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HIGHLIGHTS

MnCo,;04-GNS hybrids are synthesized by a two-stage liquid phase method.
MnCo,04-GNS/PBT composites were prepared via a masterbatch-melt blending method.
Fire hazards are monitored and evaluated by cone calorimeter and TG-IR.

MnCo,04-GNS hybrids decrease thermal hazards and smoke hazards of PBT composites.
MnCo,04-GNS hybrids perform better catalytic oxidation of CO and organic volatile.
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By means of direct nucleation and growth on the surface of graphene and element doping of cobalt oxide
(Co304) nano-particles, manganese-cobalt oxide/graphene hybrids (MnCo,04-GNS) were synthesized to
reduce fire hazards of poly(butylene terephthalate) (PBT). The structure, elemental composition and mor-
phology of the obtained hybrids were surveyed by X-ray diffraction, X-ray photoelectron spectrometer
and transmission electron microscopy, respectively. Thermogravimetric analysis was applied to simulate
and study the influence of MnCo,04-GNS hybrids on thermal degradation of PBT during combustion. The
fire hazards of PBT and its composites were assessed by the cone calorimeter. The cone test results had
showed that peak HRR and SPR values of MnCo,04-GNS/PBT composites were lower than that of pure
PBT and Co304-GNS/PBT composites. Furthermore, the incorporation of MnCo, O4-GNS hybrids gave rise
to apparent decrease of pyrolysis products containing aromatic compounds, carbonyl compounds, car-
bon monoxide and carbon dioxide, attributed to combined impact of physical barrier for graphene and
cat O4 for organic volatiles and carbon monoxide.
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1. Introduction materials during combustion generate a large amount of heat that
drives people trapped in the fire into a tremendous threat and
encourages the spread of fire. Heat release rate (HRR), total heat
release (THR), time to ignition, fire performance index and fire
growth index are all evaluation index of thermal hazards [1,2].
Among these, HRR is the most important parameter to estimate

seriousness of thermal hazards, especially peak heat release rate

As is well known, Fire hazards of polymer materials are ther-
mal hazards and smoke hazards. Thermal hazards are that polymer

* Corresponding author at: State Key Laboratory of Fire Science, University of
Science and Technology of China, 96 Jinzhai Road, Hefei, Anhui 230026, PR China.
Tel.: +86 551 63601664; fax: +86 551 63601664.

** Corresponding author at: State Key Laboratory of Fire Science, University of
Science and Technology of China, 96 Jinzhai Road, Hefei, Anhui 230026, PR China.
Tel.: +86 551 63600419; fax: +86 551 63600419.

E-mail addresses: yuanhu@ustc.edu.cn (Y. Hu), gongxl@ustc.edu.cn (X. Gong).

http://dx.doi.org/10.1016/j.jhazmat.2014.05.072
0304-3894/© 2014 Elsevier B.V. All rights reserved.

(PHRR) [3]. Smoke hazards are polymer materials during combus-
tion generate a large amount of pyrolysis products composed of
smoke particles, organic volatiles, carbon dioxide (CO,), carbon
monoxide (CO) and so on [4]. The hazards of organic volatiles
exhibit on three aspects: firstly, organic volatiles could be con-
densed and aggregated to form smoke particles, which would
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greatly increase the difficulty of fire rescue by reducing the vis-
ibility of fire scenes; secondly, various kinds of organic volatiles
including aromatic hydrocarbons [5] and carbonyl compounds [6]
are harmful for humans body; finally, organic volatiles can act as
“fuel” to support burning. Hence, the reduction of organic volatiles
would increase the visibility of fire scenario, lower the damage to
people’s health and decrease HRR of materials. Moreover, CO, the
most dangerous killer for casualties in fire accidents, is the deadli-
est threat to persons fell into fire [ 7]. Therefore, decrease of organic
volatiles and CO yield to reduce smoke hazards of materials, has
been more and more active [4,8]. Based on the previous work, it
can be seen that it is an effective and green way to catalyze organic
volatiles and CO to non-flammable and non-toxic carbon dioxide
(COy) [9-11].

