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HIGHLIGHTS

o Structural evolution during pyrolysis of novolac resin containing H3BO3 or B;0s.
o The catalytic graphitization depends on B—O—C formation and cleavage.

e Composition, bond strength and crystallization controlled the carbons' reactivity.
o Better oxidation resistance can be attained without the carbon's crystallization.

ARTICLE INFO ABSTRACT

Article history: Carbon-containing refractories' (CCRs) thermomechanical properties depend on the presence of carbo-

Available online 13 March 2018 naceous phase with a structure and features similar to those of graphite. Based on this, boron oxide and
boric acid were used to induce graphite generation during the pyrolysis of novolac resin (binder for CCRs)

Keywords: to provide an additional source of crystalline carbons. In this study, the structural evolution leading to

Graphitization crystallization of the derived carbons was studied via Fourier Transform Infrared (FTIR) spectroscopy. The
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results showed that the carbons graphitization was as a result of the formation and cleavage of the
B—O0—C bond during heat treatment. The lower binding energy of this bond compared to plain C—C bond
permits carbon atoms rotation and restructuring necessary for graphite generation during the pyrolysis
operation. Furthermore, the research investigated the oxidation resistance of the derived carbon samples
with the aid of thermogravimetric (TGA) and differential scanning calorimetry (DSC) equipment. The
influence of different mixing routes at the preparation stage and hexamethylenetetramine (HMTA)
addition to the resin formulations on the carbons' oxidation resistance was also examined. The analysis
provides insight on the parameters that control the oxidizing behavior of the different samples obtained
based on these variations. Several factors including graphitization, composition and atoms bond strength
were observed to influence their performance when the carbons were exposed to the non-reducing
environment at high temperatures up to 1000 °C.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction during steel-making applications [3]. The polymer products used to

link the coarse and fine refractory particles together provides green

Carbon-containing refractories' (CCRs) thermomechanical per- mechanical strength, reduce porosity, and acts as an additional
formances are significantly influenced by the added graphite and carbon source.

binder component [1,2]. The carbonaceous phase acts as a non- Due to environmental concerns, thermosetting resins (novolac,

wetting material, which minimizes slag penetration into the brick resole) have replaced the conventional binders such as coal tar or
pitch, which produces graphitizable carbon with superior oxidation

resistance. Phenolic resins emit minimal polycyclic aromatic hy-
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bricks, which show expansion after tempering, resin-bonded ones
exhibit lesser shrinkage irrespective of the carbon content and their
usage (thermosetting resins) offers the advantage of cold-mixing
[2]. Nevertheless, the significance of carbon derived from these
resins is still limited because they possess poor oxidation resistance
(because of their isotropic nature) and cannot compensate for
excess stresses (except by microcracks formation) due to their
hardness and brittleness [1]. These types of organic precursors do
not undergo reconstructive transformation during heating in an
inert environment because their pyrolysis is exclusively a solid state
reaction, which occurs without the formation of liquid or semi-
liquid components.

Carbons' oxidation resistance depends on their accessibility by
the reacting media and bond strength between their atoms. Their
composition and atomic arrangement also influence this property.
Crystalline carbons have improved oxidation resistance than the
amorphous or glassy ones [6] due to the reduced amount of edge
site atoms and their anisotropic nature [7—9]. Therefore, graphite's
generation during pyrolysis of non-graphitizable organic pre-
cursors such as thermosetting resins should reduce the resulting
carbons' reactivity in oxygen.

Moreover, the depletion rate of carbon in CCRs will determine
their service life and performance consistency in terms of thermal
shock resistance and infiltration. Consequently, there is an
increasing interest to achieve the graphitization of phenolic resin
carbons using processing parameters that can be adopted for the
production of CCRs. The use of certain additives has been reported
to induce crystallization of phenolic resin carbons through a pro-
cess referred to as catalytic graphitization [10—12]. The results
obtained from such studies confirmed an improvement in the
oxidation resistance of the derived carbons [13,14]. In additions to
this benefit, the CCRs developed based on in-situ graphitization of
the thermosetting resin component have improved mechanical
properties [1,15].

