CHAPTER V
EFFECTS OF NON-IONIC AND CATIONIC SURFACTANT ON POROUS
STRUCTURE OF POLYBENZOXAZINE BASED CARBON XEROGELS

5.1 Abstract

PolybenzoxaxinejPBZ), a new type of additional-cure phenolic system, has
been successfully synthesized by a facile quasi-solventless method and used as a
precursor for producing carbon xerogels. In this work, we aim to study the effect of
non-ionic (Synperonic NP30) and cationic (CTAB) surfactants on porous structure of
polybenzoxazine-based carbon xerogels. Inter-connected structure of mesoporous
carbon xerogels with mesopore diameters in the range of 15.57-36.07 nm was
obtained by using different concentrations of CTAB. In addition, carbon xerogel
nanospheres with the size of 50-200 nm were also ohtained through the emulsion
process. The mesopore diameters started to decrease when the carbon xerogel
nanospheres were formed at the CTAB concentration of equal to or exceeding 0.030
M. By using Synperonic NP30 as a surfactant, the properties of the obtained carbon
xerogels were shifted from mesoporous materials for the reference carbon xerogel
(no surfactant added) to obviously microporous materials at higher concentrations of
Synperonic NP30 (0.009 M - 0.180 M). The carbon xerogel microspheres with the
diameter size of about 2.5 // m were also obtained through the emulsion process

when the concentration of Synperonic NP30 was reached at 0.180 M.



80

5.2 Introduction

Resorcinol(R)-Formaldehyde(F)-based organic gel and its carbon gel after
pyrolysis were first introduced by Pekala et al. [1, 2], Carbon gel could be mainly
classified into three type viz. carbon aerogel, carbon cryogel, and carbon xerogel;
depending on the drying method during solvent removal process [L-7], Carbon gel is
a porous material which possess various outstanding properties. Some of these
properties are: light weight, high surface area, high porosity, high thermal stability,
and low density, etc. According to its outstanding properties, carbon gel has heen
used in many applications such as catalyst supporting material [5, 8, 9], energy
storage [10-12], and molecular sieve material for gas separation technology [13, 14],
etc.

Nowadays, development of carbon materials is becoming the great topic of
research due to the growth of carbon materials consumption in many applications,
especially, understanding the effects of parameters on pore size, pore volume, and
specific surface area of carbon materials. Of interesting in pore size, generally, the
formation of pore in carbon gel could be classified into two type; micropore (<2 nm)
located within the carbon particle and meso-macropore (2-50 nm and >50 nm)
formed by inter-connection of carbon particles during the phase separation
phenomena [1,2, 15, 16]. Microporosity of carbon gel could be easily managed by
many activation processes [16-19], However, the generation of meso-macroporosity
was mainly depended on the behavior of phase separation mechanism between
polymer and solvent in the sol-gel process [1-2], Many new routes to generate meso-_
macroporosity of carbon gels have been reported for example: surfactant-templated
method [20, 21], emulsion method [22, 23], and hard-templated method [24, 25], etc.

Moreover, many materials have been used as precursors for syntheses of
carbon gels [1, 2, 26-28], especially, resorcinol-formaldehyde (RF) polymer.
However, production of RF has some disadvantages which are: the need of two
weeks with multi-steps to complete the process, the need of harsh catalyst for
polymerization, limited molecular design flexibility, and releasing by-product during
polymerization [1,2, 29],
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In this work, polybenzoxazine (PBZ) was proposed to be used as a
candidate material for the production of carbon gel. The exceptional properties of
polybenzoxazine that overcome those drawbacks of RF are: high thermal stability, no
need of harsh catalyst or initiator for polymerization, no releasing of toxic by-product
during polymerization, near zero shrinkage after polymerization, excellent
mechanical integrity, high cabonaceous yield, great molecular design flexibility,
especially, high crosslink density [30-34], In"particular, the crosslink density was
quite important because high crosslink density not only leads to improvement of
thermo-oxidative stability enabling high cabonaceous yield after carbonization [34],
but also results in the preservation of porosity, especially, mesoporosity, after the
solvent removal process.

