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Environmental friendliness and cost demand the development of lignin-modified phenolic (LPF)
resins for application as a binder for carbon-containing refractories (CCRs) production. Moreover, the
in-situ graphitization of such resins can produce crystalline carbon, which is an essential component
of CCRs. Consequently, this study investigated LPF resins graphitization using ferrocene, boron oxide
and boric acid. The modified resins were synthesized using thermally treated kraft lignin based on
1.5 formaldehyde to phenol molar ratio and with up to 30 wt.% lignin as phenol replacement. The resins
chemical composition and the structural organization and oxidation resistance of carbons derived from
the plain resins and those containing the graphitizing additives were determined. The results showed that
ferrocene and the boron compounds could induce graphitic carbon generation when carbonizing LPF
resins at 1500 °C for 5 hours. The best graphitization level (73%) was achieved when 10 wt.% boric
acid was added to the resin produced with 20 wt.% lignin. Regarding the formulations containing
ferrocene, the highest amount of graphitic carbon (48%) was generated when 5 wt.% of this additive
was added to the resin synthesized with 10 wt.% lignin. The carbons derived from the formulations

containing boron oxide presented the best oxidation resistance.
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1. Introduction

Phenolic resins offer the advantages of good adhesion,
high fixed carbon ratio and high strength on curing and after
carbonization, which are necessary to produce carbon-containing
refractories. However, fluctuation in oil price and concerns
associated with exposure to phenol and formaldehyde during
production have led researchers to investigate the use of
bio-based materials from renewable resources as a phenol
substitute in phenolic resins production'?. Similarly, the need
to develop low-cost phenolic resin through the incorporation
of abundantly available lignin is gaining increasing attention.
Lignin, a by-product of many agro-based processes such as
pulp, paper and bioethanol industries can serve as an alternative
replacement to phenol in the synthesis of phenolic resin®. It is
a renewable source with an annual production estimated in
the range of 5-36 x 10® tons*. Lignin can exhibit various
structures, depending on the vegetal species it is derived from.
It is primarily comprised of three repeating units, which are
guaiacyl (G-unit), syringyl (S-unit) and p-hydroxyphenyl
propane (p-H unit) Consequently, it can be classified as a
polyphenolic compound and possesses the ability to react
with formaldehyde at the C-5 position of the aromatic ring of
guaiacyl structure and at the C-f3 location of the phenylpropane
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unit®. Lignin reactivity depends on the interunit linkages of
functional groups such as methoxyl, aldehyde, phenolic and
aliphatic hydroxyl®. Their chemical structure and characteristics
usually depend on the feedstock sources and isolation processes.
Although it can be obtained from different pulping processes,
only lignosulfonates are available in large commercial
quantities. Ammonium lignosulfonates have been reported as
the most suitable candidate from the family of lignosulfonates
to formulate phenolic resins because of their solubility in
organic solvents!”. Nevertheless, they have higher molecular
weight values and lower reactivity compared to organosolv
and kraft lignin®*". Therefore, the latter lignin categories
(organosolv and kraft) could be more appropriate for lignin-
phenol-formaldehyde (LPF) resins synthesis. Nevertheless,
the feedstock from which lignin is derived plays a more
significant role in determining their suitability for phenolic
resins production. Generally, softwoods lignin contains a
higher amount of G-component unlike the hardwood ones,
which comprise G and S-components. Hydrolysis lignin'#'¢,
soda lignin'” and biorefinery residue'®!” have also been used
to produce lignin-modified phenolic resins. The suitable
candidates for producing phenolic resins are rich in hydroxyl
groups in the aromatic ring, less in methoxyl group and have
low molecular weight values®.
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The synthesis of lignin-modified phenolic resin has
been the subject of various research studies. However, the
complete replacement of phenol with lignin is still a subject
of on-going research studies due to lignin low reactivity
toward formaldehyde. Consequently, research effort has been
geared toward increasing its susceptibility to chemical reaction
through techniques such as demethylation, phenolation,
methylolation and depolymerization'>?!. Methylolation
and phenolation introduced reactive functional groups to
lignin molecules whereas demethylation modifies lignin to
form catechol moieties in lignin macromolecule’. In some
studies®?, up to 75% depolymerized lignin have been used
to replace phenol during the preparation of phenolic resins.
However, such resins may be more suitable for application
as adhesive materials. Other techniques such as reduction,
selective oxidation of B-O-4 linkages using nitrobenzene?%,
sulfonation® and hydrolysis have also been studied to improve
lignin reactivity or produce phenolic compounds from lignin.

LPF resins can be used as a binder (or adhesive) for
various engineering applications such as those involving
carbon-containing refractories (CCRs) production. The use
of lignin-modified phenolic resin in the production of such
refractory is beginning to gain attention. Wang et al.”” have
recently shown that lignin-modified phenolic resin has
good potential to be used as a binder for the production of
AlLO,-C refractory. The bricks developed with this modified
resin possessed improved thermomechanical properties than
those with the conventional type. Moreover, the properties of
CCRs depend strongly on the features of the carbonaceous
phase. Optimum properties are attained if the refractory
formulation contains crystalline and not amorphous carbon.
Generally, thermosetting resins that are used to bond the
brick aggregates together usually yield non-crystalline
carbons during sintering. Hence, the in-situ graphitization
of these non-graphitizable binders to generate additional
graphitic carbon during the heat treatment operation has
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been considered as a means of improving the refractory
composite properties®?. The crystallization of this material
has been shown to enhanced their (CCRs) thermomechanical
performance®*3!. However, based on the literature considered
in this present work, the catalytic graphitization of carbons
derived from LPF resins has not been investigated. This
aspect is one of the novelties of the present investigation as
it provides information about graphitic carbon generation
from low-cost polymers.

