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The well-dispersed poly(methyl methacrylate)/titanate nanotube (PMMA/TNT) composites were syn-
thesized by in situ polymerization of methyl methacrylate (MMA) in ethanol solution. Thermal stability
and the glass transition temperature of the composites are significantly enhanced with a proper amount
of TNTs. The comparison between PMMA/TNTs and PMMA/TiO, composites suggests the formation of
network in PMMA/TNTs composite. The coaction of dehydration and the network is believed to be the

crucial factor which improves the thermal properties. TG-FTIR analysis shows that the amount of organic
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volatiles of PMMA is significantly reduced and the non-flammable CO, is generated after incorporating
TNTs. It implies the reduced toxicity of the volatiles. The possible mechanism of the smoke suppression
is proposed as the dehydration and adsorption effect of TNTs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Poly(methyl methacrylate) (PMMA) is widely used in industry
and medical science, such as building construction, molding and
bone cement, but the application is restricted by the associated fire
hazards which are caused by the poor thermal stability and the toxic
gases generated during combustion. The toxic smoke harm even
outpaces the fire itself. Most of the deaths are caused by the toxicity
of the smoke. Alarge amount of toxic fumes is released in the PMMA
pyrolysis process, which is composed by small carbon particles and
other combustible volatiles, and the flammable methyl methacry-
late (MMA) generated in the pyrolysis process further accelerates
the decomposition of PMMA [1]. Therefore, it is important to
improve the thermal stability and the smoke suppression of PMMA
simultaneously. Recently, the novel flame retardants and smoke
suppressants are becoming to be halogen-free and non-toxic as the
consciousness of environmental protection and safety concern.

Inorganic nanoparticles have been proven to be good addi-
tives of PMMA to improve thermal properties of PMMA. Small
fraction of the fillers can lead to the significant enhancement
of the thermal properties of the polymer [2]. They include lay-
ered compounds [3], phosphates [4], and multi-walled carbon
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nanotubes (MWCNTSs) [5], etc. Besides, the inorganic nanoparticles
have been widely used as the smoke suppressants to the polymers,
such as the metal hydroxides [6,7].

Since the development of hydrothermal synthesis with a high
yield by Kasuga et al. [8], titanate nanotubes (TNTs) with a highly
specific surface area and ion-exchangeable and photocatalytic abil-
ities have attracted growing interest for wide applications [9,10].
Similar with CNTs, TNTs possess numerous hydroxyl groups [11],
which can improve the dispersion in PMMA matrix. Furthermore,
the excellent adsorption effect [12] of nanotubes is promising bar-
rier of smoke.

In this work, TNTs were incorporated into PMMA matrix by
in situ polymerization. The thermal stability and the glass transition
temperature of the PMMA/TNT composites were investigated. The
effects of TNTs on the smoke suppression of the PMMA pyrolysis
process were discussed. The mechanism of the enhanced thermal
stability of the composites and the smoke suppression was pro-
posed. It is looked forward to provide more environment-friendly
smoke suppressant, which can enhance the thermal properties
simultaneously for the polymers.

2. Experimental

All starting materials used in this work were of analytical
grade and were purchased from Sinopharm Chemical Reagent Co.,
Ltd. MMA was used after further purification, including retarder
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removal, water removal and reduced pressure distillation. The
other starting materials were used directly.

2.1. Preparation of TNTs

1.5g of anatase TiO, powder was added into 50mL of
10M aqueous NaOH solution and the obtained suspension was
hydrothermally treated in a sealed Teflon autoclave at 160 °C for
5h. The resulting precipitate was ground and dispersed in deion-
ized water. The obtained suspension was treated with a 0.1 M HCl
solution until pH value reached 2.5 and then stirred for 2 h. The
filtrated white precipitate was repeatedly washed with distilled
water until the pH value reached 6-7, and the product was dried at
60°C for 48 h.

2.2. Preparation of PMMA/TNTs and PMMA/TiO, composites

Anatase TiO, nanoparticles and the synthesized TNTs were dis-
persed in 10 mL ethanol and mixed with MMA monomer under
ultrasound. 0.1 wt¥% of benzoyl peroxide was added in, and the mix-
ture was stirred at 80°C for 2 h. The viscous paste was transferred
into a mold and held at 70°C for 48 h in order to complete the poly-
merization and remove the residual solvent and the unconverted
MMA monomer [13].