PBZ is a cross-linked polymer with additional extensive hydrogen bonded
networks which can withstand pore collapse without the need of supercritical C0:2
drying process. The shorter preparation time with fewer synthesis steps is required
when PBZ is used as a precursor for carbon xerogels preparation.

PBZ was generally synthesized by the Manich polycondensation reaction of
phenol, formaldehyde, and amine, via a quasi-solventless route adapted from the
solventless method, proposed by Ishida [39]. In 2009, PBZ-hased carbon aerogels
were first introduced by Lorjai et al. who found that their carbon aerogel exhibited
the properties as a microporous material [35], In 2010, PBZ-based carbon aerogels
with an average pore diameter of 3.67 nm were used as an electrode in
supercapacitors by Katanyoota et al. [36], As mentioned above, it was found that
PBZ-based carbon shows the pore diameter in a range of small micro-mesopore. This
property could affect the utilization of polybenzoxazine-based carbon for various
applications that needed large pore diameter.

For application as the catalyst supporting material, those small pore sizes of
PBZ-based carbon aerogels might limit the catalytic efficiency for reactions that are
involved with large molecules due to the limitation of mass transfer of large
molecules [37-38].

In this work, we aim to study the effect of cationic and non-ionic surfactant
on porous structure of PBZ-based carbon xerogels, in order to improve the pore



82

diameter. The textural characteristic of the obtained carbon xerogels were also be
investigated.

5.3 Experimental
5.3.1 Materials

Main-chain type benzoxazine polymer (abbreviated as MCBP) with
benzoxazine group as a part of the chemical repeat unit was synthesized by the
Manich polycondensation reaction of bisphenol-A  (BA, 97%, Aldrich),
formaldehyde (37%, Merck Limited, Germany), and triethylenetetramine (TETA,
85%, Facai Group Limited, Thailand) using dioxane (analytical grade, Labscan Asia
Co., Ltd, Thailand) as a solvent. Non-ionic surfactant, Synperonic NP30
(Polyethylene glycol nonylphenyl ether, >99.8%), and cationic surfactant,
Hexadecyltrimethylammonium bromide [CH3(CH2)isN(Br)(CH3)3, CTAB, >99.8%],
were purchased from Fluka. Ethyl alcohol (>98%) was purchased from J.T. Baker.
All chemical were used without further purification.

5.3.2 Synthesis ofpolybenzoxazine-hased carbon xerogels (PBZ-based
carbon xerogels)

MCBP was synthesized by a quasi-solventless method adopted from
the solventless method proposed by Ishida et al. [39], The molar ratio of reactant was
1:1:4 in which belong to BA, TETA, and formaldehyde, respectively. MCBP derived
from bisphenol-A and TETA was hereinafter abbreviated as MCBP(BA-teta). The
solid content of MCBP(BA-teta) was fixed at 10% / . BA was dissolved in
dioxane and magnetically stirred for 20 minutes. Then, surfactant was mixed and
stirred for 30 minutes. Afterwards, formaldehyde was then added and continuously
stirred for 20 minutes. Finally, TETA was slowly dropped into the mixture and
continuously stirred for 1 h until the transparent yellow pale solution was obtained.
Unlike the conventional method which took 5h, the reaction was completed within an
hour [33], The MCBP(BA-teta) solution was sealed off in a glass vial and left for 24
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h. The MCBP(BA-teta) solution was further heated in an oil bath at 80 ¢ for 2 days
to form the white-opaque-MCBP(BA-teta) organogel. The MCBP(BA-teta)
organogel was taken out from glass vial and cut into a cubic shape. Soxhlet technique
was used to remove all residual surfactant and solvent in the organogel by using
ethyl alcohol as a carrier phase under heating temperature of 100 ¢ for 24 h and
reflux temperature of 10 c¢. After that, the MCBP(BA-teta) organogel was heated at
90 ¢ for 24 h to remove all residual ethanol. The MCBP(BA-teta) organogel was
placed in an oven for step-curing at 160 °c and 180 °c for 3 h at each temperature,
and 200 c for 1hto achieve the fully-cured polybenzoxazine xerogel [36, 40]T After
step-curing, fully-cured polybenzoxazine xerogel was carbonized under nitrogen
flow of 600 cm3min using the following cycle step: 30-250 ¢ for 1h, 250-600 °c
for 5h, 600-800 ¢ for 1hand hold at 800 ¢ for 2 h, and then an oven was cooled
to room temperature under nitrogen atmosphere [36, 40].