The environmental friendliness and high cost associated
with the use of phenolic resins for CCRs production has also
been considered. As the most abundant natural aromatic
polymer in the world, the use of lignin is cost-effective
and has better environment-friendliness. Hence, the choice
of LPF resins and the graphitization of their carbons can
address the aforementioned challenges. Moreover, its usage
(as renewable biomass) in the development of LPF resins
will promote sustainable technology development.

Consequently, this study examined the influence of some
additives on the generation of graphitic carbons from lignin-
modified phenolic resin. The employed pyrolysis procedure
can be used to produce refractory bricks. Up to 30 wt.% kraft
lignin, which has been demonstrated as a suitable binder for
CCRs?” was used in the present study to prepare lignin-modified
phenolic resins. The benefits of in-situ graphitization of the
binder component on the CCRs’ thermomechanical properties
will be determined in a future study.

2. Experimental Techniques

2.1 Raw materials

The general information regarding the raw materials used
in this study and samples designation is shown in Table 1.
The reagents were used as received, except the kraft lignin

Table 1. General information about the used materials and samples designation

Raw materials

Supplier

Commercial resole resin (Rs, Prefere 88 5000R)

Dynea (Brazil)

Laboratory synthesized resins (10LPF, 20LPF, 30LPF) based on:

Synth Chemical Co.,

Binder -Phenol, C ,H,OH, solid, molecular weight = 94.11 g/mol SP-Brazil
—Formaldehyde (37 wt.%), CH,0, liquid, molecular weight = 30.03 g/mol Fibria. Brazil
-Kraft Lignin, pH = 4.5 at 28°C ’
Catalyst NH,OH, aqueous, molecular weight = 35.04 g/mol S;ztgliaczlillemlcal Co.,
Ferrocene (150 < d < 70 pum, 98% purity) Aldrich, USA
Boric acid (H,BO,), solid powder, molecular weight = 61.83 g/mol, Synth Chemical Co.,
Additives (dy, <45 pm, 99% purity) SP-Brazil

Boron oxide (B,0,), solid powder, (d,, < 10 pm, 99% purity)

RHI-Magnesita
refractories, Brazil

Samples Designation  Description

10LPF, 20LPF, 30LPF .
phenol, respectively.

Lignin-phenol-formaldehyde resin synthesized with 10 wt.%, 20 wt.%, 30 wt.% of lignin as a substitute for

1.5Rs Laboratory synthesized resole based on formaldehyde to phenol molar ratio = 1.5
Rs Commercial resole resin

3Fc 3 wt.% Ferrocene

10H 10 wt.% Boric acid (H,BO,)

6B 6 wt.% Boron oxide (B,0O,)




Graphitization of Lignin-Phenol-Formaldehyde Resins 3

that was subjected to further processing. Boron oxide, boric
acid and ferrocene additives were used as graphitizing agents
for the lignin-modified phenolic resins. The boron source
compounds were investigated to find a cheaper and good
alternative material to ferrocene that can promote crystalline
carbon generation during the resins’ carbonization.

2.2 Thermal treatment and characterization of
kraft lignin

Before synthesis, the kraft lignin was subjected to thermal
treatment at 200 °C at 3 °C/min inside a muffle furnace for
one hour under a non-oxidizing atmosphere to improve
lignin reactivity. The obtained material was ground with a
glass mortar and pestle into a powder form that was used
for the LPF resins production.

The glass transition temperature (Tg) ofthe as-received
and heat-treated samples was determined using DSCQ2000,
TA Instruments. For this measurement, about 6-7 mg of each
sample was enclosed in an aluminium pan. The analysis
was conducted in a nitrogen atmosphere at 10 °C/min and
a flow rate of 10 mL/min. The samples were heated from
ambient temperature to 105 °C and kept at that temperature
for 5 minutes before cooling to -60 °C and a holding time
of 2 minutes to eliminate the presence of water. After that,
the samples were heated to 200 °C at 10 °C/min to determine
the T, which was defined as the inflection point (mid-point)
on the DSC curve, according to ASTM E 1356-08.

The effect of heat treatment on the as-received kraft lignin
molecular weight distribution was determined. Regarding
the measurement, 100 mg of each sample was weighed and
dissolved in 2 ml of pyridine solution and acetic anhydride
(1: 1 v/v) at 105 °C for 2 hours. The acetylated material
was precipitated in 30 ml of distilled water and centrifuged
at 7500 rpm for 15 minutes. Thereafter, the samples were
dissolved in tetrahydrofuran (THF) in a 1:100 mass ratio and
analyzed by an Agilent Technologies 1260 Infinity II GPC
equipment. The chromatographic run was done at 12 minutes
permeation time, 1 ml/min solvent flow, 30 °C column
temperature, 40 °C sensor temperature and 5-20 bar pressure.

Moreover, the pH of both materials was determined
using W3B GEL pH meter after soaking 1 g of each sample
in 25 ml distilled water for 30 minutes.

2.3 FTIR-ATR measurement of lignin and the
synthesized resins

The as-received and thermally treated lignin samples, as
well as the resins, were analyzed using Fourier Transform
Infrared-Attenuated Total Reflectance (FTIR-ATR) spectroscopy,
model: Nicolet 6700. The measurements were obtained at a
wavenumber range 0of 400-4000 cm™ and 32 accumulations
at 2 cm! resolution.

