Special Issue Polymer Materials Technology

by Nanoencapsulation

Jae-Kyung Kim*, Hirofumi Kawanaka*

ABSTRACT A large amount of flame retardant is required for high flame retardance of poly-

mer materials, but their physical properties are remarkably lowered. Meanwhile,
a demand for the halogen-free flame retardant that does not allow the generation of toxic gases
during combustion has been strongly required. But, so far, the halogen-free flame retardant hav-
ing a performance as high as the halogen flame retardant is not available. Here we propose the
nanoencapsulation technology of the halogen-free flame retardant as one promising method to
achieve a high flame retardant effect with a small amount of a conventional flame retardant. We
succeeded to nanoencapsulate the halogen-free flame retardant in a layered compound by
using a co-milling method as a nanoencapsulation technology. We found out that the nanocap-
sules are co-mixed, with the exfoliated state and the intercalated state in the resin. The results
show that the prepared nanocapsule has a good flame retardant effect in spite of a small
amount of the flame retardant in the nanocapsule. Also, the synergy effect for the highly flame
retardance has been investigated by combining the commercially available flame retardant with
the nanocapsule. Then, the cross-linked foam which is highly combustible was applied to con-
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firm the synergy effect, and the material was classified as UL94 V-0.

1. INTRODUCTION

Recently, polymer materials are widely used in a variety of
applications, such as building materials, vehicles etc. But
there was a problem of reduction in physical properties,
because a large amount of the flame retardant is required
to obtain flame retardance of the polymer materials.
Meanwhile, a demand for the halogen-free flame retar-
dant that does not allow the generation of toxic gases
during combustion has been strongly required. But, so
far, the halogen-free flame retardant having a perfor-
mance as high as the halogen flame retardant is not sup-
plied in spite of the development and the commercializa-
tion of many halogen-free flame retardants by various
manufacturers. Then, the development of a halogen-free
flame retardant, that makes possible to obtain a high
flame retardant effect with a small amount of flame retar-
dant, was desired. Therefore, we proposed the nanoen-
capsulation of the flame retardant as one promising meth-
od.

1.1 Development Situation of the Nanocomposite

material

As shown in Figure 1, the conventional nanocomposite
intercalation reaction occurs in a solution because the
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ammonium salt used in the reaction can be soluble in
water and alcohols. Especially, a bulky and large molecu-
lar weight ammonium salt, such as the quaternary ammo-
nium salt, is frequently used. The quaternary ammonium
salt can intercalate between the layered compound, and
the interlayer distance of the layer compound can be
expanded. Due to the expanded layered compound, it is
easy to exfoliate in the resin by the mixing process.

Moreover, by inserting the flame retardant between the
layers as the second stage of the intercalation process,
the nanocomposite can have the flame retardant property.

By mixing the layered compound, which is obtained
with this method, into the resin, the layered compound
can be exfoliated, and uniformly dispersed (nano-disper-
sion) in the resin, then the uniform nanocomposite can be
produced. Moreover, as described above, the flame retar-
dant intercalated between the layers can be dispersed
with the exfoliated layered compound in the resin.
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Figure 1 Conventional nanocomposite technology.

However, by applying this method to the flame retar-
dant, a problem is created. Most of the final purpose of
the conventional nhanocomposite material is the complete
layer exfoliation in the resin. In other words, full exfoliation
of the layered compound in the mixing process results in
the exposure of flame retardant, and its degradation is
easily caused by the shear stress, the processing temper-
ature and the contact with other agents. Therefore, the
flame retardant effect can not be exerted.

1.2 Advantages of the Technology

As shown in Figure 2, it is possible to directly insert the
flame retardant in the layered compound without using
the ammonium salt for expanding the layered compound.
And the inserted flame retardant, instead of the quaterna-
ry ammonium salt which has no flame retardance,
expands into the interlayer distance and the nanocapsule
is easily exfoliated in the resin by mixing as well as the
flame retardant being nano-dispersed into the resin with
the exfoliated layer. Therefore the amount of the flame
retardant could be dramatically decreased by the nanoen-
capsulation. In addition, many flame retardants were
hardly soluble to solvents, and the insertion was difficult
by the conventional solution methods, but this technology
is effective to the intercalation reaction regardless of the

Interlayer

Insertion reaction

hardly soluble compounds. Also, this technology can be
applied not only to the flame retardant but also to the
many other additives which are hardly soluble into solu-
tions. Furthermore, this technology has the following
advantages:

* As the solution method which is needed to a large
amount of solvent, the drying process is not neces-
sary, and a great deal of energy is not consumed.