Polybenzoxazine-hased carbon xerogels derived from Synperonic
NP30 and CTAB as surfactants during synthesis of MCBP(BA-teta) solution were
denoted as CX-NP30-XX and CX-CTAB-xx where NP-30 and CTAB were
nomenclatures of Synperonic NP30 (Polyethylene glycol nonylphenvl ether) and
CTAB (Hexadecyltrimethylammonium bromide) by evaporation drying (CX=Carbon
xerogel), respectively. The numbers represented in the nomenclatures (-xx) show
different concentrations of surfactants in molar unit.

5.3.3 Identification ofmicrostructure and morphology of
polybenzoxazine-based carbon xerogels

Morphology and microstructure of carbon xerogels were observed by
field emission scanning electron microscope (FE-SEM, Hitachi/S-4800 model) and
transmission electron microscope (TEM, JEOL 2010F). Quantachrome-Autosorpl-
MP was used to determine the porous structure of the samples. Approximately 0.1 g
of carbon xerogels were degassed at 250 ¢ for 15 h to remove all the adsorbed
species. The specific surface area (Sbet) was calculated by BET algorithm
(Brunauer-Emmett-Teller) [41]. Micropore volume (Vmjc) was analyzed by t-plot
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method [42], Micropore size distributions were analyzed by MP method (Standard
micropore size distribution). Mesopore volume (Vmes) and mesopore size
distributions were analyzed by BJH (Barrett-Johner-Halendar) algorithm [43, 44],

5.4 Results and Discussion

5.4.1 Effects of Cationic surfactant (Hexadecyltrimethylammonium-
bromide, CTAB) onporous structure of PBZ-based carbon xerogels

Polybenzoxazine (PBZ)-based carbon xerogels were synthesized by
using CTAB as a surfactant as described in experimental section. The morphologies
of the obtained PBZ-based carbon xerogels were observed by FE-SEM technique.
Figure 5.1 shows the SEM micrographs of PBZ-based carbon xerogels synthesized at
different concentrations of CTAB from 0.003 M to 0.180 M.

Figure 5.1 SEM micrographs of PBZ-hased carbon xerogels prepared from 10%

| ofhbenzoxazine precursor using different concentrations of CTAB; (a) no added
CTAB, (b) 0.003 M, (c) 0.009 M, (d) 0.030 M, (e) 0.090 M, and (f) 0.180 M; L: low
magnification; 2 high magnification.
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All samples show the 3D-inter-connected structure formed by carbon
nanoparticles. However, Figures 5.1a and b show the 3D-network of carbon
nanoparticles with less agglomeration. These carbon nanoparticles are slightly hard
to distinguish in sample CX (Figure 5.1a, reference carbon xerogel) and sample CX-
CTAB-0.003 (Figure 5.1b). After increasing the concentration of CTAB to 0.009 M,
sample CX-CTAB-0.009 not only shows the 3D-network of carbon nanoparticles,
but also starts to form the small-spherical-like carbon nanoparticles with the size of
about 100 nm, as illustrated in Figure 5.1c. When the concentration of CTAB was
increased to 0.030 M, 0.090 M, and-0.180 M, the carbon xerogel nanospheres were
obtained with the size of about 100-200 nm for CX-CTAB-0.030, 50-100 nm for
CX-CTAB-0.090 and CX-CTAB-0.180, respectively, as shown in Figures 5.1d-f,
Moreover, Figures 5.1d-f (CX-CTAB-0.030 - CX-CTAB-0.180) also show the dense
morphologies comparing to those in Figures 5.1a and b which will be discussed later.

