of MicroPCMs with
5-100um in diameters lowered as their sizes decreased
[12]. Kishimoto et al. found that 1-pentadecanol was able to 2. Experimental
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Table 1
Contents of 1-octadecanol in raw materials
Control By B2 B3 B4 Bs Bs B7 Bs Bg

1-Octadecanol mass Q) 0 1.0 2.0 25 3.0 4.0 5.0 6.0 7.0 8.0
1-Octadecanol concentration in core (Wt.%) 0 2.4 4.8 5.9 7.0 9.1 11.1 13.0 14.9 16.7
n-Octadecane (g) 40.0
Formaldehyde (37% aqueous solution) (ml) 19.5
Melamine (g) 10
TA (19wt.% aqueous solution) (g) 20
Table 2
Contents of paraffin in raw materials

Control (e} Cy Cs Cy Cs Cs Cy Cg
Paraffin mass W/ (g) 0 2.0 4.0 6.0 8.0 10.0 12.0 16.0 20.0
Paraffin concentration in corezGwt.%) 0 5.0 10.0 15.0 20.0 25.0 30.0 40.0 50.0
n-Octadecane (g) 40.0 38.0 36.0 34.0 32.0 30.0 28.0 24.0 20.0
Formaldehyde (37% aqueous solution) (ml) 195
Melamine (g) 10
TA (19wt.% aqueous solution) (g) 20

Reagent Factory) were used as shell-forming monomers;added to the flask, respectively. The pH of the mixture was
N-octadecane (purity 99%, Union Lab. Supplies Limited, regulated to 8-9 with triethanolamine. The prepolymer was
Hong Kong) was used as core material. Sodium chlo- prepared at 70C with a stirring speed of 250 rpm until the

ride (A.R., Tianjin Tanggu Chemistry Reagent Factory), mixture became transparent. The emulsion was shifted to
1-octadecanol (A.R., Beijing Chemistry Industry Factory) 1000 ml three-neck round-bottomed flask after the pH was
and paraffin (melting point 60—6%, Shanghai Hualing regulated to 4-5. Then the prepolymer was slowly added
Chemical Factory) were used as the nucleating agents forinto the emulsion system to start in situ polymerization at
preventingn-octadecane in MicroPCMs from super-cooling, 70°C with a stirring speed of 100 rpm. After the prepoly-

respectively. Anionic surfactant, TA (styrene-maleic an- mer was added, the reaction continued with a stirring speed
hydride copolymer, 19wt.% aqueous solution, Shanghai of 600 rpm for 180 min. The resultant microcapsules were

Leather Chemical Works) was used as an emulsifier. filtered and washed with boiling distilled water twice to
remove remaining reactants and TA, and then dried in an
2.2. Fabrication of microcapsules oven at 100C.

Sodium chloride was added into the emulsion system

An organic solution ofi-octadecane and various amounts and the microcapsules were prepared (Table 3). Other pro-
of 1-octadecanol or paraffin (Tables 1 and 2) was prepared.cesses were just the same as those of microcapsules with
About 20g TA was dissolved in 300 ml distilled water to 1-octadecanol or paraffin.
form an emulsion. The organic solution was added to the
emulsion and the mixture was emulsified mechanically 2.3. Characterization of the microcapsules
with a stirring speed of 8000rpm for 90 min to form an
oil-in-water system in a 1000 ml reactor equipped with cir- A drop of the microcapsule dispersion to be investigated
culated cooling water. Simultaneously, the prepolymeriza- was dripped on a stainless steel SEM stub and air-dried
tion was carried out in a 250 ml three-neck round-bottomed overnight, and then silver-coated. The morphology and
flask equipped with a mechanical stirrer. About 19.5ml dispersibility of microcapsules with-octadecane and dif-
formaldehyde, 10 g melamine and 20 ml distilled water were ferent nucleating agents were observed through a scanning

