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Recent advances in carbon fibers derived from biobased precursors

Amod A. Ogale, Meng Zhang, Jing Jin
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ABSTRACT: High-performance carbon fibers (CFs) are currently produced primarily from polyacrylonitrile (PAN). However, the high

cost of such CFs and the environmental concerns during its manufacturing (from PAN) are stimulating research on alternative bio-

based precursors and environmentally friendly processing routes. This review summarizes the recent research studies on the pathways

for converting cellulose and lignin (most abundant and renewable biomass) into suitable precursor fibers and CFs. The role of various

bio-based precursors, fiber spinning routes, and process conditions on the final properties of CFs is discussed. Although bio-based

CFs reported in the current research studies have limited strength and modulus to be considered for high-performance aerospace

applications, further progress in precursor purification and optimized fiber processing may lead to their application in less demand-

ing structural applications such as automotive and industrial. Even in their current state, a lack of graphitic crystallinity results in a

lower conductivity for the resulting CFs and makes them suitable for ultrahigh temperature insulative applications. Furthermore, the

noncrystalline form of carbon obtained from bio-based precursors clearly indicates a significant potential of carbon nanofibers, mats,

and activated CFs in nonstructural applications that require a large specific surface area, such as electrochemical energy storage and

purification. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43794.
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INTRODUCTION

Carbon fibers (CFs) possess outstanding specific strength and

modulus, which is almost four times that of steel.1–3 The abso-

lute tensile strength of CFs used in primary structural applica-

tions can approach 7 GPa, which is the highest value for any

commercial reinforcing fibers. CFs possessing a high degree of

graphitic content have a modulus as large as 830 GPa. Tensile

strength and modulus of commercial CFs derived from polya-

crylonitrile (PAN) and mesophase pitch are summarized in

Table I (top two rows). In addition, when compared with met-

als like steel or titanium, CFs possess much lower specific grav-

ity of only 1.8–2.2 and display much higher specific modulus

and strength.1 Even when compared with other strong polymer

fibers (viz., Kevlar), CFs display much higher specific modulus

and strength, which are retained at elevated temperatures. They

are now being used commercially in structural, light-weight

composites (e.g., fuselage and wings of Boeing 787 Dreamliner)

for enhanced fuel efficiency and ergonomics. CFs are also being

used in nonstructural applications because of their excellent

electrical and thermal conductivity. Furthermore, the heat treat-

ment step can be altered to generate “activated” CFs with very

large specific surface area, which have applications in gas sepa-

ration, water purification, and electrical energy storage.

Unlike most polymers, carbon does not melt and cannot be

directly extruded into a fiber form. Therefore, a single-step pro-

cess for producing CFs does not exist. Rather, a suitable organic

precursor material is first processed into “precursor fibers” that

subsequently must be “stabilized.” The stabilization step is per-

haps the most critical one because the precursor material must

get thoroughly crosslinked into a thermoset without the indi-

vidual filaments sticking to each other. Finally, the stabilized

fibers are heat-treated in an inert environment at temperatures

above 1000 8C to obtain CFs. The vast majority of high-

performance commercial CFs are currently produced from the

synthetic precursor PAN. The primary advantage of PAN is that

it does not melt, and thus, its solution-spun fibers can be easily

stabilized and subsequently carbonized at temperatures of 1200–

1500 8C. The resulting CFs possess outstanding tensile strength

This article is dedicated in the fond memory of our colleague late Prof. Richard Wool with whom we had an opportunity to collabo-
rate on a biomass-derived composites project, SERDP WP-1758.
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of 3–7 GPa and a moderately high modulus of 200–300 GPa.

However, the solution-based wet-spinning process itself involves

the use of hazardous solvents, and the nitrile groups in PAN

generate toxic byproducts (viz., hydrogen cyanide) during heat

treatment.2,3 The environmental concerns and the related costs

associated with this process can be partially overcome by using

bio-based precursors. Among naturally occurring biomass, lig-

nin and cellulose are regarded as potential CF precursors

because of their low cost and carbon-forming chemical struc-

ture. This article presents a review of the research strategies

Table I. Summary of the Tensile Properties of Carbon Fibers Obtained from Different Precursors

Precursor type Diameter (mm) Modulus (GPa) Tensile strength (MPa) Reference

PAN 5-10 100-500 3000-7000 1–3

Mesophase pitch 5-15 200-800 1000-3000 1–3

Various types of lignin N/A N/A 150-800 4

Steam-exploded hardwood lignin 8 6 3 40.7 6 6.3 660 6 230 5

Organosolv hardwood lignin 14 6 1 39.1 6 13.3 355 6 53 6

Hardwood kraft lignin/PEO 33 6 2 59 6 8 458 6 97 7

Hardwood kraft lignin 10 6 1 28.6 6 3.2 520 6 182 8

Hardwood kraft lignin — 82.7 1070 9

Softwood/hardwood kraft lignin 36-78 25-33 233-377 10

Acetylated softwood kraft lignin 6 6 1 52 6 2 1060 6 70 11

Lignin/PAN blend (25% lignin) — 217 2250 12

Lignin/PAN blend (30% lignin) 11 6 1 230 6 7 1720 6 200 13

Lignosulfonate-AN copolymer 12-20 540 14

Rayon — 720 1250 15,16

Rayon — 70.7 6 2.4 1500 6 200 17

Lyocell — 96.6 1070 18
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proposed in the literature for converting such biomass into use-

ful precursors and subsequent conversion into CFs.

