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Abstract: The surface porosities of carbon fibers derived from the polymer blend fibers
of hardwood kraft lignin, HKL and polypropylene, PP, were discussed using thermal
analyses, FTIR, and nitrogen adsorption. HKL /PP carbon fibers were prepared by
two-step thermal processing, thermostabilization, and carbonization. During the ther-
mostabilization process, pores are created by oxidative degradation of the PP
component. After thermostabilization some crystalline and highly oxidized PP com-
ponents remained in the blend fiber. These residual PP components were subsequently
pyrolyzed during carbonization, and effectively created a porous structure in the
resulting carbon fibers. N, adsorption tests of the porous carbon fibers revealed the
same type of adsorption/desorption isotherms as for activated carbon fiber. The
internal surface area of the HKL/PP = 62.5/37.5 carbon fibers was calculated to
be 499 m? gfl. This value was lower than that for commercial activated carbon,
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745 m> g~ '. However, these porous lignin-based carbon fibers were not activated
carbon fibers, which could be relatively easily done through steam activation. Thus,
the HKL /PP blend carbon fibers appear to be promising precursors for activated
carbon fibers.

Keywords: Lignin, polymer blend, porous carbon fiber

INTRODUCTION

Lignin is one of the most abundant natural polymers. It is produced in the
chemical pulping industry as by-products, used for energy generation and
recovery of pulping chemicals. This recovering system is one of the most
well-established processes for the utilization of biomass as a fuel. Today,
modern recovery systems have high heat recovery efficiencies and are able
to meet the energy demands of a conventional pulp mill. As a fuel, lignin
has a lower standard heat of combustion (12.6 MJkg ', as dry black
liquor'!) than other fuels, such as coal (~25MJkg '), heavy oil
(~40 MJ L_l), and natural gas (~35MlJ LY. As a result, extensive
research and development has been conducted to improve the efficiency and
recovery of heat and energy from lignin, and new conversion systems have
been developed (e.g., gasification).”! These developments will make it
possible to provide surplus lignin for other value-added applications outside
of chemical recovery and energy generation. Some lignin recovering
processes have been examined to produce value-added lignin products for
both fuel® and materials applications.”*’ Moreover, large amounts of
lignins will be generated as part future wood-to-ethanol bio-refineries. In
these systems, the development of value-added lignin-based products will
be paramount to the economic success of the bio-ethanol production.

In our previous work, industrial lignin preparations were converted into
fibrous materials by simple thermal treatment and/or polymer blending
methods followed by thermal spinning.”~" These lignin fibers were trans-
formed into carbon fibers using a thermal conversion process similar to that
found in industry. Mechanical properties of these carbon fibers were compar-
able to industrial general performance (GP) grade carbon fibers prepared from
isotropic pitch."® Depending on the blending polymer, porous lignin-based
fibers could be prepared.””! Carbonization of the immiscible polymer blend
fibers produced porous/hollow carbon fibers without any additional activation
(Figure 1). Mechanical properties were inferior to other lignin-based carbon
fibers having smooth surfaces. However, tensile strengths of these porous
fibers were 167-332 MPa, depending on the blending ratio. These tensile
strengths were comparable to, or higher than that for commercial pitch-
based activated carbon fibers. However, for commercial viability, the
surface area of the lignin-based porous carbon fibers must be comparable to
activated carbons. In this study, nitrogen adsorption tests were performed to
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Figure 1. Scanning electron micrograms of HKL/PP blend fibers and the corre-
sponding carbon fibers.

estimate the porosity and mechanism of pore creation in lignin-based porous
carbon fiber.

EXPERIMENTAL
Preparation of Carbon Fibers

Hardwood kraft lignin (HKL) was obtained from Westvaco Corp, SC, USA.
The HKL was repeatedly washed with dilute HCl (pH 2) to removed
inorganic impurities, and improve thermal fiber spinning. Isotactic PP with
a melt index of 35 was purchased from Aldrich chemicals. HKL /PP blends
were prepared as previously reported,”” and thermally spun into fibers using
an Atlas Laboratory Mixing Extruder (Atlas Corp.). The spinning temperature
of the HKL and all blend samples was adjusted between ca. 210-220°C.
Blended fibers were oxidized at 250°C for 1 h under an air atmosphere prior
to carbonization to change the thermoplastic nature of the HKL /PP blend
fibers. The oxidized (thermostabilized) fibers were then carbonized under a
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nitrogen flow at 1,000°C for 1 h. The heating rates employed for oxidation
(thermostabilization) and carbonized were 18 and 180°C h™ !, respectively.