2.4 Synthesis and carbonization of
lignin-phenol-formaldehyde resins

Lignin-phenol-formaldehyde (LPF) resole resins were
synthesized based on 1.5 formaldehyde to phenol molar ratio
using thermally treated kraft lignin. The primary monomer
reactants ratio was based on the results attained in a previous
study regarding the graphitization of conventional resole

resins®2. In that study, the resin prepared based on this molar
ratio generates the highest amount of graphitic carbon after
carbonization. The modified resins were produced according
to the following procedure. Firstly, the solution mixture of
phenol, water and NH,OH (catalyst) was heated up to 65+ 5 °C
with a hot-plate magnetic stirrer via an oil bath for 30 minutes
inside a glassware set-up. The amount of phenol used depends
on the intended lignin to phenol weight percentage ratio.
This reaction step was catalyzed by 70% (8.6 wt.% of phenol
quantity) of the total amount of the catalyst. After that, the
required quantity of the heat-treated kraft lignin was added
slowly to the mixture. The reaction was allowed to continue
for another 30 minutes before adding the remaining NH,OH
(3.7 wt.% of phenol quantity) and formaldehyde (37 wt.%).
The synthesis then proceeded to completion at a maximum
temperature of 75 £ 5 °C. The amount of lignin used for the
preparation represents 10 wt.% (10LPF), 20 wt.% (20LPF)
and 30 wt.% (30LPF) of phenol, respectively.

Before carbonization, the lignin-modified resoles
and the graphitizing agents (3-5 wt.% ferrocene, 6 wt.%
boron oxide and 10 wt.% boric acid) were mixed with the
aid of a mechanical mixer (Etica Scientific Equipment,
Model: 105, No.: 0209) to disperse the additives within
the resin. The mixing was carried out at a rotation speed
of 300 rpm for ten minutes at room temperature. Each of
the additives was mixed separately to prepare mixtures
containing either boron oxide, boric acid or ferrocene.
The obtained formulations were poured into aluminium
crucibles, covered with lids and buried inside a refractory
box containing coke. The heat treatment was done using
a stepwise heating procedure, which involved carbonizing
the samples from 30 °C to 100 °C and keeping it at that
temperature for 4 hours, followed by increasing the
temperature to 500 °C and holding it there for 1 hour
and finally raising it to 1000 °C and 1500 °C for 5 hours,
respectively?®. The pyrolysis was carried out inside an
electrical furnace at 3 °C/min heating rate.

2.5 XRD analysis of the derived carbon samples

The carbon materials derived from the carbonized
resins formulations were initially ground inside a glassware
mortar. Thereafter, the prepared samples were characterized
with X-ray diffraction (XRD) equipment for phase
identification, graphitization level (GL) determination
and to obtain structural information such as interlayer
spacing (d,,), crystallite height (L ) and crystallite size (L ).
The analysis was done using Shimadzu X-ray diffraction
equipment (LabX XRD-6000) under CuKo radiation
(A=1.5418 A, scanning step = 0.0196°). Phase identification
was carried out with the help of Search-match software and
OriginPro 9 was used for peaks deconvolution as reported
by Bitencourt et al.”® and Talabi et al.?®. The GL value of
each carbon samples was calculated using Equation 1.
Regarding this calculation, the total area related to graphitic
carbons peaks was divided by the sum of those associated
with graphitic and non-graphitic carbons. Non-carbon peaks
were not considered for the calculation. Equation 2 and 3

were used to obtain the d ,, L and L_values.
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_ Graphitic carbon area 1)
Total area ( graphitic carbon + non — graphitic carbon)

nh =dyg,2sin 6 2)

kA =L BcosO ?3)

where n = positive integer, d,, (nm) = interlayer spacing,
0 = incidentangle, L (nm) = crystallite height, L = crystallite
size and k = 0.89 for L or 1.84 for L .

2.6 Microstructural analysis

The carbon samples microstructure was studied with
FEI Tecnai G2 F20 transmission electron microscope (TEM)
at 200 kV. The analysis provided information about TEM
images, lattice resolution imaging (HRTEM) and Selected
Area Electron Diffraction (SAED) patterns of the graphitized
carbons derived from the carbonized resin formulations.
The images and SAED patterns were analyzed with GATAN
DigitalMicrograph software (Gatan, Inc., USA) to determine
parameters such as interplanar spacing.

2.7 Thermogravimetric analysis

ANETZSCH STA 449F3 (Netzsch Inc., Germany)-type
analyzer was used to determine the oxidation resistance
of carbons obtained after the resins (with and without the
various graphitizing additives) pyrolysis. The apparatus
detects mass loss with a resolution of 0.001g as a function
of temperature and time and heat flow with 0.0001 mW/mg
resolution. Before the measurement, the ground sample was
evenly distributed in an alumina sample pan. The analysis
was carried out in an oxidizing environment (with synthetic
air (80% N,, 20% 0O,) at 50 cm’/min flow rate) starting
from 30 °C to 1000 °C £ 10 °C at a heating rate of 10 °C/min.
The carbon loss and oxidation initiation temperature of the
samples were extracted from the non-isothermal TGA curve.
The thermogravimetric (TG) curves were normalized to
climinate the effect of non-carbon material described by the
initial mass loss between 30 °C to ~150 °C. The normalizing
procedure®>* helps to determine the actual carbon loss from
the inflexion point representing the onset of oxidation (T,).

