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Abstract: PEG-lignin fibers obtained by a solvolysis pulpiof Japanese cedar with
polyethylene glycol (PEG) 400 were successfullyvested into defect-free, infusible
fibers as a precursor for carbon fibers (CFs) bgmubal curing followed by oxidative
thermostabilization. The curing was performed bynensing PEG-lignin fibers in an
aqueous mixed solution of hexamethylenetetramifieg(B) and hydrochloric acid (3 M)

at 85°C for 1 h, resulting in the formation of cross-lages between lignin molecules
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through methylene groups. These cured fibers weraptetely thermostabilized by
heating up to 256C at a heating rate of Z/min under an air atmosphere. Finally, the
thermostabilized fibers were carbonized to yieldsQhich showed about 1.5 times the

tensile strength of our CFs with many defects pregh@reviously.

Keywords: Softwood lignin, Chemical curing, Hexamethylenetstme, Carbon fibers,

Mechanical properties

INTRODUCTION

Carbon fibers (CFs) can be used in a variety otistries including aerospace, civil
engineering and automotive applications due tor thigh performanc€ Several types
of lignin have been used as a feedstock for suchp@@uction®® In general, the
principal processing steps for preparing CFs tylyicaover spinning, stabilization,
carbonization, and sometimes graphitization. Inegein oxidative thermostabilization to
convert fusible fibers into infusible ones is penfied with increasing temperature at a
considerably slow heating rate under an oxidizitgogphere. The heating rate affects
the production time and cost of CFs. In the cadgnin, this conversion is based on the
formation of cross-linkages among lignin molecuygsntroduction of oxygen through a
series of elimination, rearrangement, and oxidat@zetions of free radicals derived from
homolysis off-O-4 ether bonds in lignit” Besides, softwood lignin possesses more

cross-linked structure such g and 5-5 bonds than hardwood lignin, probablylileg



to faster stabilizatioF!

We have developed fusible softwood lignin (PEGHlgrby a solvolysis pulping of
Japanese cedar with PEG400, and it was easilyctbd by melt-spinning. We
evidenced that the fusibility of the PEG-lignin wamused by PEG moiety introduced by
the pulping proced®. To prepare thermostabilized fibers as precursirgr§ for CF
production from PEG-lignin fibers, an oxidative tim@stabilization was firstly attempted.
As a result, this attempt was found unsuccessfehet a relatively low heating rate of
0.1 °C/min, because the obtained fibers melted and adhtr each other. Next, we
developed an alternative thermostabilization precesnamely, “chemical
thermostabilization,” to obtain infusible fibershi$ process was achieved by removing
some of PEG moiety from PEG-lignin. However, theritally thermostabilized fibers
had some defects such as splits and flabby stesty the release of PEG moiety during
this process. The defects also remained in theesponding CFs, which was a
disadvantage for preparing CFs with high mechanisaiperties® If defect-free
thermostabilized fibers can be prepared, the mecalstrength would be improved.

A curing reaction is considered as one of the é&ffectechniques to generate a
large  amount of cross-linkages. As a common crogsly reagent,
hexamethylenetetramine (HMTA) is generally useddoring to prepare thermosetting
products? such as phenolic resin. When HMTA is applied ttivemod lignin, HMTA
can crosslink aromatic carbons at unsubstitutedtippnsof aromatic ring thorough
methylene bridge, because softwood lignin consiétsnore than 95 % of guaiacyl
units*?

Accordingly, we investigated how chemical cros&ilig of PEG-lignin powder



and PEG-lignin fibers works by HMTA treatment. Bycambination of this curing
reaction and oxidative oxidation, we have succeadeabtaining defect-free, infusible
fibers with a smooth surface. In this paper, themeaical properties of CFs prepared

from the infusible fibers are also discussed.

EXPERIMENTAL

Materials

PEG-lignin powder was isolated from cedar wood shipnd then spun to the
corresponding fibers as previously repoffe@ther all chemicals used in this study were

of analytical grade and used as received.