Surface Characterization of Carbon Fibers

N, gas adsorption analysis was performed using a BELSORP 18 (Bel Japan,
Inc.) at 77 K. Carbonized and thermostabilized fibers were completely dried
before analysis at 250°C for 15h and 110°C for 24 h under reduced
pressure in the sample cell, respectively. Specific surface area was calculated
by the BET multi-point method. Internal surface area was calculated from the
BET specific surface measurements combined with the t-method, to estimate
the ratio of internal to external surface area. Commercial powdered activated
carbon (Column chromatograph grade, Wako Pure Chemicals, Japan) was
used as a comparison sample for surface area measurements.

General Analysis

Differential scanning calorimetric, DSC, analyses were performed using a TA
Instruments Q1000 DSC under a nitrogen flow. The temperature was scanned
from — 80 to 250°C with a heating rate of 20°C min~'. The second heating run
was used to determine the glass transition temperature, Tg, and the melting
temperature, Tm. A TA Instruments Q500 TGA and Shimadzu DTG-60
were used for thermogravimetric analyses, TGA, and differential thermal
analysis, DTA, respectively. Both analyses were performed using Ultra pure
grade N, gas. Scanning electron microscopy (SEM) was run on gold-coated
fibers using a HITACHI S-4700 Scanning Electron Microscope with an accel-
erating voltage of 2 kV. Diffuse reflectance method was employed for FTIR
analysis. FTIR spectra were recorded using a Perkin Elmer Spectrum 2000.
A total of 128 scans were acquired at a spectral resolution of 4 cm™'. All
spectra were corrected with Kubelka-Munk conversion.

RESULT AND DISCUSSION

Thermal Decomposition of HKL /PP Fibers During the
Thermostabilization Process

The production of carbon fibers, generally, involves two different thermal con-
version processes, thermostabilization and carbonization. Typically, precursor
fibers are thermostabilized by heating in air or oxidizing gas prior to carbon-
ization, which is typically performed in an ambient atmosphere at high temp-
erature."'®! In our previous research,"''! various types of pores were observed
under SEM analysis for the surface of carbonized lignin/PP blend fibers.
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However, SEM analysis of the thermostabilized fibers also revealed some
morphological changes in the fiber surface (Figure 2). TGA curves of
HKL /PP blend fibers are shown in Figure 3(A). Thermal decomposition of
the HKL /PP blend fibers contained two different decomposition steps; the
weight loss at lower and higher temperature being mainly related to the
thermal decomposition of HKL and PP components, respectively. It can be
seen that the blend ratio is maintained through the spinning process despite
phase separation. The 50/50 HKL/PP blend fiber has a final residual
weight of ~21% as compared to the 100% HKL fiber at ~42% residue.
The change in weight of the HKL /PP blend fibers during the thermosta-
bilization process was monitored using TGA. Figure 4 shows the change in
fiber weight as temperature is increased from 100°C to 250°C with increas-
ing PP contents. In air (Figure 4(A)), only 9.0% weight loss was detected
after heating the pure HKL fiber to 250°C, whereas for the 50/50 HKL/
PP blend fiber a 46.2% weight loss was observed (Table 1). The pure PP
fiber had an almost 80% reduction in weight after thermostabilization.
Therefore, the observed differences in weight changes between the pure
HKL and HKL/PP blend fibers are due to the incorporation of the PP
component into the HKL matrix. By contrast, under a nitrogen atmosphere,
the extent of weight loss of the various HKL /PP fibers was substantially less

Blend ratio
(HKL/PP)

100/0

75125

50/50

X 350

Figure 2. Scanning electron micrograms of thermostabilized HKL /PP blend fibers.
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Figure 3. TGA curves of HKL/PP (A) blend fibers, and (B) thermostabilized fibers.
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Figure 4. Weight change of HKL/PP blend fibers during thermal processing under
thermostabilization conditions in (A) Air and (B) N, atmospheres.
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Table 1. Thermal decomposition of HKL /PP fibers during the thermostabilization in
air and N2 atmospheres

Under air (thermostabilization)

Decompo- DTA-peak- Under N2
Blend fiber Weight loss sition temp- top tempera- Weight loss
HKL/PP (%)* erature (°C)? ture (°C) (%)“
100/0 9.0 230 — 12.6
95/5 11.0 223 220 11.3
90/10 135 224 217 10.0
85/15 14.2 224 218 10.2
80/20 19.0 223 215 9.4
75/25 21.7 223 215 9.3
63/37 36.6 220 214 7.8
50/50 46.3 220 215 6.9
0/100 79.2 190 — 0.5

“Measured after heating to 250°C.
"Measured as inflection point temperature.