The catalytic graphitization of novolac resin containing either
boric acid or boron oxide was reported by Talabi et al. [16]. The
research focused on the role that some processing parameters such
as mixing technique, heat treatment procedure and heating rate
have on the amount of generated crystalline carbons. However, the
reaction that led to graphite generation during the modified-resin
carbonization was not analyzed. Consequently, this study in-
vestigates and discusses the structural evolution that occurs during
the thermal treatment of the H3BO3; and B,03-modified novolac
resin and provided insight on the mechanism leading to their
graphitization. Furthermore, the oxidation stability of the resulting
carbon was studied with the aid of thermogravimetric (TGA) and
differential scanning calorimetry (DSC) equipment. The carbons
reactivity in an oxidizing environment and the attained graphiti-
zation level were compared to ascertain the relationship between
both parameters.

2. Experimental procedures

Novolac resin (Nv) was selected for investigation as an addi-
tional source of crystalline carbons in carbon-containing re-
fractories. Firstly, a reference sample was prepared from a mixture
of novolac resin and 10wt% hexamethylenetetramine (HMTA,
d <200 um). Thereafter, commercial novolac resin (Nv) was mixed
with either 6 wt% boron oxide or 10 wt% boric acid (the graphitizing
agents). The weight percentages of H3BO3 and B,03 in the formu-
lation are equivalent. Also, the effect of HMTA incorporation into
the modified resin was investigated. The formulations' components
were mixed primarily with the aid of a mechanical mixer at 30 rpm

for 20 min for homogeneous dispersion of the additives within the
resin. The effect of additional ultrasonic mixing (for 15 min) or
vacuum degassing (for 10 min) during the preparation stage on
oxidation resistance of the derived carbons were also studied.
These procedures were incorporated to facilitate proper dispersion
of the additives and remove oxygen introduced during mechanical
mixing respectively. Each of the prepared compositions was poured
into an alumina crucible, covered with disk and embedded in a
refractory box filled with coke to create a reducing environment
during the step-wise pyrolysis procedure. The process involved
heating the samples to 100 °C with a hold time of 4 h before raising
the temperature to 500 °C with a hold time of 1h and then to
1000 °C and keeping it at that temperature for 5 h. The heating rate
of 3°C/min was employed for the entire heating steps. The raw
materials information with samples and preparation designations,
were presented in Table 1. The B and H represent B,O3 and H3BO3
respectively. The number by the side of the different additives
stands for their percentage weight in the formulation (e.g., 6B
stands for 6 wt% B;03). The letter “M” in the sample designation
stands for “mechanical mixing,” the “U” represents “additional ul-
trasonic mixing” and “V” stands for “additional vacuum degassing.”

After carbonization, the samples were cooled to room temper-
ature inside the muffle furnace at a cooling rate of ~16 °C/min and
ground in an AMEF vibratory disc mill for 12s. A NETZSCH STA
449F3 (Netzsch Inc., Germany)-type thermogravimetric (TGA) and
differential scanning calorimetry (DSC) analyzer was used to
determine the samples' behavior in an oxidizing environment. The
apparatus detects mass loss and heat flow with a resolution of
0.001 g and 0.00001 mW/mg respectively, as a function of tem-
perature and time. Before carrying out the test, the samples were
evenly distributed in an alumina sample pan. The analysis was
performed in synthetic air (80% N, 20% O) at 50 cm>/min flow rate
starting from 30°C to 1000°C + 10 °C with 10°C/min heating rate.
Due to the presence of impurities, the thermogravimetric (TG)
curves were normalized to eliminate the contribution of the non-
carbon material. Firstly, the inflection point temperature, which
represents the onset of carbons oxidation was determined from the
non-isothermal TG curves as depicted in Fig. 1. The final residual
mass (RMs) was then subtracted from the one at the onset of carbon
oxidation (MO;j) to obtain the actual carbon loss (x). Subsequently,
the actual residual mass of carbons at the end of the measurement
(RM,) was calculated according to equation 1.

RM, = 100 — (Moi - RMf) 1)

RM, was used to describe the overall oxidation resistance of the
pyrolytic carbons. Moreover, the information from the DSC curves
was used to complement the deductions from the TG curves and
FTIR spectra.

