CHAPTER IV
PREPARATION OF POLYBENZOXAZINE-DERIVED PARTIALLY
ORDERED CARBON

-4.1 Abstract

Partially ordered carbons have been widely  died and used in various
applications such as catalyst supports, and electrode materials. They have been
conventionally prepared by pyrolysis and physical or chemical activation of organic
precursors such as polymers, in which the pore size and pore strurture, can be
.controlled at a high temperature in inert atmosphere. In this study, the solventless
process was used to prepare polybenzoxazine precursor, which was synthesized from
formaldehyde, phenol and aromatic diamine to produce partially ordered carbon with
high chair yield. The effects of the pyrolysis temperatures on the microstrucrtire of
the obtained partially ordered carbons were investigated. The change in the chemical
structure of polybenzoxazine was examined by FTIR and TGA was used to
investigate thermal properties. The physical properties were examined by SAA. In
addition, XRD wras used to demonstrate the characteristics of d spacing in partially
ordered carbon. The electrical property of partially ordered carbon was observed at
room temperatoe by an electrometer with two-point probe.
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4.2 Introduction

Many researchers have discovered and studied carbons which are graphite,
graphene and carbon nonotube were attracted in electronic applications because their
properties such as thermal stabillity and conductivity. Graphene is a single carbon
layer of graphite structure, describing its nature by analogy to a polycyclic aromatic
hydrocarbon of qua'Si-infinite size as according to the IUPAC definition from 1995,
Graphene is the subset of graphite, carbon nanotubc and fullerene [1], In this
material, carbon atoms are arranged in a regular hexagonal pattern. It is a one-atom
thick layer of the layered mineral graphite. This two-dimensional material constitutes
a new partially ordered- carbon including layers of carbon atoms forming six-
membered rings [2], Ideally graphene is a single-layer material, but graphene
samples with two or more layers are being investigated with equal interest.
Graphenes can be defined in to three different types: single-layer graphene (SG), bi-
layer graphene (BG) and few-layer graphene (number of layers < 10). Graphene
exhibits large specific surface area and unique electrical, mechanical and thermal
properties [2-6]. It shows excellent physical and chemical properties, which makes it
promising for variety of applications in the areas such as solar-cells, energy storage,
field effect transistors, catalyst support, sensors, and nanocomposites [7-12],

The first preparation of single-layer graphene was reported by Novoselov
and coworker [3], In 2007, Black and coworker reported the direct chemical
exfoliation of graphite into graphene without a graphene oxide step [13]. The first
preparation of graphite oxide was achieved by oxidative treatment of graphite by
employing Hummers procedure [14] A chemical method to prepare single-layer
graphene involves reduction of single-layer graphene oxide dispersion in
dimethlyformamide with hydrazine hydrate [15], or sodium and ethanol [16]. At the
same time, single-layer graphene have been exfoliated in N-methylpyrrolidone [17]
or a surfactantAvater solution using ultrasonication [18]. Besides, chemical vapor
deposition was used to prepare single-layer graphene by decomposing a variety of
hydrocarbons on films or sheets, the number of-layers varying with the hydrocarbon
and reaction parameters of transition metal [19], The thermal exfoliation of graphitic
oxide is an important method to prepare few-layer graphene at high temperatures
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[20-21], Another method of preparing few-layer graphene is by reacting single-layer
graphene oxide in water with hydrazine hydrate at the refluxing temperature [22] or
by microwave treatment [23], The effect of heating nanodiamond at different
temperatures has been studied by Enoki and coworker [24-25], Annealing of
nanodiamond at high temperatures in an inert atmosphere produces few-layer
graphenes [21, 26],