+ There is no aggregation problem in drying and in
granulation.

+ The low cost manufacturing is possible as the pro-
cess is simple.

In addition, the nanocapsule prepared by the co-milling
method can be dispersed with both the exfoliated and
intercalated states. So, the intercalated additives can be
protected from the shear stress, the thermal history and
the influence of other additives in mixing with the resin.
Thus, the flame retardant effect can be improved.
Accordingly, this technology is called nanoencapsulation
technology, distinguishing it from the conventional nano-
composite method, because the nanocapsule is dis-
persed with both the exfoliated and intercalated states in
the resin.
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Figure 2 Nanoencapsulation of flame retardant prepared by the co-milling process.
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2 EXPERIMENTS

2.1 Preparation of the Nanocapsule

The intercalation reaction to obtain the nanocapsule was
carried out in a ball-milling equipment in the desired ratio
of the layered compound (swelling mica) and the halogen
free flame retardant (polyphosphate ester) under the
required reaction conditions.

2.2 Dispersion of Nanocapsules in the Resin

The prepared nanocapsule were dry-blended with an
engineered plastic resin at each concentration of (5, 20,
30%) and dispersed by a twin-screw extruder under the
required condition which has been preliminarily adjusted.
Thus a resin in which the nanocapsule was dispersed
was prepared. The sample, which had the same compo-
sition of the nanocapsule, but was not nanoencapsulated,
was prepared to confirm the validity of the nanocapsule
on the flame retardance.

2.3 Evaluation of the Nanocapsules

Qualitative analysis to investigate the intercalation of the
flame retardant in the nanocapsule was measured by the
X-ray diffraction. Also, the thermal properties and the
quantitative analysis of the flame retardant in the nano-
capsule were carried out by Thermogravimetry-Differential
Thermal Analysis (TG-DTA) method. Furthermore, the
flame retardance of the nanocapsule was confirmed by
measuring the self-extinguishing time in vertical combus-
tion and Oxygen Index test.

3. QUALITATIVE ANALYSIS AND
QUANTITATIVE ANALYSIS
OF THE NANOCAPSULES

After the intercalation reaction by the co-milling method,
the phenomenon, in which the powder was firmly adher-
ing on the inner wall surface of the ball-mill as shown in
Figure 3, was observed. This is the phenomenon where
the powder is activated by the intercalation reaction and
is easily adhering on the metal surface. It is considered
that the reaction is properly progressing.

Figure 3 In the ball-mill after co-milling.

The X-ray diffraction analysis results of the layered com-
pound and the obtained nanocapsule are shown in
Figure 4.
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Figure 4 X-ray diffraction analyses.
(blue line: layered compound, red line: nanocapsule)

The X-ray diffraction intensity curve for the layered com-
pound shown in Figure 4 (blue line) has a peak at around
2 §=9°. According to the reference”, this peak is derived
from the non-insertion portion of the layered compound.
The lattice plane spacing d, is approximately 0.92 mm by
the Brrag’s equation below.
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Figure 5 Bragg’s refraction.

On the other hand, a newly peak appeared at 2 =7°
for the nanocapsule as shown in Figure 4 (red line). The
lattice plane spacing by the peak of 28 =7° is calculated
as 1.26 nm, and we confirmed that the layer spacing is
expanded by the intercalation reaction. In other words, it
can be deduced that the polyphosphate ester is interca-
lated between the layers of the layered compound. And,
the amount of the halogen-free flame retardant in the
nanocapsule was measured by using the Thermogravimetry
analysis (TG analysis). TG analysis results for the layered
compound, the halogen free retardant and the obtained
nanocapsule are shown in Figure 6. In the case of the lay-
ered compound in Figure 6 (1), no weight reduction is
observed in the range from room temperature to 600°C.
And, in the case of the polyphosphate ester in Figure 6 (2),
the weight is sharply decreased at 300°C and the decom-
position occurs. In addition, the Thermogravimetry curve
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(TG curve) of the nanocapsule is shown in Figure 6 (®).
As shown in Figure 6, the decomposition temperature of
the nanocapsule is 300°C to 600°C or higher, and shifted
to the higher temperature more than 150°C compared to
the decomposition temperature 300 to 420°C of the poly-
phosphate ester. In addition, the weight is gradually
reduced. It means that the heat resistance was enhanced
and the sustainable release was possible by trapping the
polyphosphate ester in the nanocapsule. From the above
results, we concluded that the nanocapsule was success-
fully obtained. From the TG-DTA curve, the amount of the
flame retardant (meq/100 @) in the layered compound per
100 g of the layered compound is calculated as approxi-
mately 8 meqg/100 g from the following equation.
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M (meg/100 g) = 10° x {A(mg)—B(mg)}/C
B (mg)