Due to good dimensional stability, high thermal resistance,
prominent mechanical properties and excellent electrical insula-
tion, Poly(butylene terephthalate) (PBT) has been broadly applied
in electronic industries [12]. Similar to other polymer materials,
PBT has high fire hazards in the applications when fire accidents
happen. PHRR of pure PBT would reach up to 1404 kW/m?2 [13],
indicating that large amount of heat will be released during com-
bustion. Yang et al. have demonstrated that plentiful aromatic
compounds and carbonyl compounds are liberated during burning
[14], which harm human’s health. In addition, aromatic compounds
tend to form smoke particles because of high content of carbon,
thus reducing the visibility of fire scenes. Therefore, it is impor-
tant to reduce fire hazards of PBT, which is in favor of enlarging its
application.

As the most studied class of layered materials, graphene
nanosheets (GNSs) have attracted attention in numerous fields
covering catalysts, energy devices, transistor, nanocomposites
[15-17]. Due to the superior barrier effect resulting from its pecu-
liar two-dimensional (2D) structure, GNSs have aroused continuous
studies on fire safety in last several years [18-20]. Kim et al. have
proved that graphene nanosheets show remarkable flame resis-
tance [21]. Besides, our previous reports have demonstrated that
GNS can significantly inhibit the release of heat and pyrolysis out-
comes during burning of polymer materials [22]. Whereas, flame
retardant efficiency of graphene alone could not reach anticipant
result. To enhance the inflaming retarding efficiency of graphene,
it is essential to modify graphene with other flame retardants.
Because of high efficiency in catalytic carbonization and catalytic
oxidation, transition metal oxide is a nice choice [23].

As a result of high catalytic activity of tricobalt tetraoxide
(Co304), it has been applied in facilitating hydrogen (H,) pro-
duction [24], promoting oxygen reduction reaction (ORR) [25],
accelerating deep oxidation of CO [26] and organic volatiles [27],
and so on. Among these, catalytic oxidation of CO and organic
volatiles is most appealing for decreasing toxic gases. In order to
improve catalytic activity of Co304, doping other transition metal
element in Co304 is a more effective method. Zhao et al. show
MnOj3 has better catalytic oxidation of phenol than Co304 [28]. Fur-
thermore, substituted Co304 with Mn has shown more excellent
catalytic activity for ORR [29]. As a consequence, it is reasonable to
expect that doping Mn into tricobalt tetraoxide may perform better
catalytic oxidation of CO and organic volatiles during the combus-
tion of polymers. Furthermore, manganese sub-group compounds
could tremendously improve flame retardance of intumescent
polymer systems via increasing char residues and forming more
compact char layer [30-32], which demonstrates the importance
of Mn on reducing fire hazards of polymer.

In this work, the covalently coupled MnCo,04-GNS hybrids
were synthesized by the nucleation and crystallization of MnCo,04
nanoparticles on graphene and were added into PBT to prepare
MnCo,04-GNS/PBT composites via a masterbatch-melt blending
method. It is anticipated that MnCo,04-GNS hybrids could show

better catalytic oxidative activity of generated CO and organic
volatiles than Co304/GNS hybrids, thus leading to lower fire hazards
of PBT.

2. Experimental
2.1. Materials

Poly(butylene terephthalate) was purchased from BASF Chem-
ical Company, Germany. Powdered graphite, oil of vitriol
(98%), NaNo3, KMnOg4, H,0, solution (30%), hydrochloric acid,
Co(0Ac),-4H,0, Mn(OAc),-4H,0 and NH40H were all bought from
Sinopharm Chemical Reagent Co., Ltd.

2.2. Synthesis of MnCo,04-GNS hybrid

Graphite oxide (GO) was originated from graphite by means of
modified Hummers’ method. MnCo,04—-GNS hybrids were synthe-
sized via two-stage liquid phase method, as shown in Scheme 1a.
Firstly, 8 ml of 0.3 M cobalt acetate aqueous solution and 4 ml of
0.3 M manganese acetate aqueous solution were mixed with 200 ml
GO ethanol suspension (~ 0.5mg/ml), accompanied by adding
200 ml of water and 8 ml NH3-H;O. The reaction was held at 80°C
for the whole day with mild stirring. Secondly, the above mixture
was shifted to an autoclave and kept at 150 °C for 4 h. Since then, the
resultant products were collected by centrifugal separation, then
cleaned with deionized water, and completely dried.