Table 3
Contents of sodium chloride in raw materials

Control A Ao As Ay Asg Ag A7 Ag Ag
Sodium chloride mass YW(g) 0 6.0 12.0 18.0 20.0 21.0 24.0 30.0 36.0 48.0
Sodium chloride concentration in water Qnt.%) 0 19 3.0 4.7 5.0 5.4 6.0 7.5 8.8 10.6
n-Octadecane (g) 40.0
Formaldehyde (37% aqueous solution) (ml) 195
Melamine (g) 10

TA (19 wt.% aqueous solution) (g) 20
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Fig. 1. DSC curves of MicroPCMs feeding sodium chloride of various or enthalpies of microcapsules and concentration of sodium chloride in
concentration in water (. water (G).

electronic microscopy (SEM) (KYKY-2800, China Zhongke peak@ [12]. When sodium chloride concentration)ds
Scientific Instrument Inc.). 10.6 wt.%, the pea shifts to the higher temperature, and
The thermal properties of microcapsules were mea- the integrated area of the pefkincreases. The number of
sured using a differential scanning calorimetry (DSC) nuclei in each droplet decreases as the droplet size reduces.
(Perkin-Elmer, DSC7) at a heating or cooling rate of As a result, the crystallization temperature of microcap-
10°C/min under a nitrogen ()y atmosphere, and the sules lowers with reducing their diamet¢tg]. The crystal-
multi peaks were separated by the “Peaksep” program ofization of n-octadecane inside MicroPCMs starts from the

NETZSCH-TAA4. generation of small crystalline nuclei. While the impurity,
X-ray diffraction patterns were obtained on X-ray diffrac- sodium chloride is added into the emulsion, it is inevitably

tometer (Rigaku D Max) using Cu dq radiation (A = mixed into the film of microcapsulg46]. The DSC results

1.5406 A). indicate that, sodium chloride, as the nucleating agent, pro-

motes the heterogeneous nucleatiomafctadecane.
Relation between the percentagecoff) in the exother-

3. Results and discussion mic peak area or enthalpies of microcapsules and concen-
tration (G) of sodium chloride in water is shown Fig. 2.

3.1. Effects of sodium chloride on the properties of As sodium chloride concentration {Cincreases, the melt-

MicroPCMs ing enthalpies and crystallization ones of the core material

fluctuate between 160 and 170 J/g because the feed amount

Sodium chloride inducing heterogeneous nucleation is in of n-octadecane is not changed, as indicatethinle 3. The
general justified but not in the case of the 1.9 wtRig. 1 percentage of in the exothermic peaks increases rapidly
shows the DSC curves of MicroPCMs adding various con- and accordingly that otx decreases promptly, however.
centration (@) of sodium chloride. Sodium chloride has no When sodium chloride concentration1()ds 6.0 wt.%, the
effect on the endothermic peak, but affects drastically on the percentage o in the exothermic peaks is approximately
exothermic peaks as compared to the control. Two exother-70%. However, it does not change sharply as the con-
mic peaks due to different nucleation mechanisms are showncentration (G) exceeds 6.0wt.%. It is demonstrated that
in the DSC cooling curves. Based on Yamagishi's results, microcapsules can be prevented from super-cooling when
the peaka is attributed to the homogeneous nucleation of the concentration of sodium chloride in water exceeds
n-octadecane, and its heterogeneous nucleation leads to thé.0 wt.%.