M : Intercalation amount (meq/100 g)

A : TG at decomposition starting point (mg)
B : TG at decomposition finishing point (mg)
C : Molecular weight of the flame retardant

In the above equation, “meq” means milliequivalent. 1
equivalent weight is a unit indicated as a number of
charges, 1 gram equivalent is equivalent to a quotient (g)
obtained by dividing the molecular weight by the valence
of the molecule.
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Figure 6 Thermogravimetry curves (TG curves)((D Layered compound, @ Polyphosphate ester, 3 Nanocapsule).

4. DISPERSION OF THE NANOCAPSULES
IN THE RESIN

The degree of the exfoliation dispersion in the mixing pro-
cess of the nanocapsule material and of the non-nano-
capsule material, described in 2.2, was evaluated by the
X-Ray diffraction method. The evaluation result is shown
in Figure 7. In comparison with the X-Ray diffraction inten-
sity curve shown in Figure 4 (red line), the peak position
of the nanocapsule in the resin is located at 2 4 =4.6°,
lower than that (26 =7°) of the nanocapsule. Also, the
intensity of the peak is lower and broader. It is clarified
that the nanocapsules are partially exfoliated in the resin
by shear stress of the extruder and some parts of the
nanocapsules are dispersed while maintaining the inter-
calated state. On the other hand, in the case of the non-
nanocapsule material, the peak of the 2 ¢ =9° does not

shift to the lower angle side, and this implies that the dis-
persion into the resin occurs without exfoliation.
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Figure 7 X-ray diffraction intensity (D neat resin, (2 non-
nanocapsule material, 3 nanocapsule material).
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5. THE FLAME RETARDANCE OF
THE NANOCAPSULE

The flame retardance of the nanocapsule and the non-
nanocapsule was evaluated with the self-extinguishing
time after 10 s of ignition vertically as well as the oxygen
index. The concentration of the nanocapsule and the non-
nanocapsule in the resin is 5 wt %. Also, neat resin is eval-
uated with above tests as the standard data. At first, the
results of self-extinguishing time are shown in Table 1.

Table 1  The results of the self extinguishing time with neat resin,
non-nanocapsule material, and nanocapsule material.
(DNeat resin N=1|N=2|N=3|N=4|N=5
Self-extinguishing time(s) *NG | *NG | *NG | *NG | *NG
® Non—r)anoencapsulated N=1|/N=2|N=3|N=4|N=5
material

Self-extinguishing time(s) 42 *NG 72 *NG 51
(®Nanoencapsulated material| N=1|N=2 |N=3|N=4|N=5
Self-extinguishing time(s) 22 22 22 40 36

*NG : Complete combustion

As shown in Table1, the neat resin was completely
combusted after ignition vertically during 10 s. But, the
nanocapsule and the non-nanocapsule material immedi-
ately generated a char (a char layer formed by the com-
bustion) after the ignition and it was observed that the
combustion of the material was delayed. However, the
self-extinguishing time for the non-nanocapsule material
was dispersed and 30 s longer than for the nanocapsule
material. Next, the oxygen index of the neat resin, non-
nanocapsule material, nanocapsule material was carried
out. The results are shown in Figure 8.
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Figure 8 The effect of the concentration of the non-nanocapsule
material and the nanocapsule material with respect to
the oxygen index. (4 :the non-nanocapsule material,
Il : the nanocapsule material).

As shown in Figure 8, the oxygen index is increased
with the increase of the concentration of the nanocapsule
and the non-nanocapsule in the resin. Compared, the
oxygen index of the nanocapsule material is higher than
that of the non-nanocapsule material. To understand why

the nanocapsule material shows the higher oxygen index
than the non-nanocapsule material, the char layer after
the combustion and the combustion behavior were
observed.

Figure 9 shows the deformation of the char layer with
combustion time.

These samples were taken from the oxygen index test
of the materials with the same concentration of the non-
nanocapsule in the resin.

120 sec

46 sec 78 sec

Figure 9 Deformation of the char layer by combustion time.

Figure 9 shows that the char layer is deformed accord-
ing to the progress of the combustion. It means that the
char layer of the non-nanocapsule material was deformed
and collapsed by the combustion, and the resin exposed
by the collapsed char layer was re-ignited. It is speculat-
ed that it is difficult for the char layer formed by the non-
nanocapsule to suppress the diffusion of the flammable
gas and the oxygen which cause the combustion.
Moreover, due to the low strength of the char layer, it is
easier to collapse. And then the mixing of the flammable
and the oxygen in the resin exposed by the collapsed
char layer occurs and the combustion was continuing.