Raw wood, an abundant source of biomass, nominally consists

of 40–50% of cellulose, 23–32% of hemicellulose, and 15–30%

lignin.19 A simplified schematic of lignin molecular structure is

illustrated in Figure 1, with a typical building/repeat unit

encircled.20 Although its molecular structure can vary signifi-

cantly, lignin is an amorphous and crosslinked polymer in its

naturally occurring state. It is abundant in aromatic rings and

consists of three primary precursor units: guaiacyl, syringyl, and

p-hydroxyphenyl.20 Guaiacyl is found predominately in soft-

wood lignins, syringyl is found in hardwood lignins, and p-

hydroxyphenyl occurs mostly in annual crops.20 The typical

chemical structure of cellulose, also illustrated in Figure 1, is

composed of b-D-glucopyranose units linked by 1–4 glycosidic

bonds, with more than 10,000 glucopyranose units in wood cel-

lulose and 15,000 in cotton cellulose.21 As further shown in Fig-

ure 1, lignin, cellulose, and PAN form a nongraphitic or

turbostratic structure within the resulting CFs, whereas meso-

phase pitch forms a highly graphitic (crystalline) structure after

heat treatment above 2400 8C.3

As noted above, high-strength CFs used in current structural

composite applications are almost exclusively derived from PAN

precursor fibers. The evolution of toxic byproducts

Figure 1. Schematic representation of chemical structure of lignin, cellulose, PAN, and mesophase pitch. A typical building unit of lignin is encircled.

The first three precursors generate CFs with noncrystalline/turbostratic structure, whereas mesophase pitch generates graphitic/crystalline structure

(adapted from Refs. 3 and 20).
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accompanied by the fact that a large amount of organic solvent

is needed during the coagulation step, the production of PAN-

based CF is not an environment-friendly procedure. Thus, the

studies on CFs from a bio-based precursor have received

increasing attention. However, unlike synthetically produced

PAN, biomass typically contains a significant amount of ash/

minerals. This is particularly deleterious for the tensile strength

of the resulting CFs, because such minerals lead to defects

within the fibers. Therefore, the separation of lignin and cellu-

lose from biomass is important and is discussed next.

The crosslinked form of lignin within wood must be broken

down to separate it from the cellulosic fibers. This requires

drastic chemical breakdown of the chemical linkages and is

accomplished by chemical pulping. The different pulping meth-

ods affect the proccessibility of various lignin precursors to CFs

and the performance of the resulting CFs. In the soda pulping

process, sodium hydroxide (NaOH, caustic soda) is used as the

reactant for making cellulosic pulp and is mainly used for pulp-

ing of nonwood materials.22 Kraft pulping, based on soda pulp-

ing, has become the dominant commercial process23 and uses

NaOH and sodium sulfide (white liquor) to break down the lig-

nin matrix. Cleavage occurs at the linkages that hold the phe-

nylpropane units together, which leads to the generation of free

phenolic hydroxyl groups in the resulting kraft lignin. After

pulping, a waste liquor containing lignin is separated from cel-

lulose. The cellulosic pulp is further treated by bleaching, wash-

ing, and drying and is used to produce paper. In another

process, called sulfite process, a pulping liquor consisting of sul-

fur dioxide aqueous solution and suitable bases is prepared.24

After washing, the resulting brown liquor is concentrated and

typically burned to provide steam and to recover the inorganic

chemicals.

Lignin can be precipitated by acidification of black liquor fol-

lowed by a wash cycle.22 A series of studies have been reported

based on a novel process of separating lignin from black liquors,

called LignoBoost.25 The LignoBoost process involves filtering

the precipitated lignin and redispersing the filter cake by aque-

ous acid followed by filtration and washing. The ash content of

kraft lignin from this process can be �0.2 wt %.26 Recently,

Klett et al.27 reported a process using hot aqueous acetic acid to

purify and fractionate black liquor resulting in an “ultrapure”

lignin with an ash content lower than 0.1 wt %, which can help

to increase CF strength significantly in future studies.

Kraft and sulfite pulping are efficient processes, but suffer from

several environmental issues such as emission of waste water

and malodorous products (sulfur containing). In addition, sul-

fur is introduced into the resulting lignin, which can lead to

defects in the resulting CFs. Organic solvent pulping is a good

alternative to overcome such problems. Multiple studies have

been conducted using various organic solvents such as metha-

nol,28 ethanol,29 and acetic acid.30 One of the well-developed

processes is the Alcell process that uses 50% aqueous ethanol

solutions. Lignin is recovered from the spent liquor by precipi-

tation, and solvent is recovered later by evaporation and con-

densation.31 As there is no addition of inorganic moieties and

sulfur during the process, Organosolv lignin has higher purity

when compared with kraft lignin and lignosulfonates. This is an

important factor for the use of such biomass as CF precursor

because metal impurities lead to defects during the carboniza-

tion step and reduces the strength of resulting CFs.

The vast majority of commercial CFs are produced in a contin-

uous form for primary structural applications, that is, where the

strength and modulus of these reinforcing fibers are critical. In

contrast, carbon filaments in the form of nanofibers or mats

consisting of discontinuous or randomly aligned filaments find

use in nonstructural (or secondary structural) applications

based on their extended surface area, outstanding chemical sta-

bility to harsh solvents, and thermal/electrical conductivity.

