This article was downloaded by:

On: 18 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

International Journal of Polymeric Materials
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713647664

Synthesis and Thermal Properties of Boron-Nitrogen Containing Phenol

Formaldehyde Resin/MMT Nanocomposites

Jungang Gao?; Chaojie Jiang? Xiaohui Su®

2 Department of Polymer Science, College of Chemistry and Environmental Science, Hebei University,
Baoding, China

| Online publication date: 29 June 2010

To cite this Article Gao, Jungang , Jiang, Chaojie and Su, Xiaohui(2010) 'Synthesis and Thermal Properties of Boron-
Nitrogen Containing Phenol Formaldehyde Resin/MMT Nanocomposites', International Journal of Polymeric Materials,
59: 8, 544 — 552

To link to this Article: DOI: 10.1080/00914031003760659
URL: http://dx.doi.org/10.1080/00914031003760659

PLEASE SCROLL DOWN FOR ARTICLE

Full terns and conditions of use: http://wwinformworld.coniterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or nmake any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clains, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this nmaterial.



http://www.informaworld.com/smpp/title~content=t713647664
http://dx.doi.org/10.1080/00914031003760659
http://www.informaworld.com/terms-and-conditions-of-access.pdf

15:54 18 January 2011

Downl oaded At:

International Journal of Polymeric Materials, 59:544-552, 2010
Copyright © Taylor & Francis Group, LLC e
ISSN: 0091-4037 print/1563-535X online

DOI: 10.1080/00914031003760659

Taylor & Francis

Taylor & Francis Group

Synthesis and Thermal
Properties of
Boron-Nitfrogen Containing
Phenol Formaldehyde
Resin/MMT
Nanocomposites

Jungang Gao, Chaojie Jiang, and Xiaohui Su
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The nanocomposites of boron-nitrogen containing phenol formaldehyde resin (BNPFR)
and organic-montmorillonite (O-MMT) (BNPFR/MMT) were synthesized from phenol,
formaldehyde, boric acid, ammonia water and montmorillonite. The thermal properties
of nanocomposites were characterized. The results show that the remaining weight
fraction of BNPFR is 68.82% at 750°C, but the hybrid nanocomposite (BNPFR/
MMT) is 75.51%. At 900°C, the remaining weight fraction of 7% O-MMT containing
nanocomposites is 72.89%, which is 11.46% higher than BNPFR. The mechanical loss
peak temperature T, of BNPFR/MMT nanocomposites is 194.6°C, which is higher
7.3°C than that of BNPFR.
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INTRODUCTION

Phenolic formaldehyde resins (PFR) are used principally in reinforced thermo-
setting materials and adhesives. To improve the flame retardant and
thermo-oxidative resistance of PFR, the addition of boron has been reported
[1-4]. The effectiveness of borate as the flame-retardant in various materials
has been explained by the formation of nonpenetrable glass coating in these
materials upon their thermal degradation. The glass coatings exclude oxygen
and prevent further propagation combustion. Some reports have been
appeared on the synthesis, curing and thermodegradation process of
boron-containing phenol-formaldehyde resin (BPFR) [3—6]. But the general
BPFR are extremely sensitive to moisture. To improve the hydrolytic resist-
ance of BPFR, the resins of containing B-N have been synthesized [2,7]. The
nature and mechanism of the exfoliation process of the surface-modified
layered-silicate nanoparticles in the crosslinking epoxy network have been
investigated. Lan demonstrated that the exfoliation of the clay is not only
dependent on the reactivity of the resin system but also on the rate of intercal-
ation of the resin [8]. The clay nanocomposites of epoxy resin, novolac resin
and thermal plastic resin (such as Nylon-6, PET, fiber and PSt, et al.) had been
prepared [8-10]. But the descriptions of synthesis and thermal properties for
nanocomposites of boron-nitrogen containing phenol formaldehyde resin/
montmorillonite (BNPFR/MMT) have been lacking until now. We have
synthesized the boron-nitrogen containing phenol formaldehyde resin [7]. In
this work, the BNPFR/MMT nanocomposites were prepared, and the struc-
ture and thermal properties were investigated by X-ray diffraction (XRD),
torsional braid analysis (TBA) and thermogravimetric analysis (TGA).