2.3. Characterization

The X-ray diffraction (XRD) measurement was performed on
a Japan Rigaku D/Max-yA X-ray diffractometer with graphite-
monochromated Cu Ko radiation (A=1.54178A). Transmission
electron microscopy (TEM) images were obtained on a JEOL
JEM-2100F transmission electron microscope at an accelerating
voltage of 200keV. Scanning electron microscopy (SEM) image
was recorded on a FEI Co. Ltd. Sirion200 scanning electron micro-
scope at 5 keV acceleration voltage. The thermogravimetric analysis
(TGA) was carried out using a SHIMADZU TGA-50 thermoana-
lyzer instrument under an air flow of 25mL/min. In each case,
the samples (about 5mg) were heated from room temperature
(30°C) to 700°C at a linear heating rate of 10°C/min. Differen-
tial scanning calorimetry (DSC) measurements were performed
using a PerkinElmer DSC-7 calorimeter under nitrogen flow, sam-
ples (about 5mg) were heated from room temperature (30°C)
to 200°C and kept for 5min, then cooled to 30°C (heating and
cooling rate: 20 °C/min). The thermogravimetric analysis/infrared
spectrometry (TG-IR) was performed using the TGA Q5000 IR ther-
mogravimetric analyzer which was coupled with the Nicolet 6700
FT-IR spectrophotometer via the transfer line. Each sample spec-
imen (about 5mg) was carried out at a heating rate of 20°C/min
from room temperature to 700 °C under a nitrogen flow at a flow
rate of 35.0 mL/min.

3. Results and discussion

XRD pattern of the synthesized TNTs is shown in Fig. 1. It
matches well with standard diffractogram of H,Ti, 05-H,0 (JCPDS:
47-0124), which coincides with the general molecular formula of
protonated titanate (H,Ti;O2p+1-XH,0) [14]. From the TEM image
(Fig. 2a and b), titanate crystals have typical morphology of nan-
otube with crystal size of 10 nm in outer diameter, 4 nm in inner
diameter and 150 nmin length, and no layered anatase TiO, precur-
sor can be observed in the view field. Results above indicate that the
anatase TiO, has converted to titanate with nanotube morphology
entirely.

In order to investigate the inner structure of the composites,
composites with the TNT loading of 1.0 wt% and TiO, loading of
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Fig. 1. XRD pattern of the synthesized TNTs.

2.5 wt% were cryogenically broken after immersion in liquid nitro-
gen and the fractured surface was characterized by SEM. Fig. 3a
and b shows that TNTs have good interfacial adhesion with PMMA
matrix in the composite, which exhibits uniformly dispersed mor-
phology. From Fig. 3c and d, it can be seen that both the dispersion
and interfacial adhesion of anatase TiO, nanoparticles are not as
well as TNTs in PMMA matrix. It demonstrates that the nanotubes
can be better dispersed than TiO, nanoparticles in PMMA matrix
with in situ polymerization.

TGA is one of the most widely used techniques for rapid eval-
uation of the thermal stability for various polymers. [15] The TGA
thermograms of TNTs, pure PMMA and the composites with differ-
ent loadings in air flows are shown in Fig. 4a. The temperatures at
which 10% (Tp.1) and 50% weight loss (Ty5) occur are used as the
measures of the onset and half degradation temperature, respec-
tively. The corresponding results are listed in Table 1. In Fig. 4a,
pristine TNTs dehydrate at the low temperatures (50-300°C,
weightloss: 11.2 wt%). The TGA curves of the PMMA/TNTs compos-
ites have a dramatic shift toward the higher temperature compared
with pure PMMA in air flows. In detail, onset and half degrada-
tion temperatures of the PMMA/TNTs composites show the same
changing tendency. With the increasing loading of TNTs, the two
characteristic temperatures of the samples are promoted until the
loading of TNTs reach 11.6 wt%. The corresponding Ty 1 and Ty 5 of
the composite are 298 and 375 °C, which are 54 and 59 °C higher
than those of pure PMMA. The characteristic temperatures of the
composite with 14.8 wt% TNTs decrease to 291 and 370°C, which
are lower than the sample with 11.6 wt% TNTs. It indicates that
the incorporation of proper loading of TNTs enhances the thermal
stability of the PMMA composite.

Moreover, it is found that both the Ty; and Tys of the
PMMA/TNTs composites are higher than those of the PMMA/TiO,
composites, although the loadings of TiO, are a bit higher than the
corresponding TNTs in the composites (Fig. 4b, Table 1), especially

Table 1
TGA results of TNTs, pure PMMA and the composites with different loadings in air
flows.