To explain the formation of carbon xerogel nanospheres and the sizes
of nanospheres, the micelle formation of CTAB was used to clarify. After dissolution
of CTAB into the solvent, CTAB molecules will be dissociated as individual
molecule in the solvent. If the concentration of CTAB was equal to the critical
micelle concentration (CMC), the molecules of CTAB were then oriented into
spherical micelles with hydrophilic head groups toward the solvent and hydrophobic
tail groups away from the solvent. In this study, polybenzoxazine [MCBP(BA-teta) ]
shows the hydrophobic property. Therefore, after micelle formation of CTAB,
polybenzoxazine cluster would be then formed at the interior region (inner core) of
the micelles and then grow into nanospheres. [llustrated in Figure 5.2a is the
formation model of benzoxazine nanospheres formed inside the interior region of
CTAB micelle. The similar results were also found by many research groups for
resorcinol-formaldehyde polymer [22, 23, 45], As mentioned earlier, CX-CTAB-
0.030, CX-CTAB-0.090, and CX-CTAB-0.180 showed the nanospherical shape
which can be implied that the CTAB molecules started to form spherical micelle at
0.030 M. Although the particle shape of CX-CTAB-0.090 and CX-CTAB-0.018 was
spherical as same as those of CX-CTAB-0.030, the particle sizes 0of CX-CTAB-0.090
and CX-CTAB-0.018 were smaller than those of CX-CTAB-0.030. This
phenomenon can be explained in the term of the smaller size of micelle formation.
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When the concentration of CTAB was exceeded the CMC, the shape of micelle was
still in a spherical shape but reduced into smaller sizes depending on packing
parameter [46]. However, Figure 5.1 reveals the unclear-deformed carbon xerogel
nanospheres which might be due to the deformation of spherical micelle into other

structures.
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Figure 5.2 Scheme of the benzoxazine-micelle formation; (a) nanospheres for
CTAB system, (b) microspheres for Synperonic NP30 system,

The porous structures of PBZ-based carbon xerogels using CTAB as a
surfactant were tabulated in Table 5.1, All samples exhibit high amount of mesopore
volume with an average mesopore diameter in the range of 15.57-36.07 nm. CX-
CTAB-0.090 shows the highest BET surface area of 369 m2/g with the highest
amount of mesopore volume of 0.64 cc/g. The surface area of the samples tend to
increase with the decrease of mesopore diameters. The smaller pore diameter could
provide large surface area compared to those of larger pore diameter. However, at the
concentration of 0.180 M CTAB, the BET surface area of CX-CTAB-0.180 was
decreased to 271 ma/g, even though the mesopore diameter of the sample was about
15.57 nm. This can be described by the dense morphology and the deformation of
xerogel network due to the deformation of carbon xerogel nanospheres at high

concentration of CTAB.
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Table 5.1 Pore structure of PBZ-based carbon xerogels prepared from 10% [/ of
benzoxazine precursor using different concentrations of CTAB

Sam ple Sbet V micro Vmeso total  APDmicro  APDmeso
(malg) (cmslg)  (cmalg) (cmalg) — (nm) (nm)
CX 280 0.08 0.20 0.28 0.76 34.78
CX-CTAB-0.003 284 0.11 0.21 0.32 0.66 35.85
CX-CTAB-0.009 275 0,10 0.19 0.29 0.80 36.07
CX-CTAB-0.030 323 0.12 0.20 0.32 0.76 25.38
CX-CTAB-0.090 369 0.12 0.52 0.64 1.00 25.25

CX-CTAB-0.180 271 0.10 0.17 0.27 0.66 15.57

NOteS : Swet: bet surface area; SmesO: mesopore surface area; Vmjcro: micropore
volume; Vmesc. mesopore volume; Vtotaf total pore volume; APDmijcro: average
micropore diameter; APDmes0: average mesopore diameter; APD: average pore
diameter