3. Results and Discussion

3.1 Characterization of the as-received and
heat-treated lignin

Figure 1 shows the spectra in the wavenumber range
from 400 to 4000 cm™ of the as-received kraft lignin and
the one heat-treated at 200 °C for 1 hour, which was done
to enhance lignin reactivity during the synthesis reactions.
The spectra of both the untreated and treated samples were
characterized with peaks at 650 cm™, 821 cm™, and 912 cm’!,
which correspond to C—H vibration bonds of benzene rings.
The one at 1030 cm™! matches with C—O bonds stretching
vibration caused by alcoholic ether groups. This peak may
be explicitly assigned to the aliphatic C—O(Ar), aliphatic
C—OH, and methylol C—OH in the syringyl unit of lignin*!.
The peak at 1110 cm™ belongs to the stretching vibration
of the C—O bonds from ether linkages adsorption. Phenolic
hydroxyl groups vibration of the lignin polymer structure
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belonging to guaiacyl and syringyl groups correspond to
the peaks at 1211 cm™ and 1325 cm’!, respectively3>3.
Consequently, these profiles showed that the samples are
rich in guaiacyl unit, making them suitable for phenolic
resin production. The peaks at 1456 cm and the ones
at 1519 cm™ and 1600 cm™ belong to ~OCH, in acetyl groups
and C=C vibrations of the aromatic ring, respectively. The CH
stretching vibration of the methoxyl group was observed
at 2833 cm™ and 2933 cm™*%. The band at 3460 cm™! was
ascribed to OH vibrations due to the alcoholic and phenolic
hydroxyl groups. The units containing the free phenolic
hydroxy groups are more susceptible to cleavage. No new
functional group was detected after heating the lignin
sample up to 200 °C. However, the peak intensity assigned
to ether linkages at 1110 cm™' reduced due to ether bonds
cleavage. Although some studies have attributed this peak
to aromatic in-plane CH vibration®$, other authors have
suggested that it may be due to ether-type linkages*-*! or a
combination of both contributions*>. However, the ease of
synthesis, which was observed during the resin production
(compared to when the as-received kraft lignin was used
during the initial experimental stages) attests that the peak
is more likely due to ether linkages. The cracking of ether
bonds has been observed to occur within the temperature
range of 200 °C to 400 °C depending on the presence
of phenolic (Ph) and non-phenolic (Non-Ph) dimers*.
The heterolysis cleavage of a-ether bond in Ph compounds
can form quinone methide intermediate which can result
in a simultaneous homolytic cleavage of the B-ether bond
at 200 °C*. The observation was also consistent with the
results obtained by Nakamura et al®.

Furthermore, there was no evidence of demethylation
reaction, as the cleavage of O-CH, bond should produce a
new OH group (as a result of the replacement of CH, by
hydrogen) which will lead to increased intensity of the band
between 3200 cm! and 3650 cm!.“¢ Instead, the band intensity
slightly decreased. Also, the peak intensities at 1456 cm’!,
2839 cm™ and 2936 cm! that were attributed to methoxyl
group also remain the same, confirming this assertion®.
Consequently, the observed ease of synthesis which allows
the lignin modified phenolic resins preparation was mainly
due to ether cleavage. The peaks corresponding to phenolic

L
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Figure 1. FTIR-ATR analysis of as-received and heat-treated kraft
lignin samples.
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hydroxyl groups’ vibration of the guaiacyl and syringyl
unit also decreased at the higher temperature (200 °C).
This reduction may be ascribed to the decomposition of the
phenolic groups*. Generally, lignin that is suitable for LPF
development should be rich in OH group. However, the decrease
in the intensities of peaks corresponding to —OH group has
no pronounced effect on the resins’ production because the
employed synthesis sequence promoted phenolation reaction.
Finally, the peak intensity attributed to the C—H vibration
bond at 912 cm™! reduced due to dehydration reaction
at 200 °C*. Also, the one assigned to C—H vibration of the
benzene ring decreased and shifted to 635 cm!, which may
likely be due to hemicelluloses impurities decomposition®.
The average molecular weights and polydispersivity (PD)
of the as-received and thermally treated kraft lignin were
determined using GPC technique and the results are presented
in Table 2. The average molecular weight by number (M, )
and weight (M, ) values of the sample significantly reduce
after heat treatment at 200 °C for 1 hour. Compared to the
as-received material (Mw = 3064 g/mol and Mn =707 g/mol),
the heat-treated lignin has M| and M, values of 1957 g/mol
and 539 g/mol, respectively. It is apparent that degradation
reaction most likely occurs during the heating process and
produced lower molecular weight lignin with more reactive
sites. In-line with the FTIR results, ether bond cracking, which
is the most dominant bond of the total linkages in lignin
should be responsible for the depolymerization reaction.
Figure 2 shows the overlaid molecular weight distributions
of the as-received and thermally treated kraft lignin.
The former sample has a broader distribution compared to
the latter due to the degradation reaction. The as-received
lignin PD value decreases from 4.33 to 3.63 after the heat
treatment process (Table 2). The attained results agree with
the information obtained from the FTIR analysis, which
shows lignin degradation after the thermal treatment.
The thermal degradation of the as-received kraft lignin
did not result in any significant effect on the glass transition
temperature. The T, values of the as-received sample and the
one subjected to thermal treatment at 200 °C were determined
to be 129.4 °C and 130.2 °C, respectively. These values are
within the range of those that have been previously used for
lignin-modified phenolic resins production*’*!. However,
at 28 °C, the pH of the heat-treated sample was 5.2 compared
to 4.5 of the as-received material and the former was also
more miscible in water.