Co304-GNS hybrids were synthesized through the same proce-
dure expect 4 ml of 0.3 M manganese acetate aqueous solution was
replaced by 2 ml of 0.6 M cobalt acetate aqueous solution.

2.3. Preparation of MnCo,04-GNS/PBT nanocomposites

Scheme 1b displays that MnCo,04-GNS/PBT nanocomposites
were processed by a masterbatch-melt blending method. 0.5g
MnCo,04—-GNS hybrids were dispersed in a certain amount of the
mixed solvent composed by phenol and tetrachloroethane (the
mass ratio was 1:1) with several hours of ultrasonication and
mechanical agitation, and homogeneous suspension was obtained.
4.5 g PBT was dissolved in proper amount of the above-mentioned
solvents and the mixture was added to the above suspension. After
2 h of ultrasonication and mechanical stirring, this homogenous
mixture was obtained and dried in a vacuum oven overnight to
remove excess solvents. Then the masterbatch (10% MnCo,04-GNS
hybrids and 90% PBT) was obtained and mixed with neat PBT
by the melting method to prepare the samples containing 1%
MnCo,04-GNS hybrids.

Co304-GNS/PBT composites were prepared via the same step
expect only MnCo,04-GNS hybrids were replaced by the same
amount of Co304-GNS.

2.4. Characterization

X-ray diffraction (XRD) measurements were implemented on a
Japan Rigaku D Max-Ra rotating anode X-ray diffractometer. The
scanning speed and range were 4°/min and 10°-70° respectively.

X-ray photoelectron spectrometer (XPS) spectra were recorded
using a Kratos Axis Ultra DLD spectrometer employing a monochro-
matic Al Ka X-ray source (hv=1486.6eV).

The morphology of manganese-cobalt oxide/graphene hybrid
was observed by transmission electron microscopy (TEM, JEM-
2100F, Japan Electron Optics Laboratory Co., Ltd., Japan).

Thermogravimetric analysis (TGA) was implement with the aid
of a Q5000 IR (TA Instruments) thermal analyzer in range between
indoor temperature and 800 °C. The heating speed is 20 °C/min.
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Scheme 1. Preparation process of (a) MnCo,04—GNS hybrid and (b) MnCo, O4-GNS/PBT nanocomposites.

Fire hazards of samples were performed on a cone calorimeter
(Fire Testing Technology, UK) on the basis of ASTM E1354/ISO 5660.

Thermogravimetric analysis/infrared spectrometry (TG-IR) of
the samples was performed using a TGA Q5000 IR thermogravi-
metric analyzer that was interfaced to the Nicolet 6700 FTIR
spectrophotometer through a Thermo-Nicolet TGA spectropho-
tometer.

3. Results and discussion
3.1. Characterization of the MnCo504-GNS hybrids

MnCo,04/GNS hybrids were characterized by XRD to verify the
phase, as shown in Fig. 1. The chief peaks of MnCo,04-GNS and
Co304-GNS are commendably line with the cubic spinel MnCo,04
and Cosz0y4, respectively. The (002) diffraction peak of GNS dis-
appears, demonstrating that evident stack is destroyed because of
the formation of MnCo,04 or Co304 nanoparticles on the face of
graphene. The peaks of the former are mildly changed to lower 260
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Fig. 1. XRD patterns of the as-synthesized GNS, Co304-GNS and MnCo,;04-GNS
hybrids.

angles than that of the latter, as a result of bigger size Mn ions.
In addition, no other addition diffraction peaks have emerged in
the XRD patterns of MnCo,04-GNS and Co304-GNS hybrids, which
affirms they have not been contaminated.