(Figure 4(B)). Under anaerobic conditions (N, atmosphere), the pure PP
fiber was thermally stable over the temperature range studied; the thermal
decomposition was less than 1%. This result suggests that the PP
component is oxidatively decomposed during the thermostabilization
process (i.e., in air). Under anaerobic conditions, the temperatures at
which the HKL /PP blend fibers decompose increases with increasing PP
content (Table 1). The residual weight of the 50/50 HKL/PP blend fiber
was higher than that of the pure HKL fiber.

Figure 4(A) also illustrates that PP fiber decomposition in air is initiated at
197°C (5% weight loss), much lower than that observed for the HKL /PP blend
fibers (~220°C, inflection point temperature). DTA analysis of the HKL /PP
blend fibers (Figure 5) revealed an exothermic peak, assigned to oxidation of
the PP component.!'?! The temperature of the exothermic peak is comparable
to that obtained from TGA, and follows the same trend. Increasing PP content
leads to a slight decrease in temperature (Table 1), but it is well above that
expected for the PP component. The blending of lignin with the PP changes
the decomposition of PP, likely due to lignin acting as an anti-oxidant for PP.!'*!

Interestingly, decomposition of the pure HKL fibers occurred more signifi-
cantly under anaerobic conditions than under aerobic conditions, 12.6% versus
9% weight loss, respectively. During the thermal processing of pure HKL fibers
under aerobic conditions, oxidation occurs and oxygen atoms are introduced
into lignin molecular structure.'"* Likewise, the PP fiber also appeared to
undergo oxygenation with a weight increase at~ 172°C, but rapidly
underwent oxidative decomposition at higher temperatures. The extensive
oxidative decomposition of the pure PP fiber as compared with oxygenation,
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Figure 5. DTA curves of HKL/PP blend fibers measured under thermostabilization
condition. HKL /PP: (a) 100/0, (b) 95/5, (c) 90/10, (d) 85/15, (e) 80/20, (f) 75/25, (g)
62.5/37.5, (h) 50/50, (i) 0/100. (j) Thermal decomposition curve of the 50/50 HKL/
PP fiber measured by DTA.

explains the low yield of the PP rich blend fibers after the thermostabilization
process. It is believed that this oxidative decomposition of the PP component
results in the creation of pores in the thermostabilized HKL/PP blend fibers.
The specific surface area of the thermostabilized HKL /PP blend fibers
were estimated by N, adsorption at 77 K. The adsorption/desorption
isotherms of the various HKL /PP blend thermostabilized fibers are shown
in Figure 6. Although SEM observed various sizes of pores, the effective

10

Pore volume (cm?3/g)

_2 prrr v beree b beven e b b bonnnbennn

0O 02 04 06 08 10
P/P,

Figure 6. N, adsorption/desorption isotherms of thermostabilized HKL/PP fibers.
HKL/PP: 100/0(®), 95/5(H), 90/10(®), 85/15(A), 80/20(V), 75/25(m), 62.5/
37.5(4), 50/50()
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surface area could not be calculated. When the thermostabilized fibers were
dried for N, adsorption analysis a char-like material was generated, even
when low temperature, 110°C, was employed. Deposition of these char like
materials on the fiber surfaces will impact the estimation of the specific
surface areas. Therefore, to confirm the availability of the surface pores
other analytical methods will be required, which can prevent the thermal
decomposition of fiber components.

Structure of Residual PP Components in Thermostabilized Fibers

The TGA curves of the thermostabilized HKL/PP blend fibers
(Figure 3(B)) are considerably different from those for the original
HKL/PP blend fibers (Figure 3(A)). The thermal decomposition of the ther-
mostabilized blend fibers appears as a one-step process, and the residue
weight values at 600°C were not consistent with the original blend compo-
sitions. This result might indicate that some PP components remain in the
thermostabilized fibers, but are no longer proportional to the original blend
compositions.

DSC analysis of the HKL /PP blend fibers and corresponding thermosta-
bilized fibers are shown in Figure 7. The HKL /PP blend fibers contained two
Tg’s at the same temperature range as the pure HKL and PP fibers: consistent
with the immiscible nature of this blend.”! However, the Tg assigned to the
HKL component was not detected in the thermostabilized fibers. This
indicates that in all of these fibers the HKL. component was thermostabilized
under these conditions.