Therefore, the remainder of the discussion in this article is

focused on these two main classes of carbonaceous fibers: (i)

continuous CFs and (ii) activated CFs (ACFs), nanofibers, and

mats.

CONTINUOUS CARBON FIBERS: STRUCTURAL
APPLICATIONS

CFs used in primary structural applications must be in their

continuous form to provide the needed mechanical reinforce-

ment. Thus, proper fiber spinning processes must be used to

produce the precursor fibers in a continuous form and then

suitably converted to continuous CFs. Fiber spinning processes

that are in current commercial use can be classified into three

main types: (i) melt-spinning, (ii) wet-spinning, and (iii) dry-

spinning. Recent studies using such techniques for bio-based

precursors and the resulting CF properties are discussed in this

section. Because of the importance of minimizing the impact

on environment, the development of green technologies for pro-

ducing CFs from biomass is a topic of significant research and

has resulted in several comprehensive review papers.9,32–34

Therefore, the following discussion will address more recent

studies that have emerged within the past few years, while

acknowledging pioneering developments of previous years. The

focus here will be on the relationship between the fiber spinning

methods used for biomass precursors and the resulting CF

properties.

CARBON FIBERS DERIVED FROM MELT-SPINNING OF
BIOMASS PRECURSORS

Melt-spinning of various types of lignins has received significant

attention since 1990s. The primary advantage of melt-spinning

is that it is a high-throughput process and can potentially lead

to low-cost fibers because of its economy of scale. Melt-

spinning is also an environmentally friendly process because it

does not use solvents. A fusible precursor is extruded through a

spinneret with small holes (100–500 mm) and drawn-down to

fine fibers. The melt-spun precursor fibers, however, must pos-

sess some degree of reactivity such that the material within each

filament can be adequately crosslinked during the “stabilization”

step so that the fibers can survive the ultimate high-

temperature carbonization step.

In one of the earliest studies, Sudo and Shimizu5 used methanol

to extract lignin from a steam-exploded birch wood and modi-

fied it into a fusible material by hydrogenolysis. The lignin was
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subsequently extracted with chloroform and carbon disulfide,

and the insoluble fraction was capable of melt-spinning after a

heat treatment. The resulting CFs from this process possessed a

tensile strength of 660 MPa and a tensile modulus of 40.7 6 6.3

GPa. Although precursor fibers were produced by melt-

spinning, the process required significant chemical treatment as

it was neither an economically nor an environmentally desired

process.

Several studies have dealt with Organosolv lignin produced

from acetic acid pulping. Tensile strength and modulus values

of about 350 MPa and 39 GPa,6 respectively, were reported by

Uraki et al.6,35,36 for CFs derived from hardwood-based lignin.

Alcell lignin, derived from ethanol extraction, can be readily

spun without any fractionation.7 Baker et al.37 increased the Tg

of Alcell lignin by heat treatment, which reduced the precursor

fiber stabilization time from 14 h to 4 h and increased the

strength of the resulting CFs from 338 to 710 MPa. Baker

et al.38 investigated another organic purified hardwood kraft lig-

nin (HKL-OP), which was successfully spun using a pilot-scale

unit; however, it suffered from fusing during carbonization. The

CFs from HKL-OP displayed a tensile strength of 520 MPa. In

another study by Baker et al.,9 an organic purified HKL was

heat-treated to increase the Tg and to improve the flow proper-

ties. The resulting material had a narrower molecular weight

distribution and could be fully stabilized. The resulting CFs had

a tensile strength of 1.07 GPa, which is the highest strength

obtained from melt-spun lignin precursors, as listed in Table I.

As noted previously, Organosolv lignin has the advantage of

high purity as no metal or sulfur content is added during sepa-

ration, in contrast to kraft lignin and lignosulfonates. It is also

readily melt-spinnable because of a relatively low Tg and stable

melt viscosity. However, the low Tg and low reactivity are disad-

vantages during the stabilization step. Thus, the heat treatment

strategy used by Baker et al.9 was an effective method to acceler-

ate the thermo-oxidative stabilization step and to improve

mechanical properties; however, this grade of lignin is not read-

ily available commercially for process scale-up.

Melt-spinning of infusible lignins has also been investigated by

the addition of synthetic thermoplastic polymers such as PEO,

PET, PP, and PLA as the carrier polymers to facilitate flow.7,37,38

Hardwood lignin could be converted into CFs by this route;

however, the fibers can display voids as a result of the carrier

polymer leaving fibers as a fugitive component, and CFs had

low strength and modulus of 703 MPa and 94 GPa, respec-

tively.39 Softwood kraft lignin (SKL) could not be converted

into a fusible precursor even with the addition of PEO,7 likely

due to the more crosslinked structure arising from the higher

content guaiacyl groups that prevent it from adequately melting

without any modification.