XPS analysis was employed to analyze elementary composition,
oxidation states of metal atoms and nitrogen boding configurations
of the as-synthesized MnCo;04-GNS hybrids. Fig. 2a shows the
characteristic peaks of C 1s, O 1s, N 1s, Co 2p and Mn 2p, indicat-
ing that carbon, oxygen, nitrogen, cobalt and manganese elements
exist in the hybrids and the Co/Mn ratio is about 2 which is closely
fitted to the designed ratio. The XPS spectrum for Co 2p shown in
Fig. 2b exhibits two sharp peaks at 779.2 and 795.0 eV, belonging to
Co 2p3), and Co 2py, and two shoulder peaks with binding ener-
gies at 786.3 and 803.1eV. In the Mn 2p spectrum (Fig. 2c), the
major peak Mn 2p3), is at 642.2 eV and the minor one Mn 2py, is
at653.5eV. Asrevealed in Fig. 2d, the high resolution N 1s peak can
be deconvoluted into pyridinec N, pyrrolic/amino N and graphitic
N [33].

Fig. 3 shows microstructure of graphene and MnCo,04-GNS
hybrids. As could be observed in Fig. 3a, GNS shows typically flat yet
folded nanosheets with a few hundred nanometers size. As regards
MnCo,04-GNS hybrids (Fig. 3b), it can be seen that many dark
nanoparticles of uniform size are decorated on the face of GNS and
overlaps of graphene nanosheets are validly inhibited.

3.2. Thermal decomposition of MnCo,04-GNS/PBT
nanocomposites

TGA was used to simulate and study thermal decomposition of
PBT and its nanocomposites during burning. TG/DTG profiles of PBT
and its composites are displayed in Fig. 4. As can be observed, all
the samples have two stages on the basis of DTG profiles, which is
corresponding to the pyrolysis of the polymer macromolecules and
the oxidation of char residue, respectively. Almost 95 wt% of the
total mass loss happens in the temperature scope between 350°C
and 450°C. After incorporating Co304-GNS or MnCo;04-GNS
hybrids into PBT, the onset degradation temperature (Topset)
where the mass loss is 5% are lower than pure PBT, corresponding
to a 5 and 9°C decrement, which is caused by the excellent heat
conductivity of graphene to speed up diffusion of heat through PBT
matrix [34]. Moreover, the DTG profiles (Fig. 4b) demonstrate the
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Fig. 2. XPS spectra of the as-synthesized MnCo,04-GNS hybrid (a), high resolution Co 2p (b), Mn 2p (c) and N1s (d) of XPS spectra of the as-synthesized MnCo,04-GNS

hybrids, respectively.

maximum weight loss rates of Co304-GNS/PBT and
MnCo,04-GNS/PBT are lower than that of pure PBT, depend-
ing on the synergistic effect of physical barrier of GNS and catalytic
carbonization of transition metal oxides to prevent weight loss
during thermal decomposition [35,36]. Meanwhile, an interesting
finding is that the largest weight loss rate of MnCo,04—-GNS/PBT is
inferior to that of Co304-GNS/PBT, possibly ascribed to formation
of the more compact barrier by doped Mn.

As is well known, the oxidization of graphene at elevated tem-
perature is the most serious challenge to the barrier effect of GNS. In
order to confirm that physical barrier effect of GNS works during the
thermal pyrolysis course of PBT, thermal oxidation of graphene was
investigated by TGA, as displayed in Fig. 5. Pure GNS exhibits a suc-
cessional weight loss which results from the evaporation of water
and subsequent oxidation of the resultant char. At the tempera-
ture of the maximum decomposition rate of PBT and its composites

Fig. 3. TEM image of GNS (a) and MnCo,04-GNS hybrids (b).
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Fig. 4. TG (a) and DTG (b) profiles of PBT and its composites as a function of tem-
perature under air atmosphere.

(Tmax, around 420 °C), the residual content of GNS still reaches up to
88.8%, proving that thermal oxidation of graphene has few impact
on the physical barrier of graphene at the maximum decomposition
stage.