Fourier Transform Infrared (FTIR) spectroscopy was used to
study the structural evolution that occurs during thermal cross-
linking (100 °C/4h + 230 °C/1h), carbonization (100 °C/
4h + 230 °C/1h + 500 °C/1h) and graphitization (100 °C/
4h + 230 °C/1h + 500 °C/1h + 1000 °C/5h) stages. The FTIR spectra
were recorded via a Varian 640-IR spectrometer between 400 and
4000 cm™!, 64 accumulations, and 4cm™! resolution using the
standard KBr method. For this analysis, each sample and KBr
powder were dried in an oven at 110 °C for 24 h to remove mois-
ture. 200 mg of fine KBr was mixed with 2 mg of the carbon sam-
ples, pulverized and then pressed to form transparent pellets that
were used for the characterization.
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Table 1
General information about raw materials with samples and process designations.

Raw Materials Main Features

Supplier

Novolac resin

Boric acid

Boron oxide
Hexamethylenetetramine
Samples Designation
Nv-HMTA (reference sample)

HMTA, d <200 pm

Nv-+10 wt% HMTA

Nv, Prefere® 88 5010R, Liquid (solvent = ethylene glycol) Density = 1.18 g/cm>
H3BOs3, solid powder, dgg < 45 pm, 99%
B,03, solid powder, dsg < 10 um, 99% purity

Dynea, Brazil

Synth Chemical Co., SP-Brazil
Magnesita Refratdrios, SA
Dynea, Brazil

Nv-6B Nv + 6 wt% B,03
Nv-10H Nv + 10 wt% H3BO3
Nv-HMTA-6B Nv + 10 wt% HMTA + 6 wt% B,03
Nv-HMTA-10H Nv + 10 wt% HMTA + 10 wt% H3BO3
Preparation Designation
M Mechanical mixing
M-U Mechanical mixing + Ultrasonic mixing
M-V Mechanical mixing + Vacuum degassing
Related to the presence of non-carbon specie S
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Fig. 1. Curve showing parameters used to determine the actual carbon loss.

3. Results and discussion
3.1. FTIR spectra of the graphitizing agents

Fig. 2 represents the spectra contours of the boron compound
additives (i.e., H3BO3 and B;03). As a result of hydrogen atoms
orientation relative to the B303(0™)3 backbone, boric acid has low
symmetry [17]. Its molecules can be classified into the motions of
the hydrogen atoms and B303(0)3 skeleton [17,18]. Many broad
bands, which correspond to different structure-forming OH groups
characterized boric acid spectrum [18]. The strong band at
650 cm~ !, 1195cm ™!, and 1460 cm™! are found in boric acid [19].
The band at 650 cm~! was due to the deformation vibrations of the
B—O bond atoms. According to Medvedev et al. [ 19], the weak band
at ~940 cm may be due to the presence of metaboric acid. The band
at 1020 cm~! indicates the presence of structuring-forming [BOs]
groups [19,20]. The peak at 1390 cm ™! was due to the vibration of in
the B(3)-0~ bond in [BO3] or B}°03(OH); groups [19]. The band at
1632 cm™! corresponds to water molecule vibration. When boron
oxide spectrum was superimposed on boric acid, similar peaks
were present. The only identified difference was in their bands' area
and intensity. For example, the spectrum peak area at ~3200 cm ™!
belonging to the OH group of boron oxide was higher than that of
boric acid, which may be due to its higher hygroscopic character-
istic compared to boric acid.

3210

1460

—— boron oxide

2500 2000 1 1500 1000 500
wavelength (cm™)

4000 3500 3000

Fig. 2. FTIR spectra of the graphitizing agents: (a) boric acid (b) boron oxide.