Nordstr€om et al.40 investigated selected grades of SKL and HKL

separated by the LignoBoost process. Both lignins were success-

fully melt-spun into precursor fibers because of the removal of

large molecular weight fractions by ultrafiltration. Using the

fractionated SKL, the stabilization step could be completed

within 45 min (heating rate of 15 8C min21),41 which is among

the fastest stabilization rates reported for lignin precursor fibers,

but resulted in a low strength of 377 MPa.10 The average fiber

diameters were large (more than 30 lm), which likely resulted

in the relatively low tensile properties. The inverse relationship

of fiber strength and fiber diameter has been observed in prior

studies on CFs because of their sensitivity to flaw density.42 In

another study using the LignoBoost approach,25 SKL with a low

ash content (0.02–0.04%) was converted to CFs with large

diameter (39 6 5 mm); however, the tensile strength was limited

to about 500 MPa.43 As noted previously, softwood lignin has

more guaiacyl unit that crosslink more easily (when compared

with the more linear hardwood lignin), and thus, it can be sta-

bilized more rapidly. In addition, the LignoBoost process is a

significant improvement with regard to reducing the ash con-

tent of kraft lignin. However, the large diameter and low tensile

strength of CFs obtained from such SKL precursors indicate dif-

ficulties and the lack of process control during fiber spinning.

CFs with small enough diameter (<10 lm) are highly desired

for enhanced mechanical properties.

Qin and Kadla44 reported CFs obtained from melt-spinning of

pyrolysis-derived lignin. Large voids displayed in the as-spun

fibers and the resulting CFs had relatively low tensile strength

of 370 MPa. Other solid components such as organoclay45 and

carbon nanotubes46 have been added to lignin precursors; how-

ever, they have resulted in fiber strength below 500 MPa, which

is quite low for primary structural applications.

Softwood lignin obtained by solvolysis of wood chips using

polyethylene glycol and sulfuric acid had good flow properties

for melt-spinning.47 However, the precursor fibers were very

difficult to stabilize, and the resulting CFs displayed a low ten-

sile strength of only about 460 MPa, attributed to the porous

and flabby structure within the fibers. After extensive chemical

treatment, the strength could be increased to about 700 MPa.

However, this is still fairly low on an absolute basis, and the

harsh chemical treatment negates some of the environmental

advantages of the use of biomass as a precursor.

As discussed above and also observed in other studies,9 the vast

majority of CFs produced from melt-spun lignin and other

biomass-derived precursors have displayed a low strength in the

range of 0.3–0.8 GPa, significantly less than values such as 3

GPa displayed by T300 grade of CFs obtained from PAN pre-

cursors (albeit by wet-spinning). The melt-spun-derived CFs

have suffered from the technical challenges of simultaneously

satisfying two opposite characteristics: (i) the precursor must

have a low enough Tg to be melt spun (a low-cost, high-volume

route), but a high enough Tg to be stabilized rapidly (to retain

low cost); and (ii) the precursor must have high enough chemi-

cal stability so that it can be melt-spun at elevated temperatures,

but low enough chemical stability (i.e., adequate reactivity) to

be crosslinked into a thoroughly stabilized state. As noted ear-

lier, the stabilization step is often the most critical step in CF

manufacturing, because the filaments must get internally cross-

linked and yet should not stick to each during the crosslinking

process. Otherwise, any minor surface fusion can lead to surface

defects on CFs and reduce the strength drastically. A possible

way around this conundrum is a precursor that can be dry-

spun, a process where a low Tg is not required for the
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precursor, but necessitates a solvent with high enough vapor

pressure, a topic discussed in the next section.

CARBON FIBERS DERIVED FROM DRY-SPINNING OF
BIOMASS PRECURSORS

In the dry-spinning process, a solid precursor/polymer is dis-

solved in a volatile solvent, and the heated solution is extruded

out of a spinneret under pressure. Fibers are generated as the

extrudate is drawn down and simultaneously solidified as the

solvent evaporates. Otani et al.48 used such a process to produce

precursor fibers where water was used as a solvent with NaOH

added to solubilize the lignin. CFs produced from this process

had a tensile strength of 800 MPa. Defects were generated dur-

ing the carbonization step because of the presence of residual

NaOH.4

In the recent studies, we have produced CFs from dry-spinning

of partially acetylated SKL.11,49,50 The partial acetylation allowed

solubility of the lignin in acetone. The advantage of this process

is that acetone was the only solvent, which is benign and can be

recycled. The flow behavior of lignin/acetone solutions at vari-

ous spinning temperatures and concentrations was investigated

for potential scale-up of the process.11 The as-spun fibers devel-

oped crenulated surface patterns because of the out-diffusion of

acetone during solidification. For dilute lignin concentration

below 2.00 g solid per milliliter of acetone, sharp crevices were

generated that led to occlusions after carbonization, which

reduced tensile strength of the resulting CFs. For lignin concen-

trations above 2.15 g solid per milliliter of acetone, precursor

fibers developed relatively smooth crenulations without sharp

crevices. The smooth crenulations on the resulting CFs provide

up to 30% larger surface area for bonding with a matrix resin,

for example, during composite production.11

The dry-spun lignin fibers were stabilized and carbonized under

tension,49,50 which provided enhanced carbon layer plane orien-

tation within the resulting fibers. The resulting CFs retained the

crenulated surface as displayed in Figure 2. The CFs derived

from this process displayed a tensile modulus, strength, and

strain-to-failure values of 52 6 2 GPa, 1.06 6 0.07 GPa, and

2.0 6 0.2%, respectively. This strength value is among the high-

est reported in the literature for lignin-based CFs, as reported

in Table I. In Figure 3, the wide-angle X-ray diffractogram from

such lignin-based CFs is compared with those of PAN-based

and mesophase pitch-based CFs. The 2-theta peak associated

with carbon layer planes (0 0 2) for the dry-spun, lignin-based

CFs is at �248, indicating virtually no graphitic content (the

peak appears at a 2-theta value less than that for PAN-based

CFs). It should be noted that a higher graphitic crystallinity

enhances lattice-dominated properties such as the modulus and

thermal conductivity but adversely affects the tensile strength.