3.3. Fire hazards of PBT and its composites

The cone calorimeter is a commonly employed equipment for
assessing fire hazards of materials in real-world fire situations. HRR,
THR and Smoke production rate (SPR) are employed to monitor
the fire hazards of materials in real time. PHRR and peak smoke
production rate (PSPR) are two foremost parameters for evaluat-
ing thermal hazards and smoke hazards of materials, respectively
[37]. As is well known, the lower values of PHRR, the smaller heat
release, the less thermal hazards of materials; the lower values of
PSPR, the better visibility of fire scenes, the less smoke hazards
of materials. HRR, SPR, THR versus time and FPI versus FGI curves
of PBT and its nanocomposites are presented in Fig. 6, and these
vital data gotten from cone tests are also recorded in Table 1. As
can be observed in Fig. 6a, pure PBT burns very rapidly and the
PHRR value reaches up to 1539 kW/m?2, manifesting that PBT is
one of inflammable materials with high thermal hazards. After
incorporating 1% Co304—GNS hybrids into PBT, the PHRR value is
decreased to 1071 kW/m?, with a 30.4% reduction compared to
pure PBT. Moreover, the PHRR value of MnCo,04-GNS/PBT com-
posites is further reduced to 966 kW/m?, corresponding to a 39.4%
reduction. Similar to the change trend of PHRR, the PSPR value
of Co304-GNS/PBT composites is decreased by 19.4% and that of
MnCo,04-GNS/PBT composites is lowest with a 35.7% reduction.
The decreasing PHRR and PSPR are greatly related to compact
degree of char and more compact of char indicates less PHRR and
PSPR. Herein, compact degree of char are investigated by SEM
(Fig. 7). The char layer of pure PBT is loose with many porous holes
that provide channels for the release of smoke particles, flammable
pyrolysis products and generated heat. Nevertheless, the introduc-
tion of Co304-GNS gives rise to a continuous and tight char layer
except some holes. Besides, char layers of MnCo,04-GNS are more
compact with no pores, which demonstrates doped Mn facilitates
formation of compact char layers. The compact char layers could

100 inhibit escape of smoke particles, flammable gas and heat.
| —— GNS To some degree, TTI (time to ignition) and total heat release are
g0 L also generally utilized to assess fire hazards of materials. The longer
of TTI and the lower of THR mean the less of fire hazards. The TTI
o of Co304-GNS/PBT and MnCo,04-GNS/PBT composites are a lit-
2\:60 L tle shorter than neat PBT, because the high thermal conductivity
< of GNS could speed-up the volatilization of inflammable gas. Com-
K pared to neat PBT, the incorporation of 1% Co304-GNS results in
= 40 |- the lower THR, and the addition of 1% MnCo,04-GNS/PBT leads to
further lower THR. The above phenomenon could be interpreted by
catalytic carbonization of Co304-GNS and MnCo,04-GNS hybrids
20 toresultinless “fuel” to support burning. The explanation is verified
by the different char yields of samples, as displayed in digital photos
ol (Fig. 7) of char residues. Pure PBT burns completely with little char
S S SR P FR SR— E— residues, while the char residues of Co304-GNS/PBT composites are
100 200 300 400 500 600 700 more than that of pristine PBT, and the MnCo,04-GNS/PBT com-
Temperaure(C) . . .
posites have the maximum char residues among all the samples.
Fig. 5. TG versus time curves of GNS under air atmosphere. The increased char residues could be interpreted by catalytic car-
bonization of Co304-GNS and MnCo,04-GNS hybrids. Obviously,
Table 1
Cone data for PBT, Co304—GNS/PBT and MnCo,04-GNS/PBT composites.
Sample TTI (s) PHRR (kW/m?) PSPR (m?/s) THR (M]/m?) FGI (kW/m?/s) FPI (kW/m?/s)
PBT 68 1539 0.577 68.4 10.3 226
C0304/GNS/PBT 66 1071 0.465 64.7 7.8 16.2
MnCo,04/GNS/PBT 65 966 0.371 62.7 7.3 14.9
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Fig. 7. Digital photos of PBT, Co304-GNS/PBT and MnCo,04-GNS/PBT composites after the cone tests.
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doped Mn would promote more char residues production of flam-
ing PBT.