The melting peak of the PP component in the original HKL /PP blend
fibers appeared at 162—163°C for all samples (as peak top temperature).
The melting peak area of the PP component has a good correlation with PP
content, and indicates that the degree of crystallinity of the PP component
was not affected by the HKL content (Figure 8). By contrast, no correlation
between the melting peak area and blend compositions was observed for the
thermostabilized fibers. In fact, the melting peak of the PP component was
not observed in the 95/5 and 50/50 HKL/PP thermostabilized fibers.
However, those fibers will contain PP. (From the data shown in Table 1, at
least 21% of PP will remain in the blend fibers.) Therefore, these observations
might indicate that under the oxidizing conditions of the thermostabilization
process, the melting-crystallizing process changed the degree of crystallinity
of the PP component.

To estimate the residual PP content, FTIR analysis was performed on
the thermostabilized fibers. The thermostabilized, oxidized HKL/PP
fibers are black colored hard materials. This makes it difficult to
collect clear FTIR spectrum for some samples. For this reason, diffuse
reflectance method with Kubelka-Munk conversion was employed.
Diffuse reflectance FTIR gave clear spectra for all of the oxidized
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Figure 7. DSC curves of (A) HKL/PP blend fibers and (B) corresponding thermosta-
bilized fibers. HKL/PP: (a) 100/0, (b) 95/5, (c) 90/10, (d) 85/15, (e) 80/20, (f) 75/25,
(g) 62.5/37.5, (h) 50/50, (i) 0/100.

HKL /PP fibers. As shown in Figure 9, the intensity of the C-H stretching
bands (veg = ~2,800-3,100 cm ™ "), which will be more related with the
PP component than the HKL, increased proportionally with increasing PP
content. This observation indicates that the PP content in the
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Figure 8. Relationship between melting peak area and PP content.
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Figure 9. FTIR spectra of thermostabilized HKL /PP fibers. HKL/PP: (a) 100/0, (b)
95/5, (c) 90/10, (d) 85/15, (e) 80/20, (f) 75/25, (g) 62.5/37.5, (h) 50/50.

thermostabilized fibers derived from originally PP rich HKL /PP fibers
(e.g., 50/50 HKL/PP) were higher than those from HKL rich fibers.
Thus, in the 50/50 HKL/PP thermostabilized fibers the PP component
remains as an amorphous phase.

Another characteristic FTIR band of the thermostabilized blend fibers
was observed at the C=0O0 stretching (vc—p) region. The intensity for vc—o
band was higher in the PP rich blend fibers as compared to the pure HKL
fiber. This suggests that nonvolatile oxidized PP components exist in the
thermostabilized blend fibers. Together, these results indicate that the com-
position of the PP related structures, including both intact and oxidized
structures, are higher in the thermostabilized fibers derived from PP rich
blends as compared with those from HKL rich blends. The thermal proper-
ties, such as thermal decomposition and thermal transition temperatures, of
oxidized PP are most likely different from that of non-oxidized PP. This
difference explains the discrepancy between the quantitative analysis of
PP components in the original fibers and the thermostabilized fibers using
DSC and TGA.

Surface Properties of HKL /PP Blend Carbon Fibers

In our previous research, it was presumed that the surface pores on the HKL/
PP blend carbon fibers was created by the pyrolysis of the PP component
during the high temperature thermal processing. DTA curves of thermostabi-
lized HKL/PP fibers are shown in Figure 10. Although all of the curves
exhibit a broad rolling baseline at low temperatures, no specific peaks were
observed in the DTA curves at temperatures lower than 400°C. In the tempera-
ture range between 400 and 500°C, a broad endothermic peak was detected in
all of the thermostabilized HKL /PP blend fibers. This broad endothermic peak
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Figure 10. DTA curves of the thermostabilized HKL /PP fibers measured under car-
bonization conditions. HKL/PP: (a) 100/0, (b) 95/5, (c) 90/10, (d) 85/15, (e) 80/20,
(f) 75/25, (g) 62.5/37.5, (h) 50/50, (i) 0/100, and (j) Thermal decomposition curve of
the thermostabilized 50/50 HKL /PP fiber as measured by DTA.

can be assigned to the thermal decomposition of the PP component (this temp-
erature range is consistent with the thermal decomposition of PP fibers as
shown in Figure 3(A)), which is expected to create pores in the HKL /PP
blend carbon fibers. However, this broad peak was not observed in the 50/
50 HKL/PP thermostabilized fibers. The non-oxidized PP content in the
50/50 HKL /PP thermostabilized fibers might be very low, lower than the
detection level of DTA analysis, and most of PP might be present in an
oxidized form. In the high temperature region (>500°C) the DTA curve
gradually shifted to the endothermic direction. This likely corresponds to
thermal decomposition and molecular reorganization of the HKL
component. However, like the low temperature region, no observable peaks
were found over this high temperature range. It is likely that the molecular
structure of the oxidized PP components varies in the thermostabilized
blend fibers, and may preclude the detection of the specific thermal decompo-
sition of the oxidized PP by DTA analysis.