3.2. FTIR spectra of the plain and cured novolac resin

The characteristic bands detected in plain novolac resin were
assigned based on literature review and IR spectra database as
shown in Table 2. As expected, the peaks assigned to the various
chemical groups varied slightly in the literature. The spectra in the
wavelength range from 400 to 4000 cm ™! are shown in Fig. 3. The
peaks at 755cm~), 815cm~!, and 890cm~! correspond to C—H
vibrations while the ones at 1050 cm~! and 1064 cm™! correspond
to the C—O stretching vibrations of CH,OH group. The bands, which
correspond to C—O—C aliphatic ether and an asymmetric stretch of
phenol were detected at 1125cm™! and 1230 cm™! respectively.
The width of the band at 1355 cm™' and 3300 cm ™! indicated that
these peaks were due to O—H bond vibration. Additional peaks,
which correspond to C=C aromatic ring vibration were detected at
1510, 1595 and 1645 cm™~! wavenumber. The one at 2929 cm™!
corresponds to aliphatic -CH; in-phase stretch.

It can be seen from Fig. 3a that the band belonging to phenolic
hydroxyl group vibration in the plain resin at 3300cm™' and
mostly all the other peaks became weaker with increased heat
treatment temperature up to 230 °C/1h. However, no new peak was
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IR bands detected in the plain and cured novolac resin.

Peaks (cm™!') Functional group

Reference

3300 Phenolic —OH stretch Liu 2002 et al. [24], Ida et al. [25]
2929 Aliphatic -CH, in-phase stretch Theodoropoulou et al. [26], Ida et al. [25], Ertugrul et al. [27]
2865 Out of phase stretching of CH, Ida et al. [25]
1645 C=C stretching vibration of aromatic ring Wang et al. [28], Theodoropoulou et al. [26]
1595 C=C stretching vibration of aromatic ring Ida et al. [25]
1510 C=C aromatic ring Ida et al. [25]
1440 C=C benzene ring obscured by -CH,- methylene bridge Ida et al. [25]
1355 OH in-plane Ida et al. [25]
1230 the asymmetric stretch of phenolic C—C—OH Wang et al. [28], Kawamoto et al. [29], Wang et al. [30] http://webbook.nist.gov, Ida et al. [25]
1125 stretching vibration of C—O—C aliphatic ether Ida et al. [25], Theodoropoulou et al. [26], Ertugrul et al. [27]
1064 C—O stretching vibrations of CH,OH group Liu et al. [24], Ida et al. [25]
1050 C—O stretching vibrations of CH,OH group Liu et al. [24], Ida et al. [25]
890 CH out-of-plane, isolated H Ida et al. [25]
815 CH out-of-plane, substituted Ertugrul et al. [27], Theodoropoulou et al. [26], Ida et al. [25]
755 CH out of plane, ortho-substituted Ida et al. [25]
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Fig. 3. (a) FTIR spectra of plain and cured novolac resin at 230 °C, (b) schematic structure of fully carbonized phenolic resin [23], (c) X-ray diffraction pattern of carbon derived from

the plain novolac resin at 1000 °C/5h.

found at 230°C. This type of structural evolution suggests that
decomposition and thermal cross-linking process led to char for-
mation [21,22]. The thermal degradation process resulting in the
production of glassy/non-graphitic carbon may proceed according
to the order proposed by Lee [23]. This process starts by bond
breaking reactions, forming free radicals and depend on the
dissociating energy of radicals present in the resin (i.e., the stability
of free radical = ease of forma-
tion = triphenylmethyl > diphenylmethyl > benzyl > phe-

noxy > alkyl > phenyl). Typically, glassy carbons derived from plain
novolac resin consist of 6 member sp? bonded cyclic structures,
which are held tightly within a network of sp> crosslink [23] that
does not permit reorganization or rotation necessary for graphiti-
zation (Fig. 3b). Both inert pyrolysis and to a limited extent oxida-
tion/combustion coexist during the thermal decomposition process
due to the presence of reaction water, absorbed moisture and hy-
droxyl groups in the resin's structure [23]. Nevertheless, the
oxidation reaction is limited to the effect of generated oxygen
radicals on their way out of the polymer sites during the inert py-
rolytic decomposition. The diffraction pattern of the resulting

glassy carbon was presented in Fig. 3c.