FPI and FGI, which are the ratio of PHRR to TTI and the ratio
of PHRR to TTP (time to PHRR) respectively, are both important
indexes for characterizing the thermal hazards of materials. It is
broadly acknowledged that the larger FPI and FGI for polymer mate-
rials, the higher their thermal hazards. Following the orientation
pointed by the arrow in the Fig. 6d, it is realized that the thermal
hazards of MnCo,04-GNS/PBT composites are the lowest.

3.4. Smoke hazards estimated by TG-IR

Because the cone calorimeter could measure smoke hazards
of materials on the visibility of fire scenes but not on the tox-
icity of pyrolysis gas, TG-IR was widely used to analyze them
during the thermal decomposition process of polymer materials.
As can be observed in Fig. 8, pure PBT and its composites show
two significant peaks of gas emission, caused by the pyrolysis of
the polymer macromolecules and the oxidation of char residues
respectively, which matches well with TGA results. Just as expected,
the addition of Co304—GNS hybrids into PBT leads to the significant

decrease of the intensity of gas emission due to the corporate
properties of physical barrier of graphene nanosheets and cat-
alytic property of cobaltous oxide. Furthermore, the intensity of
gas emission of MnCo,04-GNS/PBT composites is much lower than
Co304-GNS/PBT composites, probably because MnCo,04 shows
better catalytic activity than Co304, which agrees well with TGA
results.

FTIR spectra gained at the first and second maximum evo-
lution rate in pyrolysis process of PBT and its composites are
displayed in Fig. 9. Gaseous pyrolysis products emitted from
PBT and its composites are recognized clearly by featured FTIR
signals, such as —C—H groups for alcohols, acids and vari-
ous hydrocarbons (3100-2800cm™1), carbon dioxide (2360 and
670cm™1), carbon monoxide (2180 cm~!), aromatic compounds
(1608, 1578, 1510, 1460, 913, 871 and 735cm~!) and carbonyl
compounds (1762, 1745, 1267, 1185 and 1103 cm~') and water
(4000-3500cm~'). During the thermal decomposition process,
various organic volatiles including aromatic compounds and car-
bonyl compounds, CO, and CO are escaped from PBT, as exhibited
in Fig. 9a. Fig. 9b reveals CO, is mainly emitted from matrix during
the oxidation of char residues.

To further comprehend the influence of MnCo;04-GNS and
Co304-GNS hybrids on amount variation of decomposition gas, the
absorbance of gaseous volatiles for PBT and its composites versus
temperature is displayed in Fig. 10. The absorbance intensities
of pyrolysis gas for Co304-GNS/PBT and MnCo,04-GNS/PBT
composites are much lower than that for pure PBT, which is
probably due to the corporate properties of physical barrier
for graphene nanosheets and catalytic properties of Co304 and
MnCo,04. The reduction of organic volatiles (aromatic compounds
and carbonyl compounds) for Co304-GNS/PBT composites leads
to the inhibition of smoke particles, thus benefiting the visibility
of fire scenes. Importantly, the reduction of aromatic compounds
and carbonyl compounds gives rise to toxic decrement of pyrolysis
products, which would be helpful for fire rescue. Moreover, the
reduction of aromatic compounds and carbonyl compounds results
in a decrease in HRR, which decreased the fire hazards during
combustion. Simultaneously, the maximum intensities of aromatic
compounds and carbonyl compounds for MnCo,04-GNS/PBT
composites are lower than that for Co304-GNS/PBT composites,
demonstrating that MnCo,04-GNS hybrids shows better catalytic
oxidation of organic volatiles than Co304-GNS hybrids. In terms of
toxicity, carbon monoxide is much more dangerous than aromatic
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Scheme 2. Schematic illustration of the possible mechanism of the reduced fire hazards of MnCo,04—-GNS/PBT composites.
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Fig. 9. FTIR spectra of decomposition products released from PBT and its composites at (a, ¢, e) the first maximum evolution rate and (b, d, f) the second maximum evolution

rate.