Composition Toq (°C) Tos (°C)
PMMA 244 316
PMMA/1.0 wt% TNTs 246 334
PMMA/6.7 wt% TNTs 275 349
PMMA/11.6 wt% TNTs 298 375
PMMA/14.8 wt% TNTs 291 370
PMMA/2.5 wt% TiO, 230 334
PMMA/12.4 wt% TiO; 258 341
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Fig. 2. TEM images of the TNTs at different magnifications.

the onset degradation temperatures. Tp; of the composite with
1.0wt% and 11.6 wt% TNTs are 2°C and 54 °C higher than that of
pure PMMA, respectively. The corresponding Ty of 2.5 wt% TiO,
is 14°C lower, and 12.4wt% TiO, are 14°C higher than that of
pure PMMA, respectively. It shows that the TNTs can significantly
retard the initial thermal degradation compared to TiO,. It is pro-
posed that the dehydration of TNTs is one of the reasons for the
increased onset temperatures, because the heat-absorbing action
during evaporation of H, O leads to the decrease of the heat release.

Another possible reason is that the possible network structure in
PMMA/TNTs composites enhances the thermal stability.

To verify the existence of the network and its influence in
PMMA/TNTs composites, the glass transition temperatures (Tg)
of the samples above are tested and calculated by DSC. From
Table 2, a significant shift in the Ty of PMMA toward higher tem-
peratures (19°C) is observed after incorporation of TNTs (1.0 wt%
and 6.7wt%), and the Tg is 10°C higher than that of the 2.5 wt%
PMMA/TiO, composite. Further increase of the content of TNTs

Fig. 3. SEM Images 3a and 3b for the PMMA/TNTs composite (1.0 wt%), 3c and 3d for the PMMA/TNTs composite (2.5 wt%) of the fractured surfaces cryogenically broken

after immersion in liquid nitrogen.
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Fig.4. TGA thermograms of (a) TNTs, pure PMMA and the PMMA/TNTSs composites; (b) PMMA and PMMA composites which incorporated TNTs and anatase TiO, nanoparticles

in air flows.

Table 2
T, of pure PMMA, PMMA/TNTs and PMMA/TiO, composites with different content.

Loading of the filler (w
T, (°C)

%) 0
104

1.0°
123

123

6.72 11.6°

107

14.8?
105

2.5P
113

12.4°
119

2 TNTs.
b Anatase TiO, nanoparticles.

leads to the decrease of the Tg. However, the increased content
of TiO, from 2.5wt% to 12.4wt% makes Tg of PMMA/TiO, com-
posite increase by 6°C. The difference suggests the network in
PMMA/TNTs composites, because the network and good interfa-
cial interaction between nanotubes and the matrix in PMMA/TNTs
restrict the molecular mobility of the PMMA chains [16]. The
network makes the segmental motion of PMMA in PMMA/TNTs
composite more difficult than in PMMA/TiO, composite. And then
the thermal stability of the PMMA/TNTs composite is enhanced.
However, excessive TNTs segment the matrix. The crystallinity of
PMMA is reduced, and then the T is decreased. It is believed that
the decreased crystallinity of PMMA would lead to a lower thermal
stability. Therefore, the thermal stability of 14.8 wt% PMMA/TNTs
composite is lower than that of 11.6 wt% PMMA/TNTs composite.

TGA and DSC tests above suggest that the thermal stabil-
ity of the polymer is effectively improved by incorporating the
proper amount of TNTs. The comparison of degradation temper-
ature and Tg between PMMA/TNTs and PMMA/TiO, composites
suggests that the network has formed in the PMMA/TNTs compos-
ites. The combined action of the network in PMMA/TNTs composite
and dehydration of the nanotubes retards thermal degradation of
PMMA significantly.

To investigate the influence of TNTs on the evolved gaseous
volatiles during pyrolysis, the volatile components of PMMA and
the composite (14.8 wt% TNTs) are investigated by TG-FTIR tech-
nique [17]. The 3D diagrams of PMMA and PMMA/TNTs composite
(14.8 wt%) are shown in Fig. 5. It shows that the typical thermal
degradation process of the composite is similar to pure PMMA. The
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absorbance at about 2358 cm~! shows the generation of CO, dur-
ing pyrolysis of the composite, which cannot be found in thermal
degradation of pure PMMA.