3.2 FTIR-ATR analysis of the lignin-phenol-
formaldehyde resins

Figure 3 shows the lignin-phenol-formaldehyde resins,
equivalent unmodified-laboratory synthesized resole (molar
ratio = 1.5) and a commercial resole product FTIR spectra.
As expected, some slight peaks shift (regarding highlighted
peaks of the 30LPF spectrum in Figure 3) was observed
between each of the different resins. Regarding the conventional
resole resins (commercial and laboratory synthesized ones),
the absorption band at 3375 to 3410 cm™! range corresponds
to OH stretch of the phenolic hydroxyl group. Some minor
peaks were detected at ~2870 cm™! and ~2940 cm! and were
attributed to out of phase and in-phase stretching vibration
of —CH, group, respectively. The peaks at ~1455 cm™ and

~1592 ecm™! correspond to C=C vibrations of the aromatic ring.
The wavenumber at ~1374 cm™ may be due to OH in-plane
bond or C—H vibrations®. Also, the symmetric stretch of
phenolic C—C—OH was responsible for the one at 1226 cm™'¥.
The peaks at ~1020 cm™ and ~1111 cm™ were attributed
to aliphatic hydroxyl group and the asymmetric stretching
vibration of C—-O—C aliphatic ether, respectively*’. The region
below ~900 cm™! was characterized by CH deformation of
aromatic rings. The peak at ~824 cm™ and ~754 cm™! correspond
to out-of-plane, para-substituted and ortho-substituted CH
positions, respectively*. The intensities of these two peaks
suggested a high proportion of ortho-linkages (but lower
compared to the LPF resins) in both the commercial and

Table 2. The average molecular weight and polydispersity index
(M, /M) values of the as-received and thermally treated kraft lignin.

Lignin samples M (g/mol) M (g/mol) PD M /M)
As-received 3064 707 4.33
Thermally treated 1957 539 3.63

1.0

PN — as-received

0.8 = = ~thermally treated
= 06
o
o
3
% 0.4

0.2

ep 2 3 4

logM

Figure 2. As-received and thermally treated kraft lignin overlaid
molecular weight distributions from GPC measurements.
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Figure 3. FTIR spectra of lignin-phenol-formaldehyde resins,
equivalent unmodified resin and commercial resole product.
Rs = commercial resole, 0LPF, 20LPF, 30LPF = 10-30 wt.% lignin
modified phenolic resins, 1.5Rs = equivalent conventional resole
based on 1.5 formaldehyde to phenol molar ratio.
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laboratory synthesized resole products. Furthermore, peaks
were detected at ~692 cm™!, which can be linked to C—H
deformation outside the plane of phenol mono-substituted
aromatic rings®.

The LPF resoles spectra look like the conventional ones.
The similarity of both the conventional and lignin-modified
resins spectra suggests that lignin can be used as phenol
substitute for resoles production. Nevertheless, some of
their peaks were assigned differently based on the primary
reactants” monomer. The broad band at 3410 cm is due to OH
stretching vibrations of the alcoholic and phenolic hydroxyl
groups in hydrogen bonds*. The peaks at ~2927 cm' for
the LPF resins are due to CH stretching vibration of the
methoxyl group*. Phenolic hydroxyl group vibration of
the guaiacyl unit corresponds to the one at ~1226 cm™'3>3,

Moreover, the peak intensity corresponding to the
asymmetric stretching of aliphatic ether increased directly
with the weight percentage of lignin used for the synthesis.
Similarly, the ortho-substituted links increased proportionally
with the amount of lignin used (Table 3). This suggested
that the ease of graphitization of the resulting carbons may
decrease with an increase in the amount of substituted phenol
by lignin because of the higher cross-linking density. This
observation agrees with the results obtained regarding the
use of ferrocene as a graphitizing agent in the present study.
However, this trend did not apply to the boron compounds
containing formulations. The observed difference may likely
be due to the reactions that occur during the carbonization
operation. Unlike ferrocene (which probably acted at high
temperatures), boron compounds can participate in the
resin cross-linking reactions®*. By implication, the resin
primary structure will play a significant role in the catalytic
graphitization of lignin modified phenolic resins by ferrocene,
keeping other factors constant.

Table 3. Proportion of ortho and para-substituted linkages
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3.3 Characteristics of carbons derived from
lignin-phenol-formaldehyde resins without
and with B,0,, H.BO, or ferrocene

My

The XRD profiles of the plain LPF carbons are
characterized with high-intensity peaks (compare to the
conventional resole resin carbons) with a broad hump at
~24° and ~43° (Figure 4a). This observation suggests that
the samples’ atoms organization may be slightly better
than the conventional one, which might be due to the resin
chemistry (Figure 4). Nevertheless, these profiles still present
the features of non-graphitic carbons with a limited ordered
atomic arrangement. The calculated interlayer spacing and
crystallite height values (Table 4) are within the range
obtained for amorphous carbons in previous studies?.
Consequently, there is a need to induce graphitic carbon
generation to enhance the thermomechanical performance
of resin-bonded CCR bricks.