compounds and carbonyl compounds. CO production for
Co304-GNS/PBT composites is quite lower than that for neat
PBT, attributed to two aspects: for one thing, the CO molecule
is absorbed by the Co3*cation in Co304 and then the adsorbent
CO is oxidized by attracting the surface oxygen that might be
coordinated with trivalent chromic ion [26]; for another the CO
molecule is absorbed by GNS and inhibited by the barrier of GNS.
As expected, CO production for MnCo,04-GNS/PBT composites
is lower than that for Co304-GNS/PBT composites, probably
due to high catalytic activity of MnCo,04 for CO oxidation. The
reduction of toxic CO in pyrolysis products will be beneficial for
fire rescue when fire accidents happen. Additionally, CO, release
at the maximum decomposition of the macromolecular chains
for Co304/GNS/PBT and MnCo,04/GNS/PBT composites are much
lower than that for pristine PBT, possibly ascribed to the absorption
and the barrier effect of GNS. Moreover, it can be seen that CO,
release for MnCo,04-GNS/PBT composites is higher than that for
Co304-GNS/PBT composites, also confirming that MnCo,04 shows

better catalytic activity for organic volatiles and CO oxidation to
CO,.

3.5. Flame retardant mechanism

In summary, the possible mechanism of the reduced ther-
mal hazards and smoke hazards of MnCo,04-GNS/PBT composites
are proposed as shown in Scheme 2. During the combustion of
MnCo,04-GNS/PBT composites, organic volatiles (mainly consist
of aromatic compounds and carbonyl compounds), CO, CO, and
smoke particles released from PBT matrix are inhibited by the phys-
ical barrier effect of GNS nanosheets. Besides, organic volatiles and
CO would be deeply oxidized to non-toxic CO, by the catalytic
oxidation of MnCo,04. Moreover, the effective barrier effect of
graphene nanosheets would suppress the generated heat release
and prevent the nether materials from forward burning. As well, the
catalytic carbonization of MnCo,04-GNS hybrids would facilitate
the formation of compact char layers on the surface of polymers
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to inhibit the release of heat and pyrolysis products, and stop
the underlying materials from further combustion. Meanwhile,
the catalytic carbonization could decrease the combustion degree
of MnCo,04-GNS/PBT composites to cause the reduction of the
total heat release which is beneficial for the enhancement of
fire resistance. The comparison of fire hazards of Co304-GNS/PBT
and MnCo,04-GNS/PBT composites shows that doped Mn
could enhance catalytic carbonization, improve compactness of
char and strengthen catalytic activity of organic volatiles and
co.

4. Conclusion

Herein, MnCo,04-GNS hybrids were successfully synthesized
by a two-stage solution method and then added into PBT matrix
via a masterbatch-melt blending method. TEM results showed
that MnCo,04 nanoparticles of uniform size were well decorated
on the surface of graphene nanosheets. Thermal degradation of
PBT was studied and physical barrier of GNS still works at the
temperature of the maximum decomposition rate of PBT. Ther-
mal hazards and smoke hazards of MnCo,04-GNS/PBT composites
were assessed by the cone test. When MnCo,04-GNS hybrids were
incorporated into PBT matrix, the peak HRR and SPR values of
MnCo,04-GNS/PBT composites were obviously decreased by 39.4
and 35.7%, respectively. Furthermore, smoke hazards on toxicity
of pyrolysis products for PBT and its composites were analyzed by
TG-IR technology. Organic volatiles and CO were deeply oxidized

to non-flammable and non-toxic CO, by MnCo,04-GNS hybrids,
which would reduce the toxicity of pyrolysis products, thus bene-
fiting fire rescues. Finally, the possible mechanism of the reduced
thermal hazards and smoke hazards of MnCo,04/GNS/PBT com-
posites were attributed to physical barrier of graphene nanosheets,
catalytic oxidation activity of MnCo, 04 nanoparticles and catalytic
carbonization of MnCo,04-GNS hybrids. This work would provide
a simply effective solution to extend the application of graphene in
reducing fire hazards of materials.
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