Based on this speculation, the char layers of the nano-
capsule material and of the non-nanocapsule material
after the combustion were compared to confirm the flame
retardant effect of the nanocapsule material. Figure 10
shows the surfaces of the char layers after the combus-
tion, and Figure 11 shows the cross sections of the char
layers.

Non-nanocapsule material

ol SRR ]

Figure 10 The surface of the char layers after combustion.
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As shown in Figure 10, the surface of the nanocapsule
material has a roughness structure more than that of the
non-nanocapsule material. As shown in the TG curve of
the nanocapsule in Figure 6, the weight reduction is slow-
ly and the curve shifts to the high temperature side. From
this fact, it is speculated that the flame retardant, which
was well-dispersed with the exfoliation of the nanocap-
sule in the resin, forms the uniform char layer at the initial
stage of the combustion. After that, the secondary char
layer is formed by the decomposition of the flame retar-
dant intercalated in the nanocapsule existing on the sur-
face and in the inside of the material. As the result, the
dense char layer with the roughness structure on the sur-
face of the material is formed.

‘

“Nanocapsule material

Non-nanocapsule material

Figure 11 The cross section of the char layer after combustion.

As shown in Figure 11, in the case of the non-nanocap-
sule material, a large cavity was formed in the char layer.
On the other hand, the nanocapsule material does not
have a large cavity but has the homogeneous char layer.

Although the char layer is formed by the combustion of
the non-nanocapsule material, it is difficult to form the
homogeneous char layer due to the poor dispersion of
the flame retardant in the resin. And then, the dense of
the char layer could be lowered and the combustion in
the char layer by mixing the flammable gas and the oxy-
gen occurs from the parts in which the char layer is not
formed. So, the large cavity in the char layer could be
formed.

Due to the large cavity in the char layer, the char layer
collapses easily as shown in Figure 9, and then the com-
bustion from the exposed resin continues.

On the other hand, as described in 1.2 section, the
nanocapsule material could have the uniform char layer
because the flame retardant had been nano-dispersed in
the resin. Then the large cavity shown in the non-nano-
capsule material was not formed.

From the above description, we conclude that the fol-
lowing speculation can be carried out. The non-nanocap-
sule material can not form the dense char layer because
of the poor dispersion of the flame retardant in the resin,
but the nanocapsule material can form the dense char

layer by the nano-dispersed flame retardant and the large
cavity in the char layer is not created. Moreover, some
flame retardants nano-dispersed in the resin still maintain
the intercalated state, and the secondary char layer is
also formed by their decomposition. The results can
improve the strength of the char layer. Therefore, the dif-
fusion of the flammable gas and the oxygen can be sup-
pressed by the dense and strong char layer, and then the
combustion can be prevented. This is why the oxygen
index of the nanocapsule material is increased.

6. FLAME RETARDANT MECHANISM OF
THE NANOCAPSULE

The flame retardant system by nanoencapsulation and its
effectiveness has been described above. By the way, due
to the higher demand for the products which correspond
to high standard of the flame retardance like UL94 V-0,
the further improvement of the flame retardance could be
necessary. Accordingly, a possible method to improve the
flame retardance with the basic concept of the flame
retardant mechanism is investigated.

Figure 12 shows the basic concept of the flame retar-
dance. The combustion is as follows. The melting and the
thermal decomposition of the organic material are caused
by the heat radiation and the thermal diffusion in the
material by the heat source. The thermal decomposed
materials (mainly flammable gas) diffused from the inside
and outside of the materials mix with the ambient oxygen
and the combustion occurs. In short, the combustion is
caused by the following chain reaction: heating —
decomposition— diffusion — ignition.

A flame retardant mechanism at each step (the follow-
ing M to ®) shown in Figure 12 is effective to inhibit the
combustion chain. As shown in Table 2, in general, the
flame retardant mechanism is categorized into the gas
phase reaction and the solid phase reaction.
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(DCooling by an endothermic dehydration reaction with
heating.

(@lIncreasing an amount of the solid residue and reduc-
ing an amount of a flammable gas.

®Inhibition of the flammable gas diffusion.

@Dilution of the oxygen and the flammable gas con-
centration by generating a nonflammable gas in the
thermal decomposition.

(®Blocking the diffusion of the oxygen by forming the
inflammable protective layer.

(®Suppressing the radical chain reaction by interrupt-
ing free radicals generated in the combustion pro-
cess.