The specific surface area of the HKL/PP blend carbon fibers were
estimated by N, adsorption. Adsorption/desorption isotherms and BET
surface areas are shown in Figure 11 and Table 2, respectively. N, adsorption
increased rapidly at low relative pressure, and no hysteresis loop was observed
in the middle pressure range. The profiles of these isotherms indicates the
formation of micropores in the HKL /PP blend carbon fibers,”"*! but no signifi-
cant amount of mesopores. This is consistent with that observed for the
activated carbon fiber."'® However, the calculated specific surface areas of
these carbon fibers are lower than that of commercial activated carbons. Fur-
thermore, the BET surface area calculated for the pure HKL carbon fiber,
internal surface area = 331 m? g~ ', was higher than those for carbon fibers
prepared from HKL rich blend fibers. It is possible that gasses generated by
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Figure 11. N, adsorption/desorption isotherms of HKL /PP carbon fibers. HKL /PP:
100/0(®), 95/5(M), 90/10(#), 85/15(A), 80/20(V), 75/25(w), 62.5/37.5(4), 50/
50().

the thermal treatment of PP and PP related components will react and end up
as carbonized structures, filling fine pores in the carbon fibers. As described
earlier, the thermostabilized fibers contained some char-like materials,
which could have adsorbed onto the surface and/or inside pores of the thermo-
stabilized fibers. These char-like materials might be favorably generated from
the PP component as compared to the HKL. In our previous report, the carbon-
ization yield of 95/5 HKL /PP blend fibers, 53.2%, was slightly higher than
that of pure HKL fibers, 51.6%."”) Moreover, carbonization yield was not sig-
nificantly decreased by blending with 12.5% of PP, 50.5%. By contrast, some
large pores might be created in the PP rich blend fibers before the

Table 2. Pore volume of thermal treated HKL /PP blend fibers at 1,000°C

Specific surface area Internal surface area
Blend fiber HKL /PP (m*/g) (m?/g)
100/0 336 331
95/5 117 114
90/10 197 180
85/15 139 135
80/20 270 257
75/25 271 263
63/37 512 499
50/50 444 433
Commercial activated 880 745

carbon, powder
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carbonization process; hollow shaped fibers were prepared from PP rich fibers
by thermostabilization (Figure 1). The large sized pores will help in the trans-
portation of pyrolysis gases from the inside of fibers.!'” In the high PP content
blends a significant amount of pyrolysis gas would be created, which would
destroy fine pores and lead to mesopore creation, and also decrease the
amount of internal surface area of the carbon fibers. In fact, the adsorption/
desorption isotherm of the 50/50 HKL/PP blend carbon fibers showed a
trace of a hysteresis loop in the middle pressure range, and the N, adsorption
was slightly increased at high relative pressure, which would indicate the
formation of some mesopores and macropores, respectively.

Although, these fibers had low BET surface areas as compared to com-
mercial activated carbon, these porous lignin carbon fibers could be easily
activated with relatively simple processes, for example, steam activation. In
fact, lignin-based carbon fibers prepared from softwood acetic acid lignin
with a BET surface area of 370 m? g l, and lower tensile strength, <150 MPa,
were converted into excellent activated carbon fibers with large surface area
and high tensile strength.“g] Thus, the HKL /PP carbon fibers, which have
higher tensile strength and larger surface area than the acetic acid lignin-
based carbon fibers may also be converted into good activated carbon fibers
using the same activation process.

CONCLUSION

Porous carbon fibers were produced from immiscible polymer blends of HKL
and PP. Pore creation occurred by a two-step process; oxidative degradation of
the PP component followed by pyrolysis gasification of residual PP related
components. Within these processes, gasification would be the main factor
for pore growth. Effective pore volumes calculated by N, adsorption were
lower than that for commercial activated carbons. However, relatively
simple processes, such as steam activation, could effectively activate these
porous lignin carbon fibers and make them suitable for commercial
applications.
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