Chemical Curing of PEG-lignin

Chemical curing was performed with HMTA in the fomh lignin powder and lignin
fibers. PEG-lignin powder was manually mixed witMHA powder (1-5 wt% on PEG-
lignin) by using a mortar and a pestle, and thdnesitied to melt-spinning.

PEG-lignin fibers were immersed in HMTA agueousuioh at concentrations of
5 to 60 g/L, containing 0 to 3 M HCI. The mixturgseems were then heated at the
temperature of 60, 80, and 180 for 1 h, respectively. The resultant fibers weeshed

twice with distilled water, and then roughly driedvacuo at 40°C for 2 h.



The cured PEG-lignin fibers were subjected to thelative thermostabilization.
This treatment was performed on heating from roemperature to 250C at heating
rates of 0.5 to 2C/min under an air atmosphere in an electronic imdtfrnace (KDF
S90/S90G, Denken Co. Ltd., Kyoto, Japan), and thertemperature was maintained at

250°C for 1 h.

Carbonization

The thermostabilized fibers were carbonized inghme electronic muffle furnace
from room temperature to 100CQ at a heating rate of € /min under a Nstream at a

flow rate of 0.15 L/min, and then held at 10@for 1 h to yield CFs.

Analyses

PEG content was measured, according to the modvieajan metho®**% Changes in
other functional groups during the chemical curwgre monitored on a Fourier-
transform Infrared (FTIR) spectrometer (BIO-RAD FB8A FTIR, Hercules, CA, USA),
using a diffuse reflectance method with KBr fineyger. Numbers of scan was 128, with
a spectral resolution of 2 ¢

Thermomechanical analysis (TMA) was performed o MA-4000S System
(MAC Science System 010, MAC Science, Yokohamaadppat temperatures ranging

from 30 to 300°C under a compression loading of 5 g undep atdbam at 0.15 L/min.



Fiber morphology was observed under an opticalesuwpe (Violet laser color 3D
profile microscope VK-9500, Keyence Japan, Osa&pad). The average diameter for at
least 30 fibers was reported as the mean valueatrdatd deviation. A scanning
electronic microscope (SEM; JSM-6301F [FE-SEM], 1AHd., Tokyo, Japan), using
gold-sputtered samples at a magnification factoR®00 - 8500 and at an accelerating
voltage of 5 kV. Tensile strength of fibers was mead on a testing apparatus reported
previously!* and calculated using the average diameter.

X-ray diffraction (XRD) of PEG-lignin based CFs aadldemically cured CFs were
carried out on a Rigaku RINT2000 X-ray diffractoeret(Tokyo, Japan), after
pulverization of CFs. Data were collected with arsspeed of 0.5 degree/min and a scan
step of 0.02 degree at 40 kV and 200 mA in thee®atl) range from 5 to 60 degrees,

using Cu-kx radiation.

RESULTSAND DISCUSSION

Blends of PEG-lignin powder and HMTA

PEG-lignin was isolated from cedar wood cHipsnd milled into fine powder. After
mixing this power manually with varying amountsH¥ITA, the blends were subjected
to melt-spinning to obtain cross-linked fibers. Hawer, no fiber was obtained even at the
smallest addition (1 % on PEG-lignin) of HMTA. PHGRIn seemed to have already

converted to an infusible material by crosslinkireaction on the heating for melt-



spinning. This conversion was also confirmed by Tkhasurement of the blends, by
which the thermal properties of powdered lignin benanalyze#® As shown in Fig. 1
(A), the TMA curve of PEG-lignin powder without HMI'showed two transition points
at 79°C and 141°C, corresponding to its glass transition tempeea(lg) and thermal-
flow starting temperature€Ty), respectively. By the addition of 1% HMTA to PHGRIn
(Fig. 1 (B)), Ty was shifted to 102C, and the blend still showed the second transition
point (Ty), indicating it exhibits thermal fusibility. In ddion, this lignin blend expanded
at the spinning temperature of about 2@0 probably due to the thermal decomposition,
as observed in softwood kraft ligrtti! This result indicated that melt-spinning was
practically impossible. Even with further increas¢dMTA charge (Figs. 1 (C) and (D)),
Ty was almost identical to that at 1 % charge of HMDAt noT; was observed in their
TMA profiles. These results suggested that PEGHigvas cross-linked easily by using

HMTA to be converted to infusible material.