EXPERIMENTAL

Materials

Phenol, boric acid, formaldehyde solution (37 wt%), oxalic acid, 25%
ammonia water, toluene, n-butyl alcohol and paraformaldehyde were all ana-
lytical pure grade, and were supplied by Tianjin Chemical Reagent Co. (China).
Na'-montmorillonite with the cation exchange capacity (CEC) value of about
100mmol/100g was purchased from Qingshan Chemistry Agent Factory in
Lin’an (China). CH3(CH5){5(CHj3)sNBr, the surfactant of clay, was purchased
from the Institute of Xinhua Active Material in Changzhou (China).

Preparation of Organically Modified Montmorillonite

20 g of Na-montmorillonite were dispersed into 500 mL distilled water at
80°C. 9g CH3(CHy)15(CH3)sNBr were dispersed in 100 ml distilled water, then
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poured in the hot water solution of Na*-MMT and stirred vigorously for 1h at
80°C. A white precipitation was formed, and separated by centrifugation, then
washed several times with distilled water until no bromide was detected in
the filtrate by one drop of 0.1 mol/L AgNOj solution. The resulting O-MMT
was dried in a convection oven at 80°C. The dried O-MMT was ground with
a freezer/mill. The sieved O-MMT powder less than 36 um was characterized
and applied.

Synthesis of BNPFR/MMT Nanocomposites

52.88¢g phenol, 16.50g formaldehyde solution, 6.25g ammonia water
and 3.70 g O-MMT were put into a four-necked round-bottom flask, equipped
with a stirrer, a thermometer and a condenser. First, the mixture was treated
with ultrasonic at room temperature for 2h, then stirred and heated to 70°C.
The reaction was maintained at this temperature for 90 min, then the water
that was in the formaldehyde solution and formed during the reaction in
vacuum was removed. In the second step, 11.25 g boric acid, 0.32 g oxalic acid,
6.25 mL toluene and 14.81g n-butyl alcohol were added to this system, and
refluxed for 2 h to remove the formed water. In the third step, 19.38 g parafor-
maldehyde were added, the temperature was heated to 110°C and held for 2h,
and then the residual solvent in vacuum was removed. Finally the yellow solid
resin of BNPFR/MMT nanocomposite was obtained.

Changing the dosage of O-MMT, the nanocomposites with different
O-MMT content were obtained.

Characterization of O-MMT and Nanocomposites

XRD analysis: X-ray diffraction patterns were recorded by monitoring
the diffraction angle 26 from 1.5-10° on the X-ray diffractometer (Rigaku-D/
max-rB, Germany). The X-ray diffractometer was equipped with a CuKa
(4=0.1542nm) radiation source operated at 40kV and 100 mA. The scanning
speed and the step size used were 2°/min and 0.02°, respectively.

A Pyris-6 thermobalancer (Perkin-Elmer Co., USA) was used to determine
the weight loss behavior of BNPFR and nanocomposites during degradation.
The resins was cured at 180°C for 2 h. About 8 mg of sample powder was intro-
duced into the thermobalance, then heated to 900°C at 20°C/min under a
nitrogen flow of 40 mL/min.

A cleaned glass fiber braid was first dipped in resin-acetone solution
for about 30min, and then taken out. When the solvent in the braid was
completely evaporated in vacuum, the braid was placed in a heated oven with
a constant temperature of 180°C. After curing at this temperature for 2h,
the braid was taken out and cooled to room temperature, and the dynamic
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mechanical properties of nanocomposites were investigated with a torsional
braid analyzer (TBA, GDP-4, Jilin Universal Instrument Co., China) with a
heating rate of 2°C/min. The maximal mechanical loss temperature (T})
was determined.

RESULTS AND DISCUSSION

X-ray Diffraction Analysis

The X-ray diffraction patterns for BNPFR/MMT nanocomposites contain-
ing different O-MMT content cured under the temperature of 180°C are shown
in Figure 1. As reported [11], when polymer chains are inserted into the gal-
leries of mintmorillonite, the lattice spacing is enlarged. These XRD patterns
reveal the change of O-MMT basal spacing that occurs in the BNPFR curing
process. For the BNPFR/MMT nanocomposites, it is noteworthy that the
(001) diffraction peak, corresponding to the basal spacing of montmorillonite
doo1, shifted to a lower angle comparable to that of O-MMT, and the peak
intensity increased with increasing O-MMT content.