HMTA is usually added to novolac resin for use as a binder
during the industrial preparation of carbon-containing refractories.
Based on this information, a reference composition containing
10 wt% HMTA (Nv-HMTA) was heat treated up to 230°C/1h. The
spectrum of the cured reference novolac resin was presented in
Fig. 4a. Although no new functional group (compared to the plain
novolac sample) was detected, some minor peaks shift occurred.
Fig. 4b shows the diffraction pattern of the derived carbon, which is
typical of sp3-hybridized carbons with an amorphous structural
arrangement due to the atoms limited rotation during carboniza-
tion [16].

3.3. Structural evolution during pyrolysis of the modified resin

The peaks detected in the novolac resin containing the boron
source additives were assigned as shown in Table 3. The structural
evolution that occurs when Nv-10H formulation (novolac
resin +10 wt% boric acid) was subjected to thermal treatment up to
230 °C, 500 °C and 1000 °C was represented by the spectra in
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Fig. 4. (a) Novolac resin +10 wt% HMTA (reference composition) heat treated up to 230 °C, (b) X-ray diffraction pattern of reference composition after firing up to 1000 °C and a

hold time of 5h. GL = graphitization level, NG = non-graphitic.

Fig. 5a.

Compared to the unmodified cured resin some new bands were
detected at 885cm~! and 1440 cm™!, which correspond to B—O
vibration attributed to phenyl borate formation as shown in Fig. 5b
[28,30]. The peak intensity at 885 cm™! decreased with increasing
treatment temperature (it was still detected at 500 °C) and dis-
appeared at 1000 °C. This observation suggested that B—O—B for-
mation and dissociation was gradual and is a function of increasing
temperature [31]. According to Ertugrul et al. [27], this reaction
depends on the production route and time. Furthermore, the
presence of the bond ascribed to phenyl borate formation indicates
that chemical reaction between the additive and resin occurs at an
early stage (230°C). Wang et al. [28], observed that higher tem-
perature up to 200 °C was required to initiate a reaction between
B—OH and phenolic hydroxyl group to form phenyl borate. Simi-
larly, Liu et al. [24] attributed borate formation to the reaction of
phenol and benzyl hydroxyl groups with boric acid. Furthermore,
the band assigned to the stretching vibration of B—O—C group ap-
pears at ~1320cm™! after thermal treatment up to 500°C. This
peak was not detected at 230 °C and after the pyrolysis process at
1000 °C. The transition of the B—O—C supports the assertion that its
formation and cleavage plays a significant role in the catalytic
graphitization of novolac resin containing boron based additives
[16,28]. The weakest bond in the polymer chain (at this instance,
B—0—C) led to chain cleavage, which permits the disruption and
structuring during pyrolysis that favors graphite generation at a

lower temperature such as 1000 °C (as seen by the sharpness and
intensity of the peak at 26° in Fig. 5c). Based on the XRD profile
analysis, a graphitization level of 69% was attained. The amount of
crystalline carbon was calculated according to the description of
Bitencourt et al. [11]. However, the generation of graphite during
pyrolysis may be heterogeneous in nature due to preferential
graphitization starting from low energy binding sites [16]. The
spectra analysis further justifies this assertion as the B—O—C bond
has lesser binding energy (190.2 eV [28]) compared to plain C—C
(284.8 eV) ones, which characterized the uncatalyzed resin. More-
over, the cleavage of this bond can lead to boron introduction into
the carbon's structure. Boron atoms due to their enhanced diffu-
sivity can intercalate carbon atoms during the pyrolysis and about
change in m-electron density and reduced interlayer spacing
[32,33].

Furthermore, the medium bands intensities between 1617 and
1647 cm~! were assigned to C=C vibration stretching of the aro-
matic ring [24,27]. As the process proceeds, phenol hydroxyl and
benzyl hydroxyl absorption bands decreased due to borate forma-
tion and water evolution [28] as observed by the decrease in the
—OH band percentage area with increasing heat treatment tem-
perature. This consideration agrees with Jiang et al. [34] and Wang
et al. [28] submission that water evolution and additional inter-
molecular cross-linking occurs at the early stages of pyrolysis. The
produced water can also be attributed to cleavage of the hydroxyl
link and the reaction between B—OH and phenolic hydroxyl groups