Boron oxide (6 wt.%) and boric acid (10 wt.%) were
used as agents to induce crystalline carbon generation
during carbonization of lignin-phenol-formaldehyde resins
(the amount these additives was based on previous work?,
Figure 5 shows the diffractograms of the carbons derived
from the boron compound-modified resin formulations
after subjecting them to a stepwise heat treatment
procedure up to 1000 °C and 1500 °C. At 1000 °C, the
obtained patterns depict disordered atoms arrangement.
The profiles were characterized with a low-intensity hump
across ~24° (close to 002 plane of graphitic structure) and
at~43° (100 in-plane symmetry), corresponding to turbostratic
graphitic structure (Figures 5a and 5b). At that temperature, the
available energy was not enough to induce crystalline carbon
generation during the pyrolysis operation. Consequently, the
samples were further heated at 1500 °C for 5 hours. At this

. Rs 1.5Rs 10LPF 20LPF 30LPF
Peaks position (cm™)
Absorbance
754 (para-substituted CH-position) 0.19011 0.28527 0.1685 0.14971 0.16616
824 (ortho-substituted CH-position) 0.09996 0.18064 0.07283 0.06273 0.05674
Para links proportion (%) 34 39 30.2 29.5 25.5
Phase —10LPF
= non-graphitic —— 20LPF ;':Rs
23204 —— 30LPF
17404
[}
L
£
2
11601
£
5804
(a) (b)
0 UUVRTEL S0 [P . PP SO
20 3 4 s 6 70 8 q 20 30 40 50 60 70 80
20 (degree) 20 (degree)

Figure 4. Diffractograms of lignin-phenol-formaldehyde resins carbons after pyrolysis at 1000 °C/5h. LPF = lignin-phenol-formaldehyde
resin, 1.5Rs = laboratory synthesized resole based on 1.5 formaldehyde to phenol molar ratio, Rs = commercial resole resin.
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Table 4. Interlayer spacing, and crystallite height values of carbon derived from plain LPF resins after thermal treatment at 1000 °C for

Sh under reducing environment.

Samples dyy, (nm) L, o (nM) GL (%)
10LPF 0.3690 1.19 NS
20LPF 0.3700 1.17 NS
30LPF 0.3701 1.19 NS
*NS = not significant
—10LPF-6B (GL =N§) — 10LPF-68 (GL = 19%)
- Phase —NPFeB(EL=NG)  2q P — 20LPF48 (6L=12%)
snongraphic — YLPF6B(6L=NS) * graphiic — J0LPF4B (6L=2%)
17401 & non-graphitc
1740 1160
5&] L]
1160 (o) .
01 EaS
~ —10LPF-10H (GL = 56%)
0 580 ] ~30
% 0 8 —20LPF-10H (GL=73%)
N L ; 0 —30LPF-10H (6L =71%
2 it A V- I— S Gy
¢ — {0LPFA0H (GL=NS)| & 1160
& — NLPFAH(BL=NS)| €
c 8 580
. —armELN) g M ;
174 oo e
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- ’ 1160
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2(degree) 20 (degree)

Figure 5. XRD profiles of carbons derived from lignin-phenol-formaldehyde resins containing boron compounds after pyrolysis at: (a-b)
1000 °C and (c-e) 1500 °C for Shours. LPF = lignin-phenol-formaldehyde resin, 6B = 6 wt.% boron oxide, 10H = 10 wt.% boric acid,

NS = not significant.

stage, the XRD pattern revealed the presence of graphitic
carbons (Figures 5¢ and 5d). The asymmetric peak at 26°
is due to graphene layer stacking. The results show that
temperature is a critical factor in the catalytic graphitization
of lignin-phenol-formaldehyde resins by the boron source
additives. The higher temperature appears to provide enough
energy for the carbon crystallization. The highest amount of
crystalline carbons was generated in the resin formulation
containing boric acid (up to 73% for 20LPF-10H).
Generally, carbon atoms ordered arrangement should
occur when sufficient number of bonds are broken during
thermal treatment since graphite’s standard formation enthalpy
is 0 kJ/mol*. However, the strong C-C cross-linking during
carbonization of the pristine lignin modified phenolic resin
appears to prevent fusion or significant atoms movement
that hinders the crystallization of the resulting carbon from
the plain LPF resoles. Consequently, the mechanism for
phenolic resin carbon graphitization by boron compounds
can be attributed to the formation and presence of B-O-C
bonds?*, This bond has a lower binding energy (~192.2 eV)
than the plain C-C (~284.7 eV), which facilitated the needed

rotation for graphitic carbon generation at 1500 °C. Moreover,
increased heating (up to 1500 °C and 5 hours of dwell time)
did not lead to ordered atomic arrangement of carbon derived
from the plain LPF resole (Figue 5e).

The interlayer spacing (d,,) and crystallite height (L )
of'the carbon samples from boron compounds modified LPF
resins were calculated and the results are presented in Table 5.
The d,,, values of the sample fired at 1500 °C/5h are closer to
that of graphite, which is 0.3354 nm. Boron incorporation via
substitution can lead to increased orderliness by disrupting
the carbon atom (intercalation) or creating a more attractive
force between the m-electron cloud®. Consequently, the
introduction of boron can make the graphene layers to come
together leading to reduced interlayer spacing. Similarly, the
crystallite height of the samples carbonized up to 1500 °C
increased significantly. At this instance, graphite growth
was more pronounced in the c-direction.

The TEM image of 20LPF-10H carbon derived after
carbonization at 1500 °C revealed partly rod-like and
onion-like graphitic structure (Figure 6a) in the diameter range
of 50 to 120 nm. This type of pattern has been observed in
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Table 5. Interlayer spacing, and crystallite height values of carbon derived from plain LPF resins containing boron compounds after

firing at 1000°C or 1500°C/5h.