The slow heating rate during thermal stabilization was acceler-

ated by a UV/thermal dual stabilization approach.51 The precur-

sor fibers were UV-irradiated for 15 min, which effectively

shortened stabilization time from 40 down to 4 h. CFs derived

from the fast stabilization process displayed a slight reduction

in tensile strength; however, the absolute strength values were

still fairly high (800 MPa) for lignin-derived precursors.

In addition to precursor modification, the above studies eluci-

date the importance of processing conditions during spinning

and the following heat treatment, which has not been systemati-

cally studied in several previous studies on lignin-based CFs.

Further ways to improve the tensile properties of such CFs

obtained by dry-spinning of precursor fibers include the use of

a lignin grade with high purity to reduce the defects, chemical

modification of lignins to obtain a long-linear architecture of

the precursor to facilitate molecular orientation during spin-

ning, and applying tension during heat treatment in a continu-

ous mode (rather than a batch mode used in research studies).

CARBON FIBERS DERIVED FROM WET-SPINNING OF
BIOMASS PRECURSORS

The primary advantage of wet-spun precursor fibers, also

obtained from solutions, is that the precursor does not have to

possess thermal stability. The residual reactivity is effectively

used for rapid crosslinking and thermo-oxidative stabilization of

the precursor fibers to enable successful carbonization. Cellulose

displays characteristics suitable for wet-spinning because

Figure 3. Wide-angle X-ray diffractograms comparing lignin, PAN, and

pitch-based carbon fibers. Note: The very sharp peaks are for NIST-grade

silica, which used a calibration standard for determining 2-theta peak

positions. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 2. SEM micrograph illustrating the crenulated surface of CFs

derived from acetylated softwood kraft lignin (Reprinted from Ref. 50,

with permission from American Chemical Society).
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cellulose does not melt but can be dissolved in solvents to facili-

tate wet-spinning. It should be noted, however, that natural cel-

lulose fibers, such as cotton or flax, in their native state are not

good precursors for structural CFs because of their discontinu-

ous form.52 Instead, regenerated cellulose fibers, such as rayon,

have been used for conversion to CFs.15,16,53,54 Cellulose is

mixed with a basic solution and treated with CS2 to form cellu-

lose xanthate that is dissolved in NaOH, and the solution is

extruded through a spinneret followed by coagulation in a sul-

furic acid solution.3 The as-spun rayon fibers have an irregular

and porous cross section, which lead to low strength in the

resulting CFs.54 The rayon precursor fibers are stabilized in air

at temperatures as high as 400 8C and carbonized under tension

to generate molecular orientation. The resulting CFs can achieve

a strength of 1.25 GPa and modulus of 720 GPa when graphiti-

zation was performed at 2800 8C; however, this stretching is a

very expensive process.15,16

Cellulose-based CFs have also been derived from Lyocell fibers

that are obtained by a process that is environmentally more

friendly than the xanthate process by using N-methylmorpho-

line N-oxide.18,55,56 In the dry-jet, wet-spinning process, the

spinning solution is extruded into an air gap and drawn down

(stretched) before entering the coagulation bath, which reduces

voids and cracks in the resulting fibers by preventing a fast out-

diffusion of solvent. The precursor fibers have a circular cross-

sectional shape and less defects on surface when compared with

rayon-based fibers. The resulting CFs displayed a strength and

modulus as high as 1.07 GPa and 96.6 GPa, respectively.56

TencelTM, a commercial lyocell fiber, has also been converted

into CFs, but has led to a relatively low tensile strength of about

210 MPa,57 which is not adequate for primary structural rein-

forcement purpose. Another commercial cellulose fiber,

BocellTM, which is generated from wet-spinning of a liquid crys-

talline solution of cellulose in phosphoric acid, has been con-

verted into CFs.58 The BocellTM fibers had well-developed

molecular orientation and were heat-treated up to 2500 8C.

Although no tensile properties were reported for CFs, the mod-

ulus of the skin was estimated at about 140 GPa and that of the

core at 40 GPa using 2D Raman spectroscopy. CordenkaTM, a

commercial rayon fiber, has been graphitized at 2000 8C to

obtain a strength of 1.5 GPa and modulus of 70.7 GPa.59

Recent research studies have also investigated the use of ionic

liquids (ILs) to produce cellulose-based precursor fibers.17

Imidazolium-based ILs with various cation and anion combina-

tions were used as solvent for cellulose. The fibers were coagu-

lated in a water-based bath. Sammons et al.60 produced highly

crystalline cellulose fibers from a 1-butyl-3-methylimidazolium

chloride ([Bmim]Cl) solution; however, no properties were

reported for any resulting CFs. The combinations of cellulosic

materials (cotton and viscose) with synthetic polymers (polyest-

ers, polyamides, or PAN) have been investigated as a strategy to

reduce synthetic content rather than eliminate them completely.