The preparations of conductive carbon, almost transform of graphite to
graphene, are complicated and expensive process. Therefore, novel carbons have
been developed including partially ordered carbon. It has been widely studied and
used in various applications such as atmosphere separation, catalyst supports, and
electrode material. It has been conventionally prepared by pyrolysis and physical or
chemical activation of organic precursors such as polymers in which the pore size
and pore structure can be controlled during the process at very high temperature in
inert atmosphere. Polybenzoxazine as a novel developed class of thermosetting resins
derived from phenolic resin. It possesses various good properties like high thermal
stability, easy processability and very high char yield. A method for preparing a
desired henzoxazine compound comprises preparing a substantially homogeneous
reaction mixture that includes a phenolic compound, a primary amine and an
aldehyde. It has been synthesized from inexpensive raw materials and polymerized
by a ring-opening addition reaction [27-28], The ways of producing benzoxazine
monomer based on the functional group of reactants. They are mono-functional, di-
functional and multifunctional group [29], Because of the benzoxazine monomer are
resuting in linear and branch structure. It may cause reduce the properties of
benzoxazine. In 2005, Takeichi and colleague synthesized high molecular weight
polybenzoxazine precursors from aromatic or aliphatic diamine and bisphenol-A
with paraformaldehyde [30].

The present work has been synthesized benzoxazines precursors based on
aniline, methylenedianiline and tetraethylenepentamine in ordered to study the
changing ordered structure of partially ordered carbon. Benzoxazines precursors
were polymerized to be polybenzoxazine and then pysolyzed to obtain -partially
ordered carbon, Heat treatment, is varous pysolyzed temperatures, has been used to
enhance the ordered structure of partially ordered carbon. Moreover, silver nitrate
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was loaded in benzoxazine precursor in ordered to improve the thermal and electrical
properties of partially ordered carbon. Finally, polybenzoxa-zine and partially
orcered carbon were characterized to study their properties.

4.3 Experimental

4.3.1 Materials

All  chemicals were used without further purification. The
benzoxazines was synthesized using various types of amine; aniline (99%) was
purchased from Panreac Company, 4,4-methylenedianiline (>97%), paraformal-
dehyde powder (95%) and tetraethylenepentamine (95%) were, purchased from
Sigma-Aldrich Co., Ltd and Phenol detached crystals (99.99%) was obtained from
Fisher Chemical company. Silver nitrate was used to enhance thermal properties of
benzoxazines and purchased from VRBIOSCIENCE Co., Ltd.

4.3.2 Measurements

The functional groups related to structure of materials were
investigated by using FTIR technique. The FT-IR spectra were obtained using a
Nicolet Nexus 670 FT-IR spectrometer in the frequency range of400-4000 cm’lwith
64 scans at a resolution of 2 cm'L KBr pellet technique was applied in the
preparation of powder samples. DSC analyzer was carried out using a Perkin-Elmer
DSC 7 instrument. The sample was heated from 50 to 300 °C with heating rate 10 C
perminute under N2 atmosphere with Dow rate 20 ml per minute. Finally, the heating
profile, curing temperature and completely cured polybenzoxazine were obtained.
TGA instrument was also conducted with Perkin Elmer Thermogravimetric
[Differential Thermal Analyzer (TG-DTA). The sample was loaded in rang 4-8 mg
on the alumina pan and heated from 50 to 800 c under nitrogen atmosphere with
flow rate 50 ml per minute and heating rate 10 ¢ per minute. The pyrolyzed
temperature of polybenzoxazine was investigated from the onset temperature
whereas char yield as the weight residue at 800 ¢ was reported. The X-ray powder
diffraction pattern of the carbon foam was obtained using an XRD (Bruker AXS D8
ADVANCE) spectrometer with Cu Ka irradiation (A = 0.15406 nm) at 40 kv and



21

30mA to examine the graphitization of the partially ordered carbon after
carbonization. Surface area analyzer (SAA) was used to determined surface area,
pore volume and pore size distribution of activated carbon. The results were obtained
by Quantachrome/Autosorb-1 based on the Brunauer-Emmett-Teller (BET) and
Barret-Joyner-Halenda (BJH) using nitrogen adsorption isothermal at 77 K. The
sample wasloaded around 0.2 g and removed atmosphere at 250 -c. The electrical
conductivity values of the partially ordered carbons were obtained by measuring the
resistances and calculate the electrical conductivity. The geometric correction factor
was determined by calibrating the four-point probe with semi-conducting silicon
sheets of known resistivity values. Applied dc currents were small to be in the linear
Ohmic regime. The electrical conductivity of the partially ordered carbon was
observed at room temperature by an electrometer with two-point probe (Keithley
model 6517A)
4.3.3 Methodology
4331 Synthesis ofAniline-based Polybenzoxazine (PBZ-A)