Table 3
FTIR spectra of novolac resin containing boron source additives heat treated up to 230 °C, 500 °C, and 1000 °C.
Peaks Functional group Reference
(em™1)
3350—3400 Phenolic —OH stretch Liu 2002 et al. [24], Ida et al. [25]
2925 Aliphatic -CH; in-phase stretch Theodoropoulou et al. [26], Ida et al. [25], Ertugrul et al. [27]
1890, 875 B—O bond Medvedev et al. [19], Ertugrul et al. [27], http://webbook.nist.gov
1600—1650 C=C stretching vibration of aromatic ring Wang et al. [28], Theodoropoulou et al. [26]
1510—1550 C=C aromatic ring Ida et al. [25]
1430 B—0-B Liu et al. [24], Wang et al. [28], http://webbook.nist.gov
1380 OH in-plane Ida et al. [25]
1310-1350 B—0—-C Wang et al. [28], http://webbook.nist.gov
1222 the asymmetric stretch of phenolic C—C—OH Wang et al. [28], Li et al., Kawamoto et al. [29], Wang et al. [30] http://webbook.nist.gov, Ida et al. [25]
1120—-1125 stretching vibration of C—O—C aliphatic ether Ida et al. [25], Theodoropoulou et al. [26], Ertugrul et al. [27]
1050 single bond C—O stretching vibrations of CH,OH Liu et al. [24], Ida et al. [25]
group
815 CH out-of-plane, substituted Ertugrul et al. [27], Theodoropoulou et al. [26], Ida et al. [25]
775 B—O bond belonging to boron source additives
<750 CH out-of-plane, substituted, ortho-substituted Ertugrul et al. [27], Theodoropoulou et al. [26], Ida et al. [25]
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Fig. 5. (a) FTIR spectra of novolac resin composition containing 10 wt% boric acid, heated up to 230 °C/1h, 500 °C/1h and 1000 °C/5h, (b) Structural representation of cured boric
acid modified novolac resin [28], (c¢) XRD diffraction pattern of carbon derived from novolac resin containing 10 wt% boric acid. GL = graphitization level, NG = non-graphitic.

[23,28]. The decrease with the firing temperature in the intensities
of multiple absorption peaks at 820 cm~! corresponding to C—H
flexural vibration of benzene ring shows that the volatilization of
methyl and phenol derivatives occurs and that dehydrogenation

and carbonization reaction were more pronounced above 500 °C.
The spectra showing structural evolution during pyrolysis of

boron oxide modified resin are shown in Fig. 6a. The structural

representation and diffractogram of the derived carbon were
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Fig. 6. (a) FTIR spectra of novolac resin composition containing 6 wt% boron oxide heat treated up to 230 °C/1h, 500 °C/1h and 1000 °C/5h (b) Structural representation of cured
boron oxide modified novolac resin [30], (c) XRD diffraction pattern of carbon derived from novolac resin containing 6 wt% boron oxide. GL = graphitization level, NG = non-

graphitic.
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Fig. 7. (a) Descriptive TG curves (b) Descriptive DSC curves of carbons derived boron catalyzed novolac resin.

presented in Fig. 6b and c respectively. At this instance, B—0—C
bond (1330 cm ') was detected earlier at 230 °C. The likely reasons
for this change may be due to boron oxide smaller particles size
(dsp <10 um) compared to boric acid (dsg <45 um), which pro-
moted a more rapid reaction. The band due to phenyl borate for-
mation was detected at 1430 cm ™.

3.4. Oxidation resistance of carbons derived from novolac resin
containing boron compounds additives

Fig. 7a typified the oxidation behavior of carbons derived from
the novolac resin (reference) and the modified catalyzed resins
evaluated in the present study. Firstly, the TG curves indicate the
presence of non-carbon materials in the samples’ composition (as
seen by the initial mass loss between ~50 and 150 °C). This obser-
vation was confirmed by the endothermic region in the DSC curves
within that same temperature range (Fig. 7b). Additionally, the FTIR
analysis of the carbon samples confirms the presence of -OH
functional group, which may be responsible for such behavior
(Figs. 5a and 6a). This observation agrees with findings from the
literature that significant amount of oxygen, carbon oxides and
other impurities are present after pyrolysis of phenolic resins
containing additives at 1000 °C [28,35,36]. For example, carbons