In order to provide a clear comparison, FTIR spectra of the
gaseous volatiles evolved at different temperatures correspond-
ing to the maximum evolve intensity of organic volatiles (PMMA:
485.6 °C,PMMA/TNTs: 328.6 °C) and CO5 (365.8 °C) are represented
in Fig. 6. It can be seen that most of the characteristic peaks of the
volatile products of PMMA/TNTs composite are similar to those of
PMMA. It indicates that the composition of the gaseous products
of the samples is similar. The bands at 3467-3570cm™~! are due
to the vibration absorption of hydroxide groups, which indicates
the generation of H,O. The FTIR spectra also show the character-
istic bands of hydrocarbons. The aliphatic C—H band at 2965 and
1447 cm~! is produced by n-alkanes. Peaks at 1650 and 937 cm™!
indicate the formation of the alkenes. The characteristic peak at
1753 cm! is due to the absorbance of stretching vibration of C=0
band, and peaks at 1307 and 1167 cm™! is caused by the C—O
bond. The relative intensity of characteristic peak of carbon dioxide
at 2358cm! is increased when the temperature increases from
328.6°C to 365.8°C. It means that the generation of CO, follows
the organic volatiles. Therefore, dilution of the flammable gases by
the non-flammable CO, is possible in the gas phase [18]. Then the
thermal degradation is possible to be retarded.

Fig. 7 gives the intensity of typical gaseous organic volatiles of
pure PMMA and the PMMA/TNTs composite. The maximum inten-
sity of the evolved products has reduced to 64% of those evolved by
pure PMMA, which implies that the amount of the volatiles released
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Fig. 5. The 3D diagrams of the gaseous volatiles during combustion process of (a) pure PMMA and (b) PMMA/TNTs composite (14.8 wt%).
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Fig. 6. IR spectra of gasified pyrolysis products for pure PMMA at 485.6°C and
PMMA/TNTs composite (14.8 wt%) at 328.6 and 365.8 °C.

from the PMMA/TNTs composite is much less than that from the
pure PMMA [19]. The reduced amount of the organic volatiles fur-
ther leads to the inhibition of smoke, because the organic volatiles
may crackinto smaller hydrocarbon molecules and smoke particles.
The gaseous hydrocarbons are condensed and the smoke particles
are aggregated to form smoke.

The adsorption effect of TNTs is proposed to be the possible rea-
son for the generation of CO, and the reduction of organic volatiles.
The PMMA decomposes via the free radical chain depolymeriza-
tion. TNTs have large specific surface area, and they are apt to
absorb the small gaseous molecules [13]. Here the TNTs may absorb
the free radicals and MMA molecules which are generated dur-
ing the depolymerization of PMMA. It partly terminates the chain
depolymerization and retards the escape of the organic volatiles.
The free radicals and MMA molecules then further evolve into the
non-flammable CO,. In addition, the dehydration of TNTs is helpful
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Fig. 7. Intensity of characteristic peaks for pyrolysis products of PMMA and the
PMMA/TNTs composite (14.8 wt%).

to reduce the toxicity of the volatiles. The water vapor dilutes or
absorbs hydrocarbon particles, and produces H; and CO at the high
temperatures. These H, and CO are burnt out into CO, and H,O0,
thereby the toxicity of combustion products is reduced [20].

In summary, the possible mechanisms of the improved thermal
properties of PMMA and the reduced combustion products are pro-
posed as follows: first, the network structure of the PMMA/TNTs
composite plays a key role in improving the thermal properties.
The network constructed by one-dimensional TNTs can effectively
induce the mobility restriction of polymer chains, thus retards the
thermal degradation of PMMA. Second, the absorption effect of
TNTs decreases the amount of organic volatiles. The generated non-
flammable CO, is conducive to retard the pyrolysis of PMMA. Third,
the dehydration of hydroxyl groups on nanotubes at the initial ther-
mal degradation reduces the heat flow and promotes the onset
degradation temperatures of the composites. The water vapor also
reduces the toxicity of the volatiles by reacting with hydrocarbon
particles.

4. Conclusion

The well-dispersed PMMA/TNTs composites were synthesized
by in situ polymerization of MMA. TGA test shows that the ther-
mal stability of PMMA is significantly enhanced by incorporating
the proper amount of TNTs. The comparison between PMMA/TNTs
and PMMA/TiO, composites indicates that the initial degradation
of PMMA is retarded. TNTs with low content enhance Tg of the
polymer greatly, and with higher content, the T decreases. It is
proposed that network has formed in the PMMA/TNTs. The net-
work structure is believed to be an important factor to the enhanced
thermal stability and Tg. The dehydration of TNTs is considered to
be helpful to retard the initial thermal degradation. In addition,
because of the effects of absorption and dehydration of TNTSs, the
amount of the harmful organic volatiles is reduced, and the non-
flammable CO, is generated. We believe that the investigation will
stimulate further efforts in improving thermal properties and sup-
pressing smoke in combustion for polymers.
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