The solventless method invented by Ishida [27] was used to
synthesize benzoxazine prepolymer with a mole ratio of phenol: aniline:
paraformaldehyde is 1 1:2. The mixtures of phenol, paraformaldehyde and aniline
were heated at 100 ¢ until they change to be transparent yellow viscous. From this
step, aniline-based benzoxazine precursor (BZ-A) was obtained. Before curing step,
the benzoxazine precurcers were grinded and then cured at 240 °c for 1 h in ambient
air. Finally, aniline-based polybenzoxazine will be obtained.
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Scheme 4.1 Synthesis of aniline-hased polybenzoxazine.
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4332 Synthesis of Methylenedianiline-based ~ Polybenzoxazing

(PBZ-MDA)

The mixtures of phenol, paraformaldehyde and methylene-
dianiline with ratio 2: 4; 1were heated at 100 <c until they change to be transparent
yellow viscous. From this step, methylenedianiline-based benzoxazine precursor
(BZ-MDA) was obtained. Before curing step, the benzoxazine precurcers were
grinded and then cured at 230 °c for 1 h in ambient air. Finally, methylenedianiline-
based polybenzoxazine will be obtained.
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Scheme 4.2 Synthesis of methylenedianiline-based polybenzoxazine.

4333 Synthesis of Tetraethylenepentamine-based Polybenzoxazing

(PBZ-TEPA)

The mixtures of phenol, paraformaldehyde and tetraethylene-
pentamine with ratio 2: 4: Twere heated at 100 °C until they change to be transparent
yellow viscous. From this step, tetraethylenepentamine-based bhenzoxazine precursor
(BZ-TEPA) was obtained. Before curing step, the benzoxazine precurcers were
grinded and then cured at 250 °C for 1h in ambient air. Finally, tetraethylene
pentamine-based polybenzoxazine will be obtained.
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Scheme 4.3 Synthesis of tetraethylenepentamine-based polybenzoxazine.

4334 Synthesis of Methylenedianiling-based Polybenzoxazing with

Silver Nitrate (PBZ-MDA-AgNOs)

The methylenedianiline-based benzoxazine precursor that
was obtained from previous step and silver nitrate were mixed together with weight
ratio 10: L The mixtures were heated at 100 c until they change to be homogeneous
brown viscous. Before curing step, the benzoxazine precurcers were grinded and then
cured at 220 °c for 1 h in ambient air. Finally, methylenedianiline-based
polybenzoxazine with silver nitrate will be obtained.

4335 Preparation ofPartially Ordered Carbon by Pysolysis (MC)

Fully cured polybenzoxazines base on various types of amine
were pyrolyzed at 500, 800 and 120 °c with heating rate 2 ¢ per minute and under
N2 with flow rate 500 cm3per minute. Partially ordered carbons have been obtained
after the temperature goes to room temperature. Partially ordered carbons base on
aniline, methylene-dianiline and tetraethylenepentamine were abbreviated to NC-A,
NC-MDA and NC-TEPA respectively. For activated carbons Dbase on
methylenedianiline with silver nitrate were abbreviated to NC-MDA-AgNO03.