derived from the pyrolysis of boric acid modified novolac resin at
1000 °C was reported to contain about 7% oxygen by Wang et al.
[28]. However, all non-carbon species will be removed with
increased carbonization temperature [19]. More so, the amount of
the non-carbon material per sample was observed not to be the
same for all the analyzed carbon samples (based on the TG curves).
The observation may not be unconnected with the difference in the
starting components of the resin formulation. Consequently, to
enable proper estimation of carbon loss, the TG-curves were
normalized and the actual residual mass was determined from the
carbons' oxidation initiation point as explained in “Section 2”. The
data presented in Table 4 represent the average values of three
analyses carried out on the same sample batch. Based on the
attained results, the oxidation rate of the different carbon samples
was found to differ as a function of the starting resin formulations.
Compared to Nv-HMTA-M (26%), the residual mass of Nv-6B-M and
Nv-10H-M carbons increased to an average value of 50 + 5% and
52 + 3% respectively. These values indicate a significant improve-
ment in the oxidation resistance of the graphitized carbons. The
chemical and structural properties of plain novolac resin compel it
to yield glassy carbon during carbonization. Due to their isotropic
structure, these types of carbons are more susceptible to oxidation.
However, the structuring that took place during pyrolysis of the

Table 4

Effect of graphitization, increased addition of HMTA and preparation procedure on the carbons' oxidation resistance.
Sample RM, (%) Onset of Oxidation (T;) GL(%) [16]
Nv-HMTA-M 26 582 0
Nv-6B-M 50+5 525+12 47 +12
Nv-10H-M 52+3 535+12 49+ 12
Nv-10HMTA-6B-M 54+4 574+4 0
Nv-10HMTA-10H-M 60+3 566 + 6 0
Nv-11HMTA-10H-M 60 573 0
Nv-12HMTA-10H-M 65 572 0
Nv-13HMTA-10H-M 64 572 0
Preparation procedure: Ultrasonic mixing incorporation
Nv-6B-M-U 51 543 26
Nv-10H-M-U 53 540 13
Preparation procedure: Vacuum degassing incorporation
Nv-6B-M-V 49 533 28
Nv-10H-M-V 50 527 7

GL — Graphitization level
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modified resin led to a reduction in the amount of edge site carbon
atoms (which are more reactive than those of basal plane), reduced
interlayer spacing and induced anisotropic characteristic which
was beneficial for improved oxidation resistance [7—9]. Moreover,
the rate controlling-step during high-temperature oxidation of
carbon is believed to depend on oxygen transport through the solid
boundary layer [37]. Apart from these, the presence of B;03
detected in the sample's composition (Fig. 5¢) will also protect the
graphite microcrystallites edges during oxidation [38]. Therefore,
the attained oxidation stability may be attributed to the formation
of a protective coating on the carbon surface in addition to
graphitization. Nevertheless, carbons derived from the boron
compounds modified resin containing 10 wt% HMTA (especially for
the formulation containing boric acid) show greater oxidation
stability although graphite was not detected in their composition
[16]. According to Edward et al. [39], the macromolecular (poly-
meric) structure of non-graphitizing materials remains during heat
treatment, losing only small molecules by degradation and devel-
oping even more cross-linking during pyrolysis. Invariably,
increased bond strength and presence of inclusion that can acts as a
protective oxide in addition to minimal restructuring can result in
higher oxidation resistance. The results obtained regarding this
formulations show that optimal cross-linking of the novolac resin
during the curing stage and the presence of boron oxide in the
amorphous carbon can also improve carbons' oxidation stability
[40,41].

To ascertain these deductions, more HMTA (11—13 wt%) was
added to the boron compounds modified resin. The results further
show that:

1. The increased amount of HMTA in the starting formulation of
the modified resin can reduce their reactivity in air and that the
oxidation of such carbons is not just a function of crystallization.

2. The presence of HMTA also plays a significant role on the
oxidation onset temperature. Carbons derived from the com-
positions containing the cross-linking agent have higher T;
values. For example, the T; for Nv + HMTA (reference) was
582 °C (the highest recorded value for all the investigated
composition) compared to 535 °C of Nv-10H-M. Nevertheless,
the overall performance of carbons derived from this formula-
tion further indicated that other factors including graphitization
and composition affect their oxidation process.