Heating

|—
Melting
S E——O)

Thermal decomposition

Generation of flammable gas
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<—®
A E—C)

Oxygen

Combustion

Figure 12 The basic concept of the flame retardance.?

Table 2 The flame retardant mechanism of the flame retardant
system.?

Flame
retardant
mechanism

Representative example

1) A radical trapping effect by the Halogen
compounds and the Phosphorus compounds.

2) A synergy effect by Halogen compounds
+ Antimony trioxide (Zinc borate, ZnS etc.).

Gas phase - - -
3) An endothermic dehydration reaction by the

Hydrate metal compounds.

4) The inflammable gas generation and the oxygen
dilution by Nitrogen compounds.

1) A char formation by the Phosphorus compounds.

2) A thermal insulating inorganic layer formation by
the Hydrate metal compounds + the Silicon
compounds.

3) A thermal insulating inorganic layer formation by

Solid phase the Hydrate metal compounds +the Zinc borate.

4) A foamed char formation by Intumescing system
(Ammonium polyphosphate (APP) + Nitrogen
compounds).

5) Nanocomposite + Silicon oxide by conventional
flame retardant system + Char formation

Based on the basic concept shown in Figure 12, the
flame retardance by the nanocapsule corresponds to 3
and ®. That is, the flame retardance of the nanocapsule
mostly corresponds to the solid phase reaction because
the homogeneous formation of the char layer by well-dis-
persed nanocapsule improves the gas barrier, and then
the diffusion of the oxygen and the flammable gas can be
suppressed. In the case of the gas phase in the combus-
tion process, the combustion generally occurs with mix-
ing the flammable gas and the oxygen. So, we consider
that the flame retardance of the nanocapsule could be
improved by adding the flame retardant which plays a
role in the gas phase reaction. Then, the flame retardant
system (generation of an inflammable gas in the thermal
decomposition) shown in Figure 12-®, which dilutes the
concentration of the flammable gas and the oxygen, was
applied. For the above purpose, the flame retardance of
the nanocapsule is investigated by adding the nitrogen
compound corresponding to the gas phase flame retar-
dant system as shown in Table 2-(4).

7. THE COMPOSITIONS OF CROSS-
LINKED FOAM AND EVALUATION OF
FLAME RETARDANCE

For the issue described in the previous section, the com-
bination of the nanocapsule and a nitrogen compound (a
commercial flame retardant) was applied to the polyolefin
foam which is highly combustible. And, the flame retar-
dance for the compound was evaluated by the oxygen
index and the UL94 vertical flame retardant test. The
results show in Table 3 and Figure 13.

Table 3 The comparison of the flame retardance between
specimens mixed with the commercially available flame

retardants.
ltem Non-nanocapsule Nanocapsule
Oxygen index 30.6 31.8

UL94 Vertical flame

retardant test Not applicable V-0
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Non-nanocapsule Nanocapsule
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Extinguishing

UL 94 not applicable UL94 V-0 level

Figure 13 The comparison between the UL94 combustion test
results.

As shown in Table 3, the specimens prepared by the
compositions of the non-nanocapsule were not applica-
ble in the UL94 vertical flame retardant test because the
specimens were nearly burned down to the clamp after
the ignition. On the other hand, the specimens prepared
by the compositions of the nanocapsule were extin-
guished immediately in the first ignition, and were extin-
guished in the second ignition as well, thus it was
assigned to class UL94 V-0. From the results of the flame
retardant test, the nanocapsule has a good performance
for its flame retardance in comparison to the non-nano-
capsule. And, as shown in Table 2, the combination of the
two types of flame retardant system (the solid phase reac-
tion induced by the nanocapsule and the gas phase reac-
tion induced by the commercial flame retardant) indicated
the synergy effect. So, the flame retardance of the foam
could be improved up to the high flame retardant level.

8. CONCLUSION

The nanoencapsulation of the halogen-free flame retar-
dant was successfully obtained by the co-milling method.
And from the results of the X-ray diffraction, the nanocap-
sule was well-dispersed with both exfoliated and interca-
lated states in the resin. The prepared nanocapsule has a
good flame retardant effect in spite of a small amount of
the flame retardant in the nanocapsule, and it is obvious
that the flame retardance can be improved by the
increase of the amount of the flame retardant in the nano-
capsule. Furthermore, the flame retardant cross-linked
foam which was assigned to class UL94 V-0 could be
obtained by using the nanocapsule and the commercial
flame retardant. It is because of the combination of the
flame retardants induced the synergy effect on the flame
retardance.
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