4336 Preparation ofActivated Carbon (AC)

Obtained partially ordered carbons by pyrolysis were
activated at 900 °c for 3 h under CO2 with flow rate 500 cm3per minute. Partially
ordered carbons have been obtained after the temperature goes to room temperature.
Activated carbons hase on methylenedianiline was abbreviated to AC-MDA.
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433.7 Characterization of Polybenzoxazine and Partially Ordered
Carbon
The effects of the pyrolysis temperatures on the micro-
structure of the obtained partially ordered carbon have been investigated. The
changing in chemical structures of polybenzoxazine was examined by FTIR.
Moreover, TGA was used to investigate the thermal properties. The physical
properties of the products were also investigated by SAA. In addition, XRD was used
to demonstrate the characteristics d spacing of the resulting partially ordered carbon.
The electrical property of partially ordered carbon was observed at room temperature
by an electrometer with two-point probe (Keithley model 6517A)

4.4 Results and discussions

4.4.1 The Physical Structure of Polybenzoxazines and Partially Ordered

Carbon

Figure 4.1 shows photography of bulk polybenzoxazine and partially
ordered carbon based on MDA were obtained by pyrolysis at 800 c. As seen in the
figure, the partially ordered carbon based on MDA exhibits a swollen non-uniform
foam-like structure underneath a glittering skin layer. As expected for a typical
foaming process, atmospherees generated during decomposition of the bulk
polybenzoxazine have expanded the polybenzoxazine into a swollen foam-like
structure as the same with previous research [32],

Figure 4.1 Photographs of bulk polybenzoxazine (left) and partially ordered carbon
based on MDA were obtained by pyrolysis at 800 ¢ (right).



3

4.4.2 The Chemical Structure of Benzoxazine Precursors and Polyben-
z0xazines
4421 The Chemical Structure of Aniline-based Benzoxazine
Precursors and Polybenzoxazines
Aniline-based polybenzoxazine have been synthezied by
solventless method as well as MDA-based and TEPA-based polybenzoxazine. The
chemical structure of benzoxazine precursors and benzoxazine were investigated by
FTIR technique. The FTIR spectra of benzoxazine precursors and benzoxazine were
shown in Figure 4.2-4.4. Figure 4.2 shows the FTIR spectra of Aniline-hased
benzoxazine precursor and the polybenzoxazine. The characteristic absorption bands
of benzoxazine precursor emerge at 680 and 740 c¢cm"1 for C-H bending and ring
puckering. The symmetric stretching of C-0-C shows at 833, 941, 1003 and 1373
cm"L The bands at 1157 and 1219 cm"Ldemonstrate the stretching of C-N-. For the
stretching of aromatic C=C appears at 1481 and 1589 ¢cm™[31]. The C-0-C bands of
fully cured polybenzoxazine disappear and generate the broad band of -OH group
after the step cure. These results are corresponding with the study of Takeichi [30],
suggesting that the peak disappearance is due to the ring-opening polymerization of
the benzoxazine precursors.
4422 The Chemical Structure of TEPA-based Benzoxazine
Precursors and Polybenzoxazines
The FTIR spectra of TEPA-based bhenzoxazine precursor and
the polybenzoxazine were shown in Figure 4.3. The characteristic absorption bands
of benzoxazine precursor emerge at 757 and 811 c¢m"1for C-H bending and ring
puckering. The symmetric stretching of C-O-C presents at 872, 899, 1003 and 1345
cm"1 The bands at 1099, 1138 and 1250 cm"ldemonstrate the stretching of C-N-. For
the stretching of aromatic c=c appears at 1485, 1585 and 1664 c¢cm'L The C-0-C
bands of fully cured polybenzoxazine disappear and generate the broad hand of -OH
group after the step cure due to the ring-opening polymerization of the benzoxazine
precursors.
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Figure 4.2 FTIR spectra of Aniline-based benzoxazine precursor and the poly-
benzoxazine.
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Figure 4.3 FTIR spectra of TEPA-based henzoxazine precursor and the poly-
benzoxazine.
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4423 The Chemical Structure of MDA-based Benzoxazine

Precursors and Polybenzoxazines
Figure 44 shows the FTIR spectra of MDA-based
benzoxazine precursor and the polybenzoxazine. The characteristic absorption bands
of benzoxazine precursor emerge at 148 and 802 cm"1 for C-H bending’and ring
puckering. The absorption bands at 903, 1016 and 1358 cm"1relate to the symmetric
stretching of C-O-C. The bands at 1103-1218 cm"1demonstrate the stretching of C-
N-. For the stretching of aromatic C=C appears at 1444-1645 cm"1 The C-O-C bands
of fully cured polybenzoxazine disappear and generate the broad band of -OH group
after the step cure due to the ring-opening polymerization of the benzoxazine

precursors.
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Figure 44 FTIR spectra of MDA-based benzoxazine precursor and the poly-
benzoxazine.