Chemical curing of PEG-fiberswith HMTA

To obtain infusible fibers, PEG-lignin fibers prepd by melt-spinning without HMTA
addition were immersed in an aqueous HMTA solu@rthe concentrations ranging
from 5 g/L to 60 g/L, and then heated at the tempee of 60, 80, and 10T for 1 h.
The resulting fibers were observed to have alnmustsame morphology as the original
fibers, except for the fibers treated at £Q0 The fibrous morphology was changed at the
treatment temperature of 160G, because the temperature was aboutQ@igher than

the Ty of PEG-lignin fibers. The treated fibers were, turn, subjected to oxidative



thermostabilization. Unfortunately, all the oxida&tly thermostabilized fibers melted and
adhered to each other at a heating rate of@/fin, indicating that the curing reaction
was insufficient. These results may be caused bylithited amount of cross-linkages
among lignin molecules with formaldehyde releagechfHMTA 11728

The decomposition of HMTA to generate formaldehpde ammonia is strongly
dependent on the pH in the reaction meditimthe lower the pH is, the more
formaldehyde is generated. Therefore, the chenduahg of PEG-lignin fibers with
several amounts of HMTA was attempted in aqueoud B@&utions at various
concentrations of 0.1 to 3 M, because defects wpuithably appear at much stronger
acid concentration, just like chemically thermo#taéd fibers reported previousi.

All the resultant fibers kept the fibrous shape ansimooth surface, as shown in
Figs. 2 (A) and (B). They still showel, but did not expand over 20C from the TMA
profiles of these cured fibers (Fig. 3), where thist value and the second value in
parentheses of the figure captions denote the atrat®n of HCI (M) and the amount of
HMTA (g/L), respectively. These results implied tHREG-lignin fibers were converted
to relatively thermally stable fibers through theing reaction.

Fig. 4 illustrates the FTIR spectra of PEG-ligniefs and chemically cured fibers.
A relative peak intensity of all chemically curebefrs (Figs. 4 (B)-(E)) at 2937 ¢chwas
likely to become stronger than that of the origiR&G-lignin fibers (Fig. 4 (A)). The
ratio of intensity at 2937 cihto that at 3341 crh (O-H stretching vibration) or that at
1600 cnt (C=C ring stretching vibration) clearly showed tinerease in the relative

intensity at 2937 cth (Table 1). This result indicates that increasingmber of



methylene group was generated by the curing withTAMunder stronger acidic
conditions and it acted as methylene bridge fossdmking?® 2%

Table 1 also showed that PEG content in the cubedsf was slightly but gradually
decreased, with an increase in the concentraticheoficid used for curing. This result
may be caused either by the release of PEG by t@trhent, or by the introduction of
methylene group, or both. Accordingly, the curdeefs treated with 3 M of HCI and 60
g/L of HMTA showed the highesty; among the treated fibers, probably due to the

densest cross-linking and the lowest flexibility.

Oxidative ther mostabilization of chemically cured fibers

The existence ofy and the observed changes in volume in TMA cunfeshemically
cured fibers (Fig. 3) implied that the fibers werd completely infusible. To prevent the
fusion of individual fibers upon further carbonimpet, the oxidative thermostabilization
were further attempted. Generally, heating ratedssidered to be one of the most
significant factors affecting the thermal stabilitpf fibers during oxidative
thermostabilizatio®?? and the production cost for CFs. In our previouskff' PEG-
lignin fibers was able to be converted to infusililers at low heating rate of 0°C/min
(2-days treatment), but fusion and adhesion ofsileecurred during the process.