Interestingly, in this study, wide ranges of mesopore diameter were
achieved by changing the concentrations of CTAB. The mesopore diameters were
34,78, 35.85, 36.07, 25.38, 25.25, and 1557 nm for CX, CX-CTAB-0.003, CX-
CTAB-0.009, CX-CTAB-0.030, CX-CTAB-0.090, and CX-CTAB-0.180,
respectively. According to the literature proposed by Wang et al. [16], the large
mesopore diameter ranging from 5-40 nm was created by inter-connected structure of
carbon nanoparticle. Moreover, the micropores (< 2 nm) and small mesopores (2-5
nm) were located within the carbon nanoparticles [16]. Therefore, in this study, the
mesopore diameters varying from 15.57-36.07 nm should be generated by the inter-
connected structure of carbon nanoparticles and very small micropore diameters
were located within carbon nanoparticle due to the carbonization process. At low
concentrations of CTAB (CX-CTAB-0.003 and CX-CTAB-0.009), the carbon
xerogel nanospheres were not formed because those concentrations did not reach the
CMC value, resulting in the formation of single CTAB molecules instead. Therefore,
the mesopore structure and the carbon nanoparticles generated in these cases could
be mainly affected by the sol-gel process due to the phase separation phenomena
rather than those generated by inter-connection of carbon xerogel nanospheres
produced at the interior region of the micelles. However, the mesopore diameters of
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CX-CTAB-0.003 (35.85 nm) and CX-CTAB-0.009(36.07 nm) were slightly larger
than that of CX (34.78 nm). This can be described by the electrostatic force between
cationic surfactant (CTAB) species and anionic polymer chains of polybenzoxazine,
as proposed for resorcinol-formaldehyde polymer by Nishiyama et al. [45]. The

cationic head group of CTAB molecules was interacted with the anionic OH~ group
of polybenzoxazine chain, leading to an enlargement of polybenzoxazine chain
spacing by CTAB molecules [45], resulting in slightly change in an average
mesopore diameter from 34.78 nm to 35.85 and 36.07 nm for CX, CX-CTAB-0.003,
and CX-CTAB-0.009, respectively. However, at the CTAB concentrations of 0.030,
0.090, and 0.180 M, carbon xerogels nanospheres were obtained by the formation of
benzoxazine clusters inside the interior region of CTAB micelles, not resulted from
the phase separation phenomena. Therefore, in this case, mesopore structures were
mainly affected by the size of benzoxazine nanospheres generated inside the inner
core of CTAB micelles. After the benzoxazine nanospheres grew inside the interior
region of micelles, the inter-connection between benzoxazine nanospheres could be
taken place due to the ring opening polymerization of oxazine rings at the surface of
each nanopsheres, as proposed for resorcinol-formaldehyde polymer by Lee et al.
[22], leading to inter-connected structure of nanospheres with smaller mesopore and
more dense morphologies comparing to those of CX, CX-CTAB-0.003, and CX-
CTAB-0.009.

Figure 5.3 presents the nitrogen adsorption-desorption isotherm of all
samples. According to classification by IUPAC, all samples show the standard
isotherm of type IV representing the characteristics of mesoporous adsorbent.
However, the hysteresis loop obtained from reference carbon (CX) and carhon
xerogels with low concentration of CTAB (0.003 and 0.009 M) are of H3 in which
the hysteresis loop H3 representing the aggregation of platy particles or adsorbents
containing slit-shape pores [21, 47]. As the concentrations of CTAB were increased
to 0.030-0.180 M, the carbon xerogels exhibited the hysteresis loop of HI
representing the narrow distribution of uniform pore [47]. Moreover, all samples
show the amount of uptake at relative pressure of 0.75-1.00 implying the adsorption
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of large mesopore diameter, as shown in Table 5.2. CX-CTAB-0.090 shows the
highest amount of uptake indicating a high porosity compared to other samples.
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Figure 5.3 N2adsorption-desorption isotherms of polybenzoxazine-based carbon
xerogels using different concentrations of CTAB.
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Figure 5.4 Mesopore size distributions ofpolybenzoxazine-hased carbon xerogels
using different concentrations of CTAB, determined by BJH method.
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The pore size distribution of all samples, calculated by BJH method,
was illustrated in Figure 5.4. All samples show an average mesopore size ranging
from 15.57-36.07 nm and an average mesopore size was also decreased when the
inter-connection of carbon xerogel nanospheres were formed. Carbon xerogels with
high concentration of CTAB (0.030 M, 0.090 M, and 0.180 M) mainly exhibit the
narrower pore size distribution in the range of 5-50 nm comparing to those of
reference carbon xerogels and carbon xerogels with low concentration of CTAB
(ranging 5-85 nm) corresponding to the hysteresis loop of HI indicating the narrow
distribution of uniform pores [47].
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Figure 5.5 TEM images of PBZ-based carbon xerogels prepared from 10% / of
benzoxazine precursor using 0.090 molar of CTAB; (a) low magnification, (b) high
magnification.