4424 The Chemical Structure ofPartially Ordered Carbon
The partially ordered carbon from bulk polybenzoxazine at
various pyrolysis temperatures were examined by FTIR, as shown in Figure 4.5.
Evidently, the partially ordered carbon obtained from bulk polybenzoxazine reveal
similar typical FTIR characteristic absorption peaks, i.e., 750 cm"1(mono-substituted
benzene ring), 1200 cm"l (C-N-C asymmetric deformation), 1460-1480 (tetra-
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substituted benzene ring), and 1550-1600 (C=C unsaturated aromatics, C=N
unsaturated heterocycle) [30, 33-35]. A decrease in the intensity of all organic
absorption peaks was clearly observed, when the pyrolysis temperature was
increased from 500 to 1200 cc, specifically, at pyrolysis temperatures higher than
800 °c, two asymmetric broad absorption bands extending from 1000 to 1600 cm’1
can be observed [45-47]. It can be seen in the figure that the two bands from the
pyrolyzed at 500 C have more intensity than those pyrolyzed temperature. These
bands are generally known to reflect the coalescence of the vibrational modes of
C=N, c-N, and C=C bonds [36-38], The presence of this band is strongly supports
the chemical composition of the polybenzoxazine having nitrogen incorporated into a
Mannich bridge within its structure. Moreover, the partially ordered carbon, was
obtained from pyrolysis at 1200 C, showed significantly increasing intensity at 1080
cm"Llwhich related the increase of C-C single bond due to the transforming partially
ordered carbon.
4.4.3 Thermal Properties of Benzoxazine Precursors and Polybenzoxazines
4431 Thermal Properties ofBenzoxazing Precursors

Benzoxazine precursors were heated to produce polyben-
zoxazine by the ring opening polymerization of oxazine ring. DSC technique has
been used in ordered to obtain the curing temperatures of polybenzoxazine. The DSC
thermogram shows the exothermal peaks and the midpoint curing temperature as
shown in Figure 4.6 and concluded in Table 4.1. The curing temperature of BZ-
MDA decreases about 20 °c with adding AgNCss because it is thermal conductive
materials which allow the electron can flow through these materials due to their free
electrons. The fully cured polybenzoxazines were achieved after have been heated
for 1 h corresponding with the completely disappeared exothermal peaks of poly-
benzoxazine as shown in Figure 4.7. It was similar result that reported by Takeichi
and coworker [30]. The PBZ-TEPA having more nitrogen atoms in the molecules
and stronger H-bonding needed a greater amount of energy for the ring opening
polymerization, leading to the shift of the exothermic peak to higher temperatures —
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Figure 4.5 FTIR spectra of partially ordered carbon based on MDA were obtained
by pyrolysis at 500, 800 and 1200 c.

because their strong inter- and intra-hydrogen bonding when compared with PBZ:
MDA and PBZ-Aniline [39], Despite the aforementioned advantages of
polybenzoxazines, the crosslinking densities of their networks are considered to be
rather low because of intensive hydrogen bonding restricting segmental mobility and
hence hindering network extension. For aniline-based benzoxazine, the benzene ring
that is attached to the nitrogen atom has delocalized electrons, causing the electron
cloud around the nitrogen atom to be lower compared to the cyclohexyl group. Thus,
the nitrogen atom of the PBZ-Aniline compound should have weaker hydrogen
bonding to the O-H groups compared to PBZ-TEPA. However, in the hydrogen
bonded structure, the nitrogen will have a partial positive charge, and in the case of
aniline-based polybenzoxazine, the delocalized electrons in the benzene ring can
stabilize the nitrogen and thus the hydrogen bond is more stable in the PBZ-Aniline
[40-41], The PBZ-Aniline is mono-functional benzoxazines typically result to a
linear or branched structure with a low molecular weight on the ordered of 500-2000
Da [42], Thus, mono-functional benzoxazine monomers are precursors for



polybenzoxazine show limited usefulness as structural materials. However, they
might be useful as reactive diluents to facilitate the processing [43].
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Figure4.7 DSC thermogram of fully cured polybenzoxazine.
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Table 41 The curing temperatures of benzoxazine precursors