The authors sought out for the highest heatingtmateire fibers without losing the
fiborous morphology, by increasing heating rate mirdgerval of 0.5°C/min. Results are
shown in the last column in Table 1. As seen intHide, the highest heating rate was

increased with an increase in the concentratiort$CGifand HMTA in the curing process.



Accordingly, the PEG-lignin fibers thermostabilizby the curing with 3 M of HCI and
60 g/L of HMTA (3, 60) followed by oxidative therrstbilization under an air
atmosphere, showed the highest heating rate o? 8@&min. As expected, the resultant
fibers had smooth surface without any defect [RigC) and (D)]. In addition, TMA
profiles also indicated that all the fibers preplaly the curing reaction, followed by
oxidative thermostabilization, were converted tanptetely infusible fibers without

showingTgy (OT-Fs in Fig. 3).

Carbonization

The thermostabilized fibers were, in turn, carbediby heating the fibers from room
temperature to 100 at a heating rate of ®/min under a stream of nitrogen, and then
the temperature was maintained at 180Cor 1 h. As shown in Figs. 2 (E) and (F), no
obvious defect such as split and flabby structapgseared on the surface of CFs. Table 2
shows the mechanical properties of the CFs fronh libe chemically cured fibers
prepared in this study and the chemically thernimkizad fibers reported previousi}.

All the CFs prepared in this study showed muchngfeo tensile strength and modulus
than the previously prepared CFs. Especially, Cérsved from the chemically cured
fibers (3, 60) showed 1.5 times greater tensilengfth than that of the previous CFs, and
its value is almost comparable to that of CFs pmegbdrom hardwood kraft lignin
blended with 25 % polyethylene terephthalate (PBEWhjch was considered as the

strongest lignin-based CFs among the CFs repootéat £
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The XRD profiles of CFs derived from chemically edrfibers (3, 60) and
chemically thermostabilized fibers with CwaKrradiation are shown in Fig. 5. Although
a weak broad peak was observed at aroufid 24 ° that nearly corresponds to the
diffraction of turbostratic carbdfi” there was no clear peak at about 2#h both
diffractograms. This result suggests there is naplgite structure developed during
carbonization process. Consequently, the enhandeaiethe tensile strength for CFs
prepared from the chemically cured fibers is ntilatted to the development of graphite

structure, but to the defect-free, smooth surfd¢baeCFs.

CONCLUSIONS

Hexamethylenetetramine (HMTA) was found to act aseHective cross-linker for the
curing of PEG-lignin. HMTA in aqueous HCI soluti@tcelerated the curing for PEG-
lignin. PEG-lignin fibers were successfully coneertto completely thermostabilized
fibers without defect by the chemical curing wititMHA in aqueous HCI solution,
followed by the oxidative thermostabilization under air atmosphere. The oxidative
thermostabilization of the fibers, cured chemicaligh a mixed solution of 3 M of HCI
ag. and 60 g/L of HMTA, was carried out at a heptiate of 2°C/min. These results
suggested that all thermostabilization process w@spleted for 3 h. The resultant
defect-free CFs showed the highest tensile streoftlbout 700 MPa, which was

comparable to the strongest lignin-based CFs pusiyaeported.
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Figure captions:

Figure 1. TMA curves of PEG-lignin powder blended with varyiagounts of HMTA. (A), 0 %, (B),

1%, (C), 2 %, (D), 5 %.

Figure 2. SEM images of chemically cured fibers with 3 M oEHand 60 g/L of HMTA (3, 60) (A and
B), their oxidatively thermostabilized fibers aktheating rate of 2C/min (C and D), and CFs from

cured and oxidatively thermostabilized fibers (i &i).

Figure 3. a) TMA profiles for PEG-lignin fibers and their timeostabilized fibers. (A), PEG-lignin fibers;

(B), chemically cured fibers with (0.1, 20); (C)ithv(2, 40); (D), with (3, 40); (E), with (3, 60JOT-Fs),

oxidatively thermostabilized fibers derived fromeahically cured fibers (B), (C), (D), and (E),

respectively. b) Expanded TMA of OT-Fs derived fradmemically cured fibers (B), (—XC), (-**+** ); (D),

(----);and (E), (= - « -), respectively.