— —
5.00KX 10um 20 KV S.00KX  10um KYKY-2800 224

(a) {b)

Fig. 3. SEM photographs of microcapsules. (a) 0wt.% (control); (b) 6.0wt.% sodium chloride in water.
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Fig. 4. DSC curves of MicroPCMs with 1-octadecanol of various con- ;
material (G).

centration in core material ¢}

Fig. 3 shows that sodium chloride has great effect on the reduces quickly from the melting point of 1-octadecanol to
morphology and dispersibility of microcapsules. The sur- the melting point ofh-octadecan§l7].
faces of microcapsules without sodium chloride are smooth  The exothermic peaks are also divided into the homoge-
and the dispersibility is fine, as is indicated by the control neous nucleation peak and the heterogeneous nucleation
of Fig. 1. In contrast, the surfaces of microcapsules feeding peak 3. Relation between the percentagecofg) in the
6.0 wt.% sodium chloride are rough and the microcapsules exothermic peak area or enthalpies of microcapsules and
are stuck together. It can be explained by sodium chloride concentration (g) of 1-octadecanol in core material is

causing anion electrolyte TA to occur coacervatjp]. shown inFig. 5. As a result of the constant feed amount of
n-octadecane, the melting enthalpies and crystallization ones

3.2. Effects of 1-octadecanol on the properties of of microcapsules with 1-cotadecanol are located within the

MicroPCMs range of 160-170J/g and vary slightly with 1-octadecanol

concentration () increasing. As the concentration A)C

Fig. 4 shows the DSC curves of microcapsules with var- increases, the percentagefin the exothermic peaks rose
ious concentration (§ of 1-octadecanol in core material. rapidly and accordingly that af reduces sharply. The peak
Both the endothermic peak and the exothermic peaks of mi- 3 of microcapsules with 9.1wt.% 1-octadecanol is about
crocapsules with 2.4 wt.% 1-octadecanol are similar to those 65% of the exothermic peak area, however, it increases very
of the control, as illustrated ifrigs. 1 and 4. When the  slowly thereafter. It shows that the insoluble 1-octadecanol
concentration () is 16.7 wt.%, their melting behavior was is enough as the nuclei to prevemctadecane in micro-
still changeless, but the exothermic peaks shift to the higher capsules from super-cooling. It is inconsistent with Lee’s
temperature and the onset point (283) of the integrated  results that the nucleating agent is preferred to be used
exothermic peak is close to that of the endothermic peak within a range of about 1-6wt.%15].About 9.1wt.%
(30.0°C). It shows that excessive 1-octadecanol can preventl-octadecanol im-octadecane has effect on the morphol-
the microcapsules with-octadecane as core material from ogy and dispersibility of microcapsules, as showikig. 6.
super-cooling, which is associated with the precipitation of Compared to microcapsules without 1-octadecanol, which
redundant 1-octadecanol moctadecane near the melting are illustrated with the control oFig. 3, microcapsules
point ofn-octadecane. Based on the Domanska’s experimen-with 2.4wt.% 1-octadecanol in core material still have
tal results, the solubility of 1-octadecanol imoctadecane  smooth surfaces and these microcapsules are slightly stuck

5.00KX 10um KYKY-2800 22~

(b)

5.00KX 1 Bum KYKY-2800 17~

Fig. 6. SEM photographs of microcapsules with 1-octadecanol of various concentragipm (€re material. (a) 2.4 wt.%, (b) 9.1 wt.%.
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material (G).