Benzoxazine precursor  Curing temperature ( C)

BZ-TEPA 260
BZ-A 245
BZ-MDA 235
BZ-MDA-AgNO3 217

44.3.2 Thermal Properties ofPolyhenzoxazines

The expection of the increasing devolatilization with
temperature was repored by Lu and colleagues [44], The weight loss is mainly due to
the drying and devolatilization upon heating in an inert atmosphere. It is seen that the
weight loss increases with temperature which indicate that the yield of the char
decreases with increasing temperature. The thermal properties of polybenzoxazine
were examined by TGA technique under nitrogen atmosphere. The TGA thermogram
was shown in Figure 4.8 and shows the decomposition temperatures or onset
temperatures in ordered to relate the pyrolyzed temperature that was used to
transform polybenzoxazine to carbon. The decomposition temperatures and char
yields at 700 ¢ were summarized in Table 4.2. As can be seen, TEPA-based
polybenzoxazines achieve the lowest char yield hecause they almost compose of
aliphatic parts which we could not obtain the char. Moreover, the onset temperature
of PBZ-MDA was higher than PBZ-A due to the diaromatic amine -of MDA-hased
polybenzoxazine.

Table 4.2 The decomposition tem peratures polybenzoxazines

Polyenzoxazine ~ Onset temperature ( C)  Char yield (%)

PBZ-TEPA 240 20
PBZ-A 322 46
PBZ-MDA 356 46

PBZ-MDA-AgNCh 345 . 56
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However, its char yield as same as the PBZ-A. This is
because A- and MDA-based polybenzoxazinc are slightly different structure. The
decomposition temperature of PBZ-MDA decreased around 10 ¢ with loading
AgNCsshecause AgNCss is thermal conductive material which can induce the heart to
surround materials. As a result of adding 10 wt% AgNO03, the char yield of AgN 03
loaded PBZ-MDA increased 10% from unloading AgNC>s.
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Figure4.8 TGA thermogram of polybenzoxazines.