Ingildeev et al.61 developed a method of using IL to produce

cellulose/PAN fiber. The spinning dope was prepared by mixing

both components in IL, and low-viscose blend solutions were

wet-spun into precursor fibers. Not surprisingly, the overall car-

bon yield was better than that obtained from pure cellulose

fibers. Although the very low vapor pressure of ILs make them

attractive in some separation processes, the degradation prod-

ucts of ILs after prolonged use have not been investigated sys-

tematically and are a potential environmental hazard.

Unlike cellulose (a long-chain natural polymer), lignin recovered

from the pulping process does not have a long and linear

molecular architecture. Therefore, SKL does not have adequate

extensional viscosity to be converted into fibers by wet-

spinning. Thus, precursor fibers have been produced from a

blend of lignin with synthetic polymers.62–65 Seydibeyo�glu used

a PAN–lignin blend as a potential CF precursor to reduce the

cost of precursor. Three different types of commercial Protobind

lignins were dissolved in dimethyl acetamide together with

homopolymers of PAN to form miscible blends that led to

fibers with smooth surface62; however, no CFs from this blend

were reported. In another study, lignin sulfonate (LS)/PAN

blend was wet-spun into fibers as a precursor candidate for

low-cost CFs in which PAN serves as the framework and LS is

used as an extender.63 However, microporous structure was

observed in precursor fibers, and the properties of CFs were

reported. Liu et al.64 used a gel-spinning technique for PAN/lig-

nin and PAN/lignin/CNT precursor blends in a methanol coag-

ulant bath at 250 8C with an air gap of 3 cm. The low

coagulation temperature significantly reduced the counter-

diffusion rate and lignin leaching. As displayed in Figure 4(a),

fibers obtained from pure PAN displayed the typical kidney

shape associated with out-diffusion of solvent. However, the lig-

nin–PAN blend (30/70) led to a smoother/circular cross section

and void-free cross section, as illustrated in Figure 4(b).64 The

presence of lignin led to lower cyclization activation energies

(than those observed with pure PAN), which confirms that lig-

nin can promote crosslinking during stabilization process.13 The

large draw ratio (�13) improved the degree of molecular orien-

tation within the crystalline structure, and tensile strength and

modulus of such gel-spun lignin/PAN-derived CFs were

1.72 6 0.2 GPa and 230 6 7 GPa, respectively, which represent

attractive properties for CFs on an absolute basis. The advant-

age of gel-spinning technique is to minimize lignin diffusion for

making void-free CFs from lignin/PAN blend. However, when

compared with solution spinning, this process requires concen-

trated spinning dope and a low coagulation temperature, which

affect spinnability. Recently, we have developed a method of

controlling the coagulant composition to balance counter-

diffusion rate of lignin during wet-spinning. As displayed in

Figure 4(c,d), by the addition of about 2 wt % lignin in the

coagulant, microvoids could be eliminated in fibers with lignin

content as high as 50 wt %. This method may provide a simple

and low-cost process to produce void-free, lignin/PAN-based

CFs using the standard wet-spinning procedure. In addition, by

using the blend approach and a standard wet-spinning process,

Husman65 investigated PAN polymers with higher molecular

weight to minimize porosity. The average tensile strength was

reported at 2.25 GPa and the tensile modulus at 217 GPa, which

are among the highest values reported for CFs derived from lig-

nin–PAN blends at 25 wt % lignin. It should be noted, however,

that CFs produced from the lignin/PAN blend method possess
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the strength associated primarily with the PAN-derived fraction,

that is, the lignin component does not contribute significantly.

Thus, no synergistic effects are found in the blends, with the

CFs possessing tensile strength that is just a fraction based on

the content of pure PAN (e.g., 75% of 3 GPa for pure PAN-

based T300 5 2.25 GPa).

Although much work has been done to improve lignin-based

CF properties by polymer blending, a few studies have made

attempts to introduce acrylonitrile (AN) or PAN into lignin to

develop CFs. Maradur et al.66 prepared a copolymer using a

hardwood lignin and AN in a two-step radical polymerization.

The copolymer could be dissolved in DMSO, and the solution

could be wet-spun. Thermal stabilization could be conducted at

280 8C; however, no tensile properties were reported for CFs.

Similarly, Ramasubramanian12 used butyrated SKL and Organo-

solv lignin to copolymerize with PAN and converted the copoly-

mer into precursor fibers via wet spinning; however, no CF

properties were reported. Recently, Xia et al.67 prepared a ligno-

sulfonate–AN copolymer as an alternative precursor. Wet-spun

precursor fibers had a dense structure without any visible voids

and defects; however, the resulting CFs possessed an average

strength of only 540 MPa.

The incorporation of a synthetic monomer (AN) in a chain-like

chemical structure of modified lignin appears to be a systematic

approach of building a precursor “ground-up” and may ulti-

mately lead to CFs with enhanced properties. However, the

introduction of acrylonitrile or PAN (in blends) poses similar

environmental concerns as those posed by pure PAN-based CFs.