As shown in Figure 1, the X-ray diffraction peak occurs at (20) decrease
from 5.23° to 4.02° for O-MMT, according to 2dsinf =n/, the distance between
the layer of clay increased from 1.69 nm of MMT to 2.19 nm. We also find that
the peak of diffraction (001) for the 7% O-MMT/BNPFR nanocomposite disap-
peared in the XRD patterns. It is because the minimum diffraction angle (20)
detected by X-ray diffractometer is 1.5°. According to the Bragg formulation
2dsin0 =n/, the distance between layers is calculated as 5.88 nm. So the dis-
appearance of the diffraction peak can show that the distance between layers
of clay nanocomposites is 5.88 nm, at least. As Pinnavaia pointed out [8], the
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Figure 1: X-ray diffraction of the clay, o-MMT and BNPFR/MMT nanocomposites.
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Figure 2: TG curves of PFR, BNPFR and BNPFR/MMT nanocomposites.

lattice spacing of the intercalated nanocomposite increases, but Bragg diffrac-
tions still exist in the diffractogram, which shifted to a lower angle. If the
lattice spacing continues to increase, exfoliated nanocomposite is formed,
leading to the disappearance of the Bragg diffraction. XRD results show that
exfoliated MMT had been formed.

TG Analysis of BNPFR/MMT

Figure 2 shows the thermal weight loss curves of different resins at
20°C/min heating rate. The weight loss data are shown in Table 1. It can be
seen from Figure 2 and Table 1, the weight loss of general phenol formalde-
hyde resin (PFR) before 350°C is about 5%, but the BNPFR and BNPFR/
MMT had no weight loss at this temperature. It can be seen also that with
the increasing O-MMT content, TG curves shift to high temperature, but
the curves are down when the O-MMT content is over 7%. The weight loss
of BNPFR and BNPFR/MMT can be divided into three stages. The first stage
from 350—410°C is the loss of water, ammonia and formaldehyde, which
produced from the curing and decomposing of some groups, the weight loss

Table 1: TG datas of PFR, BNPFR and BNPFR/MMT nanocomposites.

0 wit% 3wi% 5wi% 7 wi% 10 wi%
Temperature/°C PFR/% MMT/% MMT/% MMT/% MMT/% MMT/%

400 92.88 99.14 99.25 99.30 99.34 99.32
500 80.49 93.62 94.38 94.57 95.15 94.95
600 41.04 80.61 81.95 82.34 85.78 84.25
700 6.16 71.44 72.97 74.69 77.37 75.84
800 0 65.89 68.38 71.25 74.31 72.78

Q00 0 61.43 64.87 69.45 72.89 70.98
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of less than 7%. The second stage is 410-620°C, which is the principal stage
and the weight loss may be caused by the breakage of some ether linkages,
methylene bridges and other weak linkages [3,6]. The third stage is the
breakage of B-N, B-O linkage and the carbonation of benzene ring.

As seen from Table 1, the general phenol formaldehyde resin had decom-
posed completely at 750°C, but the residual amount of BNPFR is 65.89% at
800°C, and it is 61.43% at 900°C. The residual amount of BNPFR/MMT
(7Twt% O-MMT) is 74.31% at 800°C, and is 72.89% at 900°C; it is higher at
11.46% than BNPFR. The results indicate that the BNPFR/MMT nanocompo-
site has better thermal stability than BNPFR and it is best when the O-MMT
content is 7%. The thermal stability of nanocomposites can be attributed to the
fact that the stronger interaction between BNPFR molecules and MMT con-
fine the activity of the macromolecule chains, and MMT layers can suppress
the emanation of the small molecule effectively when a degradation reaction
originated, resulting in the decrease of the degradation velocity of the compo-
sites [11]. Therefore, the heat stability of nanocomposite is increased.

Kinetics of Thermal Degradation

The TGA data are analyzed on the basis of the Madusdanan-Krishnan-
Ninan method [12,13] to the main stage, which can be expressed by the
following equation:

In

gl(‘;g - 1n‘?b% +3.77 - 1.92InE, 7}% (1)
where A is the pre-exponential factor in the Arrhenius equation, E, is the
apparent activation energy, R is the universal gas constant, ® is the heating
rate, T is absolute temperature, and G(a) is the integral form of the conversion
dependence function. The correct form of G(a) depends on the proper
mechanism of degradation reaction. Different expression of G(a) for some
solid-state reaction mechanisms can be described as follows: in first order
(n=1), G(a) is —In(1 —a); in second order (n =2), G(a) is 1/(1 —a); in third
order (n=3), G(a) is 1/(1 —a)>.