4.4.4 Crystalline Structure of Partially ordered carbon

4441 The Crystalling Structure of Activated Carbon and Partially
Ordered Carbon derivedfrom MDA-based Polybenzoxazine
Partially ordered carbons have been prepared from fully
cured poly-benzoxazine though the pyrolysis at 500, 800 and 1200 °C with heating
ratt 2 ¢ per minute and under N2 with flow rate 500 cm3per minute. To consider
the crystalline structure of partially ordered carbon, the XRD technique was used to
carry out the reflection peaks as shown in Figure 4.9. The XRD pattern of the
partially ordered carbons shows hroad peaks at 20 = 23°, 43° and 80°. The d-spacing,
calculated by Bragg’s equation, corresponds to the interlayer spacing ( oo2) and the
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stacking height (1c009 of graphitic carbon material [45-49]. Their diffraction peaks
as accordance with the turbostratic structure [50], The located diffraction peaks at
43° arise from the ordereding of ¢ atoms inside the graphene layers. The graphene
layers within a turbostratic structure can be considered as individual two-dimensional
crystallites built up of hexagonal two-dimensional unit cells and with the in-plane
size equal to the layer diameter. The maximum corresponding to the diffraction
peaks at 23° shows that graphene sheets are already formed and organised as parallel
layers spaced at a relatively well-defined interplanar distance ( 00 [51].
Following the pyrolyzed tempeiture at 500, 800 and 1200 °c
- all resulting conductive materials are of amorphous state by appearing of any broad
peaks recorded in their X-ray diffraetograms. Their foreign atoms such as oxygen
and nitrogen were completely disappeared from polybenzoxazine with increasing
pyrolyzed temperature. Especially, the pyrolyzed temperture at 1200 ¢ results in
entire graphitization of the materials and decreases the diffraction peaks at 23° due to
either more packing of interplanar or less interplanar distance. Moreover, the
diffraction peaks of the partial graphite were appeared when the pyrolyzed
temperature of activated carbon up to 800 c¢. The increase of the diffraction peaks at
43° causes to reduce the turbostratic structure. Tljus, the polymers go through crystal
structure changes towards the crystal structure of graphite as the pyrolysis
temperature increases as the in Figure 4.9-4.10 [52],
4442 The Crystalling Structure of Partially Ordered Carbon
derived from Various Types Amine Polybenzoxazing and
Pyrolyzed at 500 and 800 °c
The x-ray diffractograms of partially ordered carbon derived
from various types of amine and pyrolyzed at 500 ¢ were shown in Figure 4.11.
The partially ordered carbon derived from A- and TEPA-hased polybenzoxazine
show less ordered than MDA- based polybenzoxazine with correspond the
diffraction peaks at 23°. Due to the chemical structure of aniline-hased
polybenzoxazine was prepared mono-functional benzoxazines typically result to a
linear or branched structure with a low molecular weight on the ordered of 500-2000
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Da [42]. and TEPA-based polyben zoxazine was aliphatic structure which is less
ordered structure and transformed to lowest partially ordered carbon due to the result
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Figure 49 XRrD spectra of partially ordered carbon derived from MDA-based poly-

benzoxazine with various pyrolyzed temperature.
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Figure 4.10 XRD spectra of activated carbon derived from MDA-based polyben-

zoxazine with various pyrolyzed temperature.



41

NC-MDA 500
- NC-TEPA 500
——NC-Aniline 500

Intensity

\\

0 I T
Diffraction Angle (2-tileta)

Figure 411 XRD spectra of partially ordered carbon derived from various types of
amine and pyrolyzed at 500 °C.

from aliphatic structure. Moreover, the aliphatic structure in TEPA has a long chain,
its tranforming of chain can not pack well. In ordered to obtain char yield, the
chemical structure must be six member ring or aromatic. The MDA- based
polybenzoxazine showed higher ordered because of its aromatic. The increased
intensities of all partially ordered carbon derived from various types of amine and
pyrolyzed at 800 ¢ resulting in the diffraction peaks at 23° increased as shown in
Figure 4.12 owing to increase the pyrolyzed temperature.

According to this XRD characterization, it can be inferred
that the resulting carbon prepared in this study was partially crystalline, but had less
crystallinity than graphite. Moreover, the ordered structure of these carbons
significantly increases with temperature. Especially, the partially ordered carbons
derived from MDA-based polybenzoxazine exhibited the significantly increasing
ordered structure due to the promoting of theirs chemical structures which consist of
the packing of aromatic of phenol and MDA,
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Figure 4.12 XRD spectra of partially ordered carbon derived from various types of
amine and pyrolyzed at 800 °c.

4.4.5 Surface Area Analysis of Partially Ordered Carbon and Activated -

Carbon

The characteristics of pore structure of partially ordered carbon and
activated carbon such as surface area, total pore volume and average pore diameter
were investigated by adsorption and desorption nitrogen and outatmosphere sample
at 250 °c and summarized in Tahle 4.3. The BET surface area of both partially
ordered carbon and activated carbon increases and pore diameter decreases with
increasing pyrolyzed temperature from 500 to 800 °c because the formation of small
pores for the removal of light molecules and atmospherees during pyrolysis [47]. In
case of activated carbon, the pore diameters are similarly size because carbon dioxide
atmosphere acts ac weak acid and erodes the surface of partially ordered carbon.
When the pyrolyzed temperature is over 800 °c causing in the decrease of surface
area could be due to the shrinkage of the pores and packing of carbon [53].
Moreover, the increasing of pore diameter due to the creating larger pore from the
shrinkage of small pore and a higher temperature causes micropores to widen
because it destroys the walls between adjacent pores [54],
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The activated carbon showed the significantly increasing surface area
and total pore volume comparing with partially ordered carbon. The activation of
partially ordered carbon with CO2must have involved the C-CO2reaction [55]. This
would lead to the removal of carbon atoms and also cause the burn-off, therefore
contributing to the development of micropore structure. Two effects which are
volatile material loss and C-COzreaction tend to increase micropore volume and
surface area [56].