TEM images of CX-CTAB-0.090 are illustrated in Figure 5.5
indicating the pores inside the samples were created by the inter-connected structure
of carbon particles similar to those proposed by Lee et al. [22], Moreover, the
particle sizes obtained from TEM technique were also corresponded to those
obtained from FE-SEM technique in which the particle sizes generated by CTAB
micelles were about 50-100 nm in size.
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5.4.2 Effects ofNon-ionic surfactant (Polyethylene glycol nonylp/tenyl-
ether, Synperonic NP30) on porous structure ofPBZ-based carbon
xerogels

Polybenzoxazine (PBZ)-based carbon xerogels were synthesized hy
using Synperonic NP30 as a non-ionic surfactant as described in experimental
section. The morphologies of the obtained PBZ-hased carbon xerogels were ohserved
by FE-SEM technique. Figure 5.6 shows the SEM micrographs of PBZ-hased carbon
xerogels synthesized at different concentrations of Synperonic NP30 from 0.003 M
to 0.180 M. All samples, except CX-NP30-0.180, show the inter-connected network
formed by aggregated-fused carbon nanoparticles. Furthermore, CX-NP30-0.180
(Figure 5.6f) shows the inter-connected structure with opened network and loose
structure, formed by 2.50M of carbon xerogel microspheres. As the concentrations

of Synperonic NP30 were increased from 0.003 M to 0.090 M, the networks of the
obtained carbon xerogels became less packed and the open network in the range of
micrometer scale were achieved. Figures 5.6¢-fshow the open network structures in
the range of micrometer scale with very loose network packing, especially, at 0.090
and 0.180 M. Moreover, at the concentration of 0.180 M, the carbon xerogel

microspheres of 2.5 Pm were obviously obtained.

To explain the formation of carbon xerogel microspheres, the micelle
formation of Synperonic NP30 was used to explain, like those mentioned in the case
of CTAB (section 3.1). If the concentration of Synperonic NP30 was equal to the
critical micelle concentration (CMC), the molecules of Synperonic NP30 was then
oriented as spherical shape with hydrophilic head groups at exterior region and
hydrophobic tail groups at interior region of the micelles. Polybenzoxazine cluster
would be then formed at the interior region of the micelle and then grow into
microspherical shape. After that, the interconnection between benzoxazine
microspheres could be taken place due to the ring opening polymerization of oxazine
rings at the surface of each microsphere as described in section 3.1 of the CTAB
system [22], Figure 5.2b illustrates the formation model of polybenzoxazine xerogel
microspheres formed inside the interior region of Synperonic NP30 micelles. In
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2011, Wang et al. found that carbon aerogel microspheres could be produced by
using non-ionic surfactant, called SPAN 80, in the range of 2-50 fum in sizes [48].

As mention above, CX-NP30-0.180 was the carbon xerogel microspheres implying
that the Synperonic NP30 molecules start to form spherical micelles at 0.180 M.
Although the carbon xerogel microspheres were spherical like those derived from the
CTAB system, the carbon xerogel microspheres obtained from Synperonic NP30
system were also bigger. The reason for this phenomenon can be described by the
formation of bigger micelles of Synperonic NP30 molecules comparing to those of
CTAB molecules, as proposed in Figure 5.2.