Figure 4. FTIR spectra of PEG-lignin fibers (A) and chemicatlyred fibers treated under various

conditions (B) (0.1, 20), (C) (2, 40), (D) (3, 40)d (E) (3, 60), respectively.

Figure 5. X-ray diffractions of PEG-lignin based carbon fibd(GFs) prepared from the cured and

oxidatively thermostabilized fibers (A), and CFsrfr chemically thermostabilized fibers (B).
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Figure 1. TMA curves of PEG-lignin powder blended with varyiagounts of HMTA. (A), 0 %, (B),

1%, (C), 2 %, (D), 5 %.
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Figure 2. SEM images of chemically cured fibers with 3 M oEHand 60 g/L of HMTA (3, 60) (A and

B), their oxidatively thermostabilized fibers aktheating rate of 2C/min (C and D), and CFs from

cured and oxidatively thermostabilized fibers (B &).
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Figure 3. a) TMA profiles for PEG-lignin fibers and their timeostabilized fibers. (A), PEG-lignin fibers;
(B), chemically cured fibers with (0.1, 20); (C)ithv(2, 40); (D), with (3, 40); (E), with (3, 60JQT-Fs),
oxidatively thermostabilized fibers derived fromeahically cured fibers (B), (C), (D), and (E),
respectively. b) Expanded TMA of OT-Fs derived fradmemically cured fibers (B), (—XC), (-**+** ); (D),

(----); and (E), (= - - -), respectively.
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Figure 4. FTIR spectra of PEG-lignin fibers (A) and chemicatlyred fibers treated under various

conditions (B) (0.1, 20), (C) (2, 40), (D) (3, 40)d (E) (3, 60), respectively.
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Figure 5. X-ray diffractions of PEG-lignin based carbon fib€(SFs) prepared from the cured and

oxidatively thermostabilized fibers (A), and CFsrfr chemically thermostabilized fibers (B).



Table 1. Glass transition temperature, FTIR peak intensatjorand PEG content of PEG-lignin fibers

and chemically cured fibers.

Sample$ T, FTIR peak intensity ratio PEG content fitepraté
(°C) (2037 / 13341) (12037 / l1600) (%) C/min)
PEG-lignin fibers 79 1.12 0.789 40.56 <0.1
CC-F (0.1, 20) 155 1.19 0.796 39.11 0.5
CC-F (2, 40) 158 151 0.824 37.50 1.5
CC-F (3, 40) 161 1.38 0.819 37.45 1.5
CC-F (3, 60) 165 1.41 0.850 37.23 2.0

1 CC-F (0.1, 20), (2, 40), (3, 40), and (3, 60) denohemically cured fibers treated with various
concentrations of HCl and HMTA of (0.1 M, 20 g/L® ¥, 40 g/L), (3 M, 40 g/L), and (3 M, 60 g/L),
respectively.

%2 The highest heating rate at which fibers were cwigitbut losing their fibrous morphology.



Table 2. Mechanical properties of lignin-based CFs and caitpanaterial.

Sample$ Diameter Tensile strength Tiensiodules Elongation
(nm) (MPa) (GPa) (%)

CFs (0.1, 20) 89+13 59063 41.7+9.1 1.47+£0.32
CFs (2, 40) 84+0.8 62047 41.9+7.9 1.52+0.25
CFs (3, 40) 8.6+0.9 65390 47.2+94 1.42+0.23
CFs (3, 60) 82+10 695+ 124 47.3+11.5 1.51+£0.25
PEG-lignin CFs 104+£1.3 457 + 188 26.2+13.3 .11 1.07
HWKL/PET (75/25) 34.0+5.0 703 94.0 1.06

1 CFs (0.1, 20), (2, 40), (3, 40) and (3, 60) demaidon fibers from chemically cured fibers (0.2),22,
40), (3, 40), and (3, 60), respectively. The medatanproperties of PEG-lignin CFs and HWKL/PET

(75/25) are cited from literaturés’!