Table 43 Characteristics of pore structure of partially ordered carbon and activated
carbon

_ Surface Total pore  Micropore - Micropore - Average pore
Chemical area  volu g§ volu gg fraction  digmeter

My gl ) (m
NC-MDA 500 1206 1.16x102 ' 2.96x10"3 26 3.84
NC-MDA 800 48.72 1.58x102 4.60x10"3 29 1.30
NC-MDA 1200 6.34  6.62x10'3  1.61x10"3 24 4.18
AC-MDA 500 321.00  1.74x10"™ 1.67x10" 96 2.17
AC-MDA 800 466.20  2.48x10™  2.43x10"™ 98 2 13
AC-MDA 1200 2544 257x10"2  9.03x10"3 35 4.04

4.4.6 The Electrical Conductivities of Partially Ordered Carbon and
Activated Carbon
The electrical conductivities of partially ordered carbon and activated
carbon with various pyrolyzed temperature as shown in Figure 4.12. In case of
partially ordered carbon, the electrical conductivities increased greatly with
increasing the pyrolyzed temperature from 500 to 800 °c and continuously increased
when the pyrolyzed temperature has risen to 1200 ¢ [52, 57-60]. This is the
electrical conduction mechanism is the hopping of carriers through the carbon
“island” to the next aromatic ring [52], Moreover, the pyrolysis goes continuously at
higher temperature with a continuous network of aromatic rings creates within an
amorphous carbon matrix which is formed due to a progressive carbonization among
the ring systems and enhances the size of the conductive fused rings allowing electric
current to flow longer distances within the individual conductive species [57].
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Figure 4.13 The electrical conductivities of partially ordered carbon and activated
carbon with various pyrolyzed temperature.

The increasing electrical conductivities of activated carbons which
were pyrolyzed at 500 and 800 c due to the activated temperature at 900 °c as the
same result that the higher temperature as a resuit of the creating continuous network
of aromatic rings. On the other hand, the conductivity of the activated carbon, was
pyrolyzed at 1200 ¢, was decreased slightly comparing without activating process.
Because activating process has increased the surface area and micropore volume as
shown in Table 4.3 and result in the increase of the electrical conductivity owing to
the created micropore as barriers which prevent the -carrying electrons through the
carbon to the next aromatic ring. Furthermore, the compression pressure and
pyrolyzed temperature result in the increase of the electrical conductivities of
partially ordered carbon due to the sp: carbon structures must be separated to allow
any conduction path between these regions [61]. The electrical conductivity was
increased due to the partially ordered carbon will be breaking, refolding into more
dense packing forming closer contacts between different particles under compression
pressure [62],
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Conclusions

Partially ordered carbon was successfully prepared by pyrolysis process and
derived from various types amine polybenzoxazine. A solventless method was used
to synthesize benzoxazine precursors, then were cured in ordered to obtain
completely cured polybenzoxazine. The partially ordered carbons were partially
crystalline but had less crystallinity than graphite. Moreover, the ordered structure of
these carbons significantly increases with temperature. The electrical conductivities
increased greatly from semi-conductive to conductive materials. The activated
carbon showed the significantly increasing surface area and total pore volume
comparing with partially ordered carbon. When the pyrolyzed temperature is over
800 c causing in the decrease of surface area could be due to the shrinkage of the
pores and packing of carbon. The heat-treated partially ordered carbon was
emphasized in conductive materials for electronic devices.
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