Thus, future research studies need to develop environmentally

friendly and cost-competitive precursors with very low ash con-

tent to reduce defects in the resulting CFs. Chemical modifica-

tion of lignins need to be conducted to obtain a suitable

molecular architecture to facilitate molecular orientation during

spinning, stabilization, and carbonization steps. Such improve-

ments should maximize applied tension and lead to CFs with

strength and modulus approaching 3 and 200 GPa, respectively,

if such bio-based CFs are to be used in primary structural com-

posite applications.

ACTIVATED CARBON FIBERS, NANOFIBERS, AND MATS:
NONSTRUCTURAL APPLICATIONS

In contrast to continuous CFs that are used for structural appli-

cations, discontinuous forms of carbon are ACFs, carbon nano-

fibers (CNFs), and CF mats. These forms have primary

applications in nonstructural areas, such as energy storage

devices and separation that use its high specific area. ACFs pos-

sess a large internal surface area because of their highly porous

structure, which unfortunately leads to a drastic reduction in

their strength. Nanofibers are prepared by electrospinning using

electric force to draw fine fibers from polymer solution or melt.

CF mats can also be produced by layer-by-layer electrospinning

of precursors or melt-blown method. Currently, they are mostly

produced from PAN precursors, and they pose the same envi-

ronmental problems as PAN-based CFs. Therefore, there has

Figure 4. SEM micrographs of CF cross sections of (a) PAN, (b) lignin/PAN (30/70) carbonized at 1100 8C (Adapted from Ref. 64, with permission from

the American Chemical Society), (c) lignin/PAN (35/65), and (d) lignin/PAN (50/50), carbonized at 1200 8C.
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been a growing interest in developing ACFs and CNFs using

biomass precursors (lignin and cellulose) because of their low

cost and environmental friendly processing routes. As noted ear-

lier for structural CFs, the development of ACFs and CNFs

from biomass is an active research area and has been reviewed

in several prior reviews.9,32,33 Thus, the discussion here will be

limited to studies that have been reported recently.

Activated Carbon Fibers

ACFs are nominally 15 mm in diameter and have a large internal

surface area (�1,000 m2 g21) because of internal pores, which

also act as defects and result in mechanical weakening of fibers.

Both chemical (KOH, NaOH, etc.) and physical (CO2, steam,

etc.) activation methods, as well as heat treatment conditions,

have been investigated to optimize internal surface area and

characteristics of ACFs, and a summary of these properties is

presented in Table II. Shen et al.74 developed a process of acti-

vating CFs using lignin-phenol-formaldehyde resin via melt

spinning. Small molecules released during carbonization lead to

the formation of macrovoids. It is interesting to note that

although micro/macrovoids are highly undesirable for structural

CFs, such “defects” are highly desirable for ACFs to achieve a

large specific surface area. Hu et al.14 reported ACF mat mate-

rial with maximum surface area of 1440 m2 g21 via electrospin-

ning of alkali lignin and alkali-metal hydroxide blended with

PEO and activated by NaOH. A recent work by Hu et al.75 also

reported promising results on capacitance using lignin-based

ACF supercapacitors.

Cellulose, the other abundant biomass, is also used to produce

ACFs. Goldhalm57 reported the properties (carbon yield, specific

area, and total pore volume) of viscose rayon and TencelTM

ACF at different activation temperatures. Liquefied wood-based

fibers, which are prepared from liquefied wood through melt-

spinning and curing in acid solution, have been successfully

used as precursors to make ACFs with high specific surface

area.71 Ma et al.76 reported ACFs melt-spun from liquefied

wood followed by steam activation using wood charcoal as

additive to achieve highly mesoporous structure. Wood charcoal

is an amorphous carbon, which can be easily obtained from

wood resource. With addition of wood charcoal, more unstable

carbons were formed in the ACF matrix during steam activa-

tion, facilitating the formation of mesopores. With this method,

86.8% pore volume was from mesopores (2–4 nm), and a spe-

cific area exceeding 2600 m2 g21 was achieved, which is the

highest among cellulose-based ACFs as shown in Table II.

Huang et al.77 developed a chemical/physical coupling two-step

activation processing method using KOH activation, which pro-

vided more reaction points. This was followed by subsequent

steam activation that developed microporosity and mesoporos-

ity so that the resulting CF showed excellent adsorption charac-

teristics. Porous CFs derived from wet spinning and

carbonization process of cellulose obtained from rice straw and

mulberry wood has been reported by Hwang et al.73 Fibers were

treated with KOH and stabilized in air at 300 8C before carbon-

ization. This material exhibits high specific surface area of

2260 m2 g21 and excellent hydrogen storage properties.

The use of ACFs in various applications, such as energy storage

devices, has received significant attention. To date, ACFs based

on PAN fabrics are produced in an energy-consuming and non-

environmental friendly way. Moreover, the microporous struc-

tures of such ACFs are not targeted for storing aqueous

electrolyte ions. Therefore, it is desirable to fabricate ACFs via

simple and efficient processes from greener sources. In the

future studies, ACFs produced from lignin must have well-

controlled porosity and should have enhanced electrical conduc-

tivity to compete in their performance with commercial ACFs

derived from synthetic precursors.