Figure 5.6 SEM micrographs of PBZ-based carbon xerogels prepared from 10%

I ofbenzoxazine precursor using different concentrations of Synperonic NP30;
(a) no added CTAB, (b) 0.003 M, (c) 0.009 M, (d) 0.030 M, (e) 0.090 M, and (f)
0.180 M; 1: low magnification; 2: high magnification.
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The porous structures of PBZ-based carbon xerogels using Synperonic
NP30 as a surfactant were tabulated in Table 5.2. All samples show the comparative
BET surface area about 262-290 m2/g. Higher amount of mesopore volume
comparing to micropore volume was obtained, about 0.20 cc/g for reference carbon
xerogel (CX) and 0.34 cc/g for CX-NP30-0.003. However, when the concentration of
Synperonic NP30 was changed from 0.009 M to 0.090 M, the samples showed
higher amount of micropore volume, about 0.13 cc/g comparing to amount of
mesopore volume. Moreover, after the concentration of Synperonic NP30 reached
0.180 M, CX-NP30-0.180 was almost dominated by micropore volume in the
structure, about 0.12 cc/g comparing to mesopore volume of 0.04 cc/g. Pointing to an
average mesopore diameter of all samples, we found that an average mesopore
diameter was increased from 34.78 nm for reference carbon xerogel (CX) to 56.78
nm for low concentration of Synperonic NP30 (0.003 M). Hence, the large mesopore
obtained from CX and CX-NP30-0.003 should be generated by the inter-connected
structure of carbon xerogel particles like those proposed by Wang et al. [16]. The
expansion of mesopore diameter from 34.78 nm for CX to 56.78 nm for CX-NP30-
0.003 could be explained by the enlargement of benzoxazine chain spacing resulted
from the Synperonic NP30 molecules, as mentioned in section 3.1 and proposed by
Nishiyama et al. [45]. Then, increasing concentrations of Synperonic NP30,
mesopores diameter were also decreased into small mesopore diameter in the range
0f 3.57-6.20 nm for the concentrations of 0.009-0.180 M (CX-NP30-0.009 to CX-
NP30-0.180). Furthermore, when the concentration was increased from 0.009 M to
0.180 M, the large opened network and the loose structure in the range oTmicrometer
scale were obviously observed by FE-SEM technique as well (Figures 5.6¢-f).
However, the large opened network could not be detected by N2 adsorption technique
due to the limitation of Kelvin equation [3]. According to the model proposed by
Wang et al. [16], the micropore (2 nm <) and small mesopore (2-5 nm) were located
within the carbon nanoparticles. Therefore, from the results, the obtained small
mesopore in the range of 3.57-6.20 nm (for CX-NP30-0.009 to CX-NP30-0.180)
should be more likely to he located in the carbon xerogel particles rather than
generated by the inter-connected structure of carbon particles like CX and CX-NP30-
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0.003. Moreover, an average micropore diameter of all samples was in the range of

0.66-1.00 NM.

Table 5.2 Pore structure of PBZ-based carbon xerogels prepared from 10% [/ of
benzoxazine precursor using different concentrations of Synperonic NP30

Shet Vmicro  Vmeso APDmicro  APDmeso
Sample (mals)  (cmalg)  (cmslg) (cm/ ) (nm) (nm)
CX 280 008 0.20 0.28 0.76 34.78
CX-NP30-0.003 284 0.08 0.34 0.42 0.66 56.78
CX-NP30-0.009 276 0.13 0.08 0.21 0.70 6.20
CX-NP30-0.030 290 0.13 0.09 0.22 0.66 3.57
CX-NP30-0.090 292 0.13 0.08 0.21 0.76 3.57
CX-NP30-0.180 262 0.12 0.04 0.16 1.00 453

Notes \ SheT bet surface area; Smesoi mesopore surface area, Vmicrtv micropore
volume; VmeS): mesopore volume; Vtotaf total pore volume; APDmicro. average
micropore diameter, APDmesc, average mesopore diameter; APD: average pore
diameter