Samples d,y, (nm) L, o) (nm) GL
1000 °C
10LPF-6B 0.3627 1.37 NS
20LPF-6B 0.3601 1.34 NS
30LPF-6B 0.3617 1.41 NS
10LPF-10H 0.3651 1.33 NS
20LPF-10H 0.3593 1.36 NS
30LPF-10H 0.3587 1.38 NS
1500 °C
10LPF-6B 0.3413 5.94 19
20LPF-6B 0.3402 7.22 32
30LPF-6B 0.3417 5.82 22
10LPF-10H 0.3415 7.84 46
20LPF-10H 0.3393 9.10 74
30LPF-10H 0.3394 8.63 71

*NS = not significant

Rod-like
structure
at 100 nm

——————i 50 nm

21/nm

Figure 6. (a) TEM, (b) HRTEM and (c) SAED images of 20LPF-10H carbon sample prepared using sequential heat treatment process

up to 1500 °C.

boron-containing graphitic carbons’'*? and is also peculiar to
catalytically induced graphitization process™. The HRTEM
image (Figure 6b) shows the presence of fringes and regions
indicating disordered atomic arrangement, which agrees with
the XRD results. The image also revealed lattice lines and
amorphous regions, pointing out that 20LPF-10H sample
is partly crystalline. The high-resolution image further
attests to the presence of onion-like structure in the carbon
composition. The selected area electron diffraction (SAED)

pattern matches well with the HRTEM image and shows
similar features of polycrystalline material with no preferred
stacking orientations and short-range order. The crystal
parameters estimated from the diffraction rings are 0.342,
0.208 and 0.129 nm (Figure 6¢). These values are close to
thed, . d,, andd,  planes of graphite*. The appearance of
the diffraction pattern belonging to 002, 101 and 110 planes
is another confirmation of graphitic carbon generation from
carbonized LPF resin due to the addition of boric acid.
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Furthermore, ferrocene was used to induce graphitic
carbon generation during pyrolysis (stepwise heating
procedure suitable for CCRs sintering) of LPF resins (10LPF,
20LPF and 30LPF). Some little amount of crystalline carbon
was detected after carbonizing at 1000 °C for five hours.
At that temperature, the carbon samples diffractograms
were characterized with peaks at 101 (44.8°), 102 (50.8°),
and 004 (54°) reflections corresponding to graphite phase
(Figures 7a-7¢). Nevertheless, the graphene layer stacking
at the 002 plane remains broad near 26°. The graphitization
level of the carbon samples thermally heated at 1000 °C was
presented in Table 6. Another peak belonging to 102 plane of
Fe,C phase® (which may be due to ferrocene decomposition*)
was also detected at 43.7°.

Based on the attained results, the formulations containing 5
wt.% ferrocene were heated up to 1500 °C for 5 hours.
The resulting carbons’ diffractograms (including that of the plain
resin carbon) were presented in Figures 7d-7g. The amount
of generated graphitic carbon in the ferrocene-containing
samples significantly increased whereas the LPF resin carbon
still retained its amorphous characteristic. Also, the peak
attributed to the 102 plane of Fe,C substantially diminishes,
whereas the one belonging to the 101 graphite plane (44.8°)
increased at that higher temperature. Thus, Fe,C may have acted
as sites for graphite-like carbon generation®. Consequently,
the mechanism leading to the catalytic graphitization of
LPF containing ferrocene composition should involve a
dissolution-precipitation reaction in which graphitic carbon
crystallizes from the iron carbide phase during thermal
treatment. Similarly, the peak at 26°, which belongs to
the 002 plane of graphite was detected after carbonizing

at 1500 °C for 5 hours. The results, as expected, show that
increased heating temperature favours the graphitization
degree of LPF-Fc formulations as highlighted by GL values
of the different samples shown in Table 6.

Moreover, the interlayer spacing (d,,), crystallite
height (L ) and crystallite size (L) of the carbon samples

Table 6. Interlayer spacing, and crystallite height values of carbon
derived from LPF resins containing ferrocene

Samples dy, (m) L, ) (nm) L, a0y (nm)  GL (%)
1000°C
10LPF 0.3690 1.19 - NS
20LPF 0.3700 1.17 - NS
30LPF 0.3701 1.19 - NS
10LPF-3Fc  0.3671 1.18 13.71 8
10LPF-4Fc  0.3711 1.20 13.76 9
10LPF-5Fc  0.3689 1.32 20.45 13
20LPF-3Fc  0.3733 1.27 15.77 6
20LPF-4Fc  0.3690 1.14 12.54 10
20LPF-5Fc  0.3686 1.20 12.54 9
30LPF-3Fc  0.3678 1.22 16.41 15
30LPF-4Fc  0.3657 1.20 13.49 12
30LPF-5Fc  0.3721 1.17 13.17 12
1500°C
10LPF 0.3605 2.13 - -
10LPF-5Fc  0.3380 7.98 24.18 48
20LPF-5Fc  0.3398 7.28 31.02 44
30LPF-5Fc  0.3390 7.23 30.04 41

*NS = not significant

gap| P — 10LPF-3Fc (6L =8%)
. — 10PF4Fc 6L %)

401 Fegt?fzp‘ < .“ — 10LPF-5F¢ 6L = 13%)
ofeC

2

@)

; .

) — 2LPF3Fc(6L=6%)

g — 20LPF4F¢ (GL = 10%)

> ¥l — DLPF5Fc(GL=9%)
2m
0

0 — 30LPF3Fc (GL= 15%)

' — 30LPF4Fo 6L= 12%)

# —— 30LPF5Fc (6L= 12%)

26 (degree)
Figure 7. XRD profiles of carbons derived from lignin-phenol-formaldehyde resins containing ferrocene after pyrolysis at (a-c) 1000 °C,
(d-g) 1500 °C for 5 hours. NS = not significant.
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were determined based on the 002 plane (interlayer spacing
and crystallite height) and 101 one (crystallite size) using
Scherer’s and Bragg’s equation®’. The results are presented
in Table 6. As mentioned earlier, the decrease in d , value
and an increase in those of L and L are related to higher
graphitization degree after pyrolysis at 1500 °C for 5 hours.
Under these conditions, crystallization was also observed
along the a-direction (unlike with boron compound resin
formulations) based on the XRD results.