together. However, the surfaces of microcapsules with
9.1wt.% 1-octadecanol are extraordinarily rough and the mic peaks are shown ifig. 7.y ands thereof are attributed
dispersibility is too bad to observe an intact microcapsule to paraffin crystallization. The enthalpy of crystallization is
through SEM, as shown ifig. 6. It can be explained by the  released in a wide temperature range by the multiple exother-
reactions between hydroxyl group (—-OH) of 1-octadecanol mic peaks. Therefore, it is not suitable to add too much
and the groups in melamine-formaldehyde polycondensate,paraffin into core material.
including amino group (-Nk), imino group (-NH) and Relation between the percentagecofB) in the exother-
hydroxyl group (—-OH). Such a result limits the application mic peaks or enthalpies of microcapsules and paraffin
of 1-octadecanol as the nucleating agent in this system.  concentration (g) can be obtained from the DSC data of
microcapsules with various concentrationg)©f paraffin,
3.3. Effects of paraffin on the properties of MicroPCMs as shown inFig. 8. Due to the amount af-octadecane in
core material decreasing, both the melting enthalpies and
Fig. 7 illustrates the DSC curves of microcapsules with the crystallization ones of microcapsules with paraffin are
different concentration (§ of paraffin in core material.  lower than those of microcapsules without paraffin.
Compared to microcapsules without paraffin, which is indi-  Obviously, the percentage of in the exothermic peaks
cated by the control dfig. 1, two endothermic peaks due to decreases sharply and accordingly tha @foes up rapidly
n-octadecane melting (o) and paraffin melting (B) are shown as paraffin concentration §F increasing, as indicated in
in the DSC heating curves of microcapsules with more than Fig. 8. As paraffin concentration ¢F exceeds 20.0 wt.%,
20.0wt.% paraffin. The peak in the endothermic peaks the variation trend is not remarkable and ¢ercentage
broadens and shifts to the higher temperature as paraffindecreases owing to the emergence ahd3 in the exother-

concentration (@) increases. mic peaks. For microcapsules with 20.0 wt.% paraffin,che
For microcapsules with less than 30.0 wt.% paraffin, two percentage was about 75%, and the super-cooling was con-
exothermic peaks (o, homogeneous nucleation; @&ndet- sidered to being prevented.

erogeneous nucleation) appear in the cooling curves. Tri- Fig. 9shows the SEM photographs of microcapsules with
clinic crystal existing in even-alkane[18,19] of paraffin is paraffin. The surfaces of microcapsules with paraffin are very
more beneficial to promote the formation of triclinic crystal smooth and the microcapsules are well dispersed, even when
in n-octadecane due to the same crystal structures. For mi-paraffin concentration (§} reaches 50.0wt.%. So paraffin
crocapsules with 50.0 wt.% paraffin, however, four exother- has no effect on the morphology and dispersibility of the

20 KV 5.00KX 10um KYKY-2800 1~

(a)

Fig. 9. SEM photographs of microcapsules with paraffin of various concentratignif@ore material. (a) 20.0 wt.%, (b) 50.0 wt.%.
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Fig. 10. X-ray diffraction patterns of microcapsules with different nu-
cleating agents. (a) Control, (b) 6.0wt.% sodium chloride, (c) 9.1wt.%
1-octadecanol, (d) 20.0 wt.% paraffin.

microcapsules. It differs from the influence of sodium chlo-
ride or 1-octadecanol on the morphology and dispersibility

of the microcapsules. Therefore, the preferred paraffin con-

centration (@) is approximately 20 wt.%.

3.4. Crystallographic system of MicroPCMs with different
nucleating agents

The crystallographic system of microencapsulated PCM

is usually obtained using X-ray diffraction (XRD) measure-

ments. Melamine-formaldehyde resin made of microcapsule
shell is amorphous, so it is convenient to analyze the crys-

tallographic forms of encapsulateebctadecane feeding the
nucleating agents. X-ray diffraction patterns of microcap-

4. Conclusions

Addition of sodium chloride, 1-octadecanol and paraf-
fin has effect on the melting and crystallization behaviors,
morphology and dispersibility of the microencapsulated
n-octadecane. The super-cooling was prevented by feeding
about 6 wt.% sodium chloride in the emulsion, but the sur-
faces of microcapsules were very rough and their dispersibil-
ity was worse. The super-cooling can also be prevented
by feeding about 9wt.% 1-octadecanol in core material,
however, the surfaces of microcapsules were extraordinarily
rough and the microcapsules were easily conglomerate. Dif-
fering from sodium chloride and 1-octadecanol, addition of
approximately 20 wt.% paraffin in core material was able to
preventn-octadecane from super-cooling, and had no effect
on the morphology and dispersibility of microcapsules. The
three nucleating agents did not affect the crystallographic
system ofn-octadecane, but they induced heterogeneous
nucleation ofn-octadecane.
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