Figure 5.7 illustrates the nitrogen adsorption-desorption isotherm of
all samples. According to classification by IUPAC, CX and CX-NP30-0.003
exhibited the standard isotherm of type IV with H3 hysteresis loop. Type IV
represents the characteristics of mesoporous material and H3 represents the
aggregation of platy particles or adsorbents containing slit-shape pores [21, 47],
However, as the concentration of Synperonic NP30 was increased from 0.009 to
0.180 M, all samples exhibited the standard isotherm of type la representing
microporous absorbents with pores of molecular dimensions (very small micropore)
[47],

The mesopore size distribution of all samples, calculated by BJH
method, was illustrated in Figure 5.8. CX and CX-NP30-0.003 show higher amount
of mesopore volume and lager average mesopore size about 0.20-0.34 cc/g and
34.78-56.78 nm, respectively, than those of other samples. An average mesopore size
was also shifted to smaller mesopore diameters ranging from 3.57 nm to 6.20 nm,
when increasing the concentration of Synperonic NP 30. Moreover, from Figure 5.8,
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amount of mesopore volume of carbon xerogels derived from Synperonic NP30 at
concentration of 0.009-0.180 M, was clearly lower than those of CX and CX-NP30-
0.003 as well.
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Figure 5.7 N2adsorption-desorption isotherms of polybenzoxazine-based carbon
xerogels using different concentrations of Synperonic NP30.
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Figure 5.8 Mesopore size distributions of polybenzoxazine-hased carbon xerogels
using different concentrations of Synperonic NP30, determined by BJH method.
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Figure 5.9 Micropore size distributions of polybenzoxazine-based carbon xerogels
using different concentrations of Synperonic NP30, determined by MP method.

According to the microporous property of the obtained carbon
xerogels, micropore size distributions, calculated by MP method (standard micropore
size distribution), were shown in Figure 5.9. All samples showed the micropore size
distribution in the range of very small micropores of 0 56-1.00 nm corresponding to
the standard isotherm of type la representing the microporous absorbent with pore of
molecular dimensions (very small micropore) [47], Moreover, when the
concentration of Synperonic NP30 were in the range of 0.009-0.180, as shown in
Figure 5.9, the obtained carbon xerogels clearly showed high amount of micropore
volume comparing to those of ¢x and CX-NP30-0.003,

55 Conclusions

By using non-ionic surfactant (Synperonic NP30) and cationic surfactant
(CTAB), the carbon xerogels derived from polybenzoxazine with tunable pore
structure were successfully synthesized by a facile synthesis process with shorter
preparation time. When CTAB was used as a surfactant, mesoporous carbon xerogels
with wide range of mesopore diameters were obtained by changing the
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concentrations of CTAB. The mesopore diameters of 35.85, 36.07, 25.38. 25.25, and
1557 nm were achieved for CTAB concentration of 0.003, 0.009, 0.030, 0.090, and
0.180 M, respectively. Carbon xerogel with the CTAB concentration of 0.090 M
(CX-CTAB-0090) showed the highest mesoporosity of 0.64 cc/g and the highest
BET surface area of 369 ma/g. Moreover, the carbon xerogel nanospheres with the
size 0f 50-200 nm were obtained through emulsion process since the concentration of
CTAB was equal to or exceeded 0.030 M. On the other hand, when the Synperonic
NP30 concentrations were increased, the properties of the obtained carbon xerogels
were shifted from mesoporous material for reference carbon xerogel (CX) to
obviously microporous material at higher concentrations of Synperonic NP30 (0.009-
0.180 M). Furthermore, the carbon xerogel microspheres with size of about 25 I m

were obtained through the emulsion process when the concentration of Synperonic
NP30 reached 0.180 M. Therefore, CTAB s a suitable surfactant to produce
mesoporous carbon xerogels with wide ranges of large mesopore diameters through
the emulsion process and Synperonic NP30 is suitable for producing the microporous
carbon xerogels, especially, microporous microspheres. Hence, the porous structure
of polybenzoxazine-based carbon xerogels could be easily tailored by changing the
surfactant species and concentrations.
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