In dynamic TGA experiments, the weight change of the sample is regarded
as a function of temperature and conversion o can be expressed as:

Wo — Wy
=077 2
W W (2)
where Wy is the initial weight, Wr is the residual weight at temperature T,
and W_, is the final weight. Therefore, using the TGA curves and Eq. (1),
the conversions are calculated for the main degradation stage. The plots
of InG(a)/T'%? vs. 1/T for different mechanism functions, the apparent
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Table 2: The kinetic parameters of thermal degradation of 7%MMT/BNPFR at
20°C/min heating rate.

Reaction Correlation AEq Standard
7%MMT/BNPFR order coefficient (kJ/mol) InA (S ') deviation
Second stage 1 0.9990 76.30 3.50 0.0110

2 0.904 9.379 1.28 0.0434
3 0.959 31.49 3.56 0.0904
Third stage 1 0.9942 35.84 0.44 0.0260
2 0.888 61.77 7.24 0.271
3 0.908 139.6 18.96 0.547

activation energy AE, (kJ/mol) and pre-exponential factor InA can be calcu-
lated; these data are collected in Table 2.

As can be seen in Table 2, in the second stage, the linear correlation
coefficient obtained by the first order mechanism is 0.9990, the AE, is
76.30kJ /mol, and the standard deviation is 0.0110, which is better than those
using the second and third mechanism. In the third stage, the linear corre-
lation coefficient obtained by the first order mechanism is 0.9940, the AE, is
35.84 kdJ /mol, and the standard deviation is 0.0260, which is also better than
that of using the second and third mechanism. So the main thermal degradati-
on reaction of BNPFR/MMT nanocomposites follows first order kinetics.

TBA Analysis

T, has been used directly as a parameter of heat-resistance for polymer,
and as a parameter for conversion in the analysis of reaction kinetic models
for thermosetting resins [14]. DSC is usually used to determine the T, of poly-
mer, but it is not a best method for thermosetting polymers, especially at a
higher conversion, because the shift of the DSC curve will be very little and
unconspicuous at that time. TBA is usually used to determine the T, of ther-
mosetting polymers. There is a one-to-one relationship between the T, and the
degree of cure. T, is particularly useful at high conversion and after vitrifi-
cation because of the nonlinearity of T, vs. conversion reaction [15,16]. There
is a one-to-one relationship between 7T, and the maximal mechanical loss tem-
perature (T,). After the specimens were cured for 2h at 180°C, the TBA data of
BNPFR and BNPFR/MMT (7% O-MMT) are shown Figure 3. As seen from
Figure 3, they all have mechanical loss peaks T}, the peak temperature T},
of BNPFR/MMT nanocomposites is 194.6°C, which is higher 7.3°C than that
of BNPFR. T;s of BNPFR/MMT nanocomposites for different O-MMT content
which result from TBA measurements are shown in Table 3. As seen from
Table 3, they have different glass transition behaviors for the samples which
have different O-MMT content. T, has a maximal value when the O-MMT
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Figure 3: TBA curves of BNPFR and BNPFR/MMT nanocomposites.

Table 3: Glass tfransformation temperature of nanocomposites.
____________________________________________________________________________________________|]

0%MMT 3%MMT 5%MMT 7%MMT 10%MMT
Tg/°C 187.3 188.2 192.1 194.6 192.4

content is 7%. This result is coincident with the thermal stability of BNPFR/
MMT nanocomposites. It is also shown that the BNPFR/MMT nanocompo-
sites have higher rigidity than that of commercial polymeric materials at
higher temperatures.

CONCLUSIONS

The nanocomposites of boron-nitrogen containing phenol formaldehyde resin/
organic-montmorillonite (BNPFR/MMT) could be synthesized from phenol,
formaldehyde, ammonia water and montmorillonite by a one-step intercal-
ation polymerization method. The hybrid nanocomposites (BNPFR/MMT)
have a higher thermal stability, and the initial thermal degradation tempera-
ture is about 100°C higher than that of common phenol resin. As the tempera-
ture reached 900°C, the remaining weight fraction of 7% O-MMT containing
BNPFR nanocomposites had still 72.89% residue weight, which is 11.46%
higher than that of BNPFR, and the maximal mechanical loss temperature
(Tp) is 194.6°C and 7.3°C higher than BNPFR.
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