Regarding Nv-6B-M-U, Nv-10H-M-U, Nv-6B-M-V and Nv-10H-
M-V carbons, the introduction of either additional ultrasonic mix-
ing or vacuum degassing after the initial mechanical mixing led to
significant reduction in the generated amount of graphite after
pyrolysis (Fig. 8, Table 4). The additional mixing technique induces
high energy chemical reactions due to the formation, growth, and
collapse of bubbles, which promoted high-intensity local heating
and resulted to increased cross-linking during the curing stage
[42,43]. Similarly, the degasification process promoted free-radical
polymerization and increased cross-linking network. The presence
of oxygen in organic precursors usually led to the formation of
stable peroxide, which limits the degree of conversion at the initial
stages of carbonization [16,44]. The increased cross-linking pro-
moted by these preparation procedures during the curing stage led
to significant reduction of the attained graphitization level. How-
ever, no significant difference was obtained in their overall carbons’
oxidation stability compared to the samples, which have a higher
amount of graphite in their composition. The amount of residual
mass for Nv-6B-M-U and Nv-10H-M-U (based on the introduction
of additional ultrasonic mixing) was 51% and 53% respectively.
Similarly, 49% and 50% residual mass were recorded for Nv-6B-M-V
and Nv-10H-M-V (based additional vacuum degassing after
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Fig. 8. XRD profiles of the prepared samples showing the effect of additional ultrasonic
mixing and vacuum degassing on catalytic graphitization of novolac resin after firing at
1000°C for 5h under reducing atmosphere. GL= graphitization level, NG =non-
graphitic.

mechanical mixing) carbons respectively. These values are close to
those of Nv-6B-M (~50%) and Nv-10H-M (~52%). The likely reason
for the similar performance might be the balance between the
various factors affecting their oxidation behavior. These observa-
tions agree with the submission of Ruff et al. [6] that carbons'
oxidation is influenced by several factors, which include the extent
and accessibility of its surface, bond strength of its atoms and
composition. Consequently, a combination of several character-
ization techniques may be required to establish a correlation be-
tween graphitization and oxidation behavior of these carbons.

4. Conclusion

The structural evolution that occurs when catalyzed novolac
resin containing boron oxide or boric acid was subjected to thermal
treatment was studied using FTIR technique. The results show that
the graphitizing additives were incorporated into the resin struc-
ture. The graphitization at a lower temperature (1000 °C) of car-
bons derived from novolac resin containing boron source additives
was attributed to the formation of B—O—B bonds as well as for-
mation and cleavage of B—O—C bonds during heat treatments. The
lower binding energy of B—O—C bonds compared to C—C ones
promote atoms rotation and rearrangement during the pyrolysis
operation that favors graphite generation.

Carbons derived from catalytic graphitization of novolac show
improved oxidation resistance than those of the plain resin. How-
ever, their thermal stability in the oxidizing environment was
found to depend on other factors such as composition. Boron oxide
detected in the samples protects the carbons edges and improved
their oxidation resistance. Moreover, carbons derived from the
boron compounds modified resin containing HMTA also show
improved oxidation resistance although graphite was not gener-
ated during their pyrolysis. This was attributed to the increased
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cross-linking at the curing stage, (due to the presence of hexa-
methylenetetramine) which impeded graphite generation during
pyrolysis but promotes increased carbon atoms bond strength. The
same behavior was observed when factors such as ultrasonic
mixing and vacuum degassing, which caused increased curing
degree were employed during the formulation stage [16]. Based on
these findings, it was proposed that carbon atoms' cross-linking
strength, atomic arrangement and composition effect are control-
ling factors affecting the oxidation resistance of carbons derived
from the boron compounds modified novolac resin. Therefore,
better oxidation resistance may be attained without achieving
crystallization of carbons derived from novolac resin. However, the
thermomechanical and chemical properties of CCRs depends on the
presence of carbons with feature close to graphite. Hence, the
benefits derived from producing graphite from novolac resin car-
bons are not limited to improved oxidation resistance.
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