Figure 8a shows the TEM image of 20LPF-5Fc carbon
with a cage-like graphitic domain, which is peculiar to
partially graphitized carbon that is mainly associated
with the 002 plane®. Another phase corresponding to iron
oxide (Fe = 88 wt.%, O = 12 wt.%) was detected in the
carbon composition. The corresponding HRTEM image
also revealed distinct fringes corresponding to 002 lattice
plane with an average interlayer spacing value of 0.342 nm
(Figure 8b). Regarding the SAED measurement (Figure 8c),
the individual spots which represent the lattice plane distance
corresponding to d, of graphitic carbon and Fe crystals
were observed on the pattern. However, the diffraction
rings were barely visible.

Materials Research

3.4 Oxidation resistance of the carbon samples
prepared from the resin formulations
containing boric acid, boron oxide and
ferrocene

The oxidation resistance of carbons derived from the
LPF resins (10LPF, 20LPF, 30LPF) containing ferrocene,
boron oxide or boric acid was determined. The resulting
thermogravimetric profiles after heating the samples in a
non-reducing atmosphere are shown in Figure 9. The actual
carbon loss values, which were calculated as described
in Section 2.7 are presented in Table 7. Firstly, a direct
correlation was not established between the samples’ oxidation
resistance and the attained graphitization level. However,
the carbons derived from the resin formulations containing
boron-oxide presented the least carbon loss, irrespective
of the resin type, i.e. 10LPF, 20LPF or 30LPF. 30LPF
formulation containing 6 wt.% boron oxide presented the
least amount of carbon at temperatures up to 1000 °C in an
oxidizing environment. Based on a previous study®, this
observation was attributed to the presence of boron oxide,
which can form a protective oxide coating on the carbon

Table 7. Oxidation resistance of carbons derived the lignin-phenol-formaldehyde resins.

Reference 6 wt.% B 10 wt.% H 5wt.% Fc
Carbon loss (%) 10LPF 48 46.5 54.3 46.9
T, (°C) 632 606 600 612
Carbon loss (%) 20LPF 46.0 44.2 47.1 54.6
T, (°C) 610 606 593 594
Carbon loss (%) 30LPF 46.0 38.5 57.9 63.2
T, (°C) 619 595 603 617

(b)

stalline phase

Figure 8. (a) TEM, (b) HRTEM and (c¢) SAED images of 20LPF-5Fc carbon sample prepared using sequential heat treatment process

up to 1500 °C for 5 hours.
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Figure 9. TG curves of carbon samples derived from plain LPF resin and the ones containing boron oxide, boric acid and ferrocene
(a) 10LPF, (b)20LPF and (c) 30LPF, synthesized with 10 wt.%, 20 wt.% and 30 wt.% kraft lignin, respectively.

surface thereby reducing oxidation rate. Nevertheless,
10LPF-5Fc and 20LPF-10H may be the most suitable binder
formulations for CCRs production due to the combined
effect of their carbons’ crystallinity (GL = 48% and 73%,
respectively) and thermal stability in air.

As observed in previous results*>¥*%, carbon oxidation
resistance usually depends on a combination of factors such
as chemical composition, atoms arrangement, bond strength
and the direction of oxidation reaction (i.e., across the
crystallographic or basal plane). These parameters influence the
material high-temperature oxidization behaviour. Consequently,
it was difficult to isolate the effect of crystallization on
reactivity during the thermogravimetric measurement of such
samples. More so, unlike pure graphite in which oxidation
occurs along a well-defined crystallographic path, the process
is more dominant in the c-direction for pyrolytic carbons.
Therefore, for amorphous carbon such as those obtained
from LPF resins, the atoms cross-linking degree appears to
play a significant role on the samples thermal stability in
an oxidizing environment due to strong covalent bond®' 6.
This observation is evident in the higher oxidation initiation
temperature (T)) values of 10LPF, 20LPF and 30LPF carbon
samples (Table 7).

4. Conclusions

LPF resins were synthesized using thermally treated
kraft lignin that is rich in OH group and characterized with
syringyl and guaiacyl unit in its chemical structure. The heat
treatment led to the cleavage of ether linkages, reduced
molecular weight and polydispersivity, which induced
better reactivity and easier synthesis. The ortho-substituted

links increased proportionally with the quantity of used
lignin especially for 30LPF resin, which was developed
with 30 wt.% substituted phenol. After carbonization, the
carbons derived from the LPF resins have an amorphous-like
structure, which can limit the thermomechanical and chemical
performance of CCRs. However, ferrocene, boron oxide
and boric acid addition to the lignin-phenol-formaldehyde
resins led to graphitic carbon generation during their
thermal treatment. The highest graphitization level (73%)
was attained when 20LPF resin containing 10 wt.% boric
acid was pyrolyzed using sequential heating sequence up
to 1500 °C for 5 hours. The microstructural images provided
supporting information that attests to the resulting carbons
crystallization. However, a definite relationship was not
established between the attained oxidation resistance of
the samples and their graphitization level. More so, the
less expensive boric acid acts as a better graphitizing agent
compared to ferrocene. Finally, LPF resins appear to have a
good prospect as a binder in the preparation of resin bonded
carbon-containing bricks, considering the aspect of production
cost and possible graphitization of their carbons.
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