Carbon Nanofibers and Mats

CF mats have been prepared from hardwood and softwood lig-

nin precursors via melt processing.78 CFs within the nonwoven

structure were about 40 mm in diameter with cylindrical hollow

voids along with the fiber axis. Although the voids lead to a

drastic deterioration of mechanical strength, the microscale

voids increase the interfacial area when contacted with electro-

lytes for energy storage purpose.79 Ruiz-Rosas et al.80 prepared

very fine lignin fibers (submicrometer) by electrospinning. The

resulting CF mats had a surface area of 1195 m2 g21, and

micropore volumes of around 0.52 cm3 g21 were obtained. In

another study, Tenhaeff et al.68 reported that controlling the

degree of fiber fusion is important because the fused CF mat

structure has dual functions as active material and current col-

lector in electrodes.

Dallmeyer et al.69 reported kraft lignin-based CNFs by electro-

spinning with thermally induced interfiber bonding. Because

the external surface area of a cylindrical fiber scales as the

Table II. Surface Characteristics of Lignin and Cellulose-Based CF Mats/CNFs/ACFs

Specific area (m2 g21) Pore volume (cm3 g21) Reference

Lignin CF mat �8.2–37.4 0.0018–0.0151 68

Lignin CNF 524–1195 0.239–0.52 69

Cellulose CNF 289.9–511.5 0.073–0.1735 70

Lignin ACF >1400 >0.91 71

Cellulose ACNF �870–1120 — 72

Viscose Rayon ACF 681–1883 0.277–0.8 58

Tencel ACF 716–1557 0.297–0.627 58

Liquified wood ACF 2604.7 1.433 73
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reciprocal of the diameter (4pDL/pD2L 5 4/D) and CNF diame-

ters are almost two orders of magnitude smaller than that of

ACFs, CNFs possess a large surface area even without any inter-

nal porosity. By controlling the heating conditions during stabi-

lization, a variety of CNF morphologies have been obtained by

using intrinsic differences in thermal softening behavior between

different kraft lignin fractions, as illustrated in Figure 5. The

interbonded CNFs show tensile strength of 74.1 6 14.6 MPa

and electrical conductivity of 19.6 6 3.0 S cm21, which are

higher than nonbonded ones (32.0 6 9.0 MPa and 2.3 6 0.4

S cm21), suggesting the potential of lignin-based CNFs as car-

bon electrodes.

CNFs prepared from lignin in combination with other polymers

or particles exhibits some advantages over those obtained from

pure lignin. Electrical conductivity of CNFs was reported to

increase from 2.3 to 3.0 S cm21 when 6 wt % multiwalled car-

bon nanotubes were incorporated into the electrospun SKL

fibers.81 Ago et al.82 developed lignin-based fiber mats by elec-

trospinning aqueous dispersions of lignin, PVA, and cellulose

nanocrystals (CNCs). PVA held lignin and CNC together to

avoid phase separation, and the addition of CNCs improved the

thermal stability of composite electrospun fibers. Wang et al.83

reported that fused CF mats obtained through the incorpora-

tion of certain proportions of low-melting-point polymer addi-

tive with organosolv lignin exhibit good electrochemical

performance with specific capacity up to 445 mA h g21, which

is comparable with that of PAN-derived CFs. Rios et al.84 devel-

oped a method of preparing lignin-based CFs embedded with

core–shell silicon/SiO2 via melt processing to make electrode for

lithium ion batteries. The monolithic composite CFs exhibit

capacities higher than 700 mA h g21 because of their unique

crystalline structure.

Another polymer of interest for blending with lignin is PAN.

The electrospun PAN/lignin alkali nanofiber mats were prepared

by electrospinning and cured by E-beam irradiation, followed

by carbonization at 1000 8C.80 Similarly, Ding et al.85 reported

process of low-cost electrospun CFs from organosolv and buty-

rated organosolv lignin/PAN blends. CF mats obtained from

butyrated lignin/PAN (50–50) demonstrated the highest tensile

strength and modulus of 83 6 17 MPa and 6.1 6 0.6 GPa when

compared with those of pure PAN-based CF mats. Low-cost

and bio-based carbon nanofibrous webs were fabricated from

PAN/refined lignin (RL) that was extracted from hardwood

lignosulfonate via electrospinning followed by stabilization and

carbonization.86 The CF mats display a reversible capacity of

about 292.6 mA h g21 with good charging rate capability (80

mA h g21 at 1 A g21) and excellent cycling stability (247

mA h g21 over 200 cycles at 0.1 A g21). Such CF mats show

significant potential as electrode material for sodium ion bat-

teries (SIBs) because of their enhanced performance.

Another interest in lignin/PAN polymer blend is CF with core–

shell structure. Xu et al.87 introduced a porous core–shell CF

from lignin and cellulose nanofibrils prepared by electrospin-

ning. Alkali kraft lignin/PAN blend was used as spinning mate-

rial for shell of the fiber, whereas cellulose nanofibers were used

Figure 5. SEM micrographs of (a,b) nonbonded fibers and bonded fibers after stabilization and (c,d) nonbonded fibers and bonded mats after carbon-

ization (Adapted from Ref. 69, with permission from Wiley).
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as core structure. The resulting CFs possessed solid shell and

porous core structure with extended surface area.

Overall, lignin has a significant potential to produce CNFs and

mats via melt process or electrospinning. The resulting CNFs

and mats have relatively high specific surface areas and chemical

functionality. In many cases, lignin-based CNFs and mats dis-

play improved spinning performance and electrical and thermal

conductivities by blending with PEO, PAN, and CNCs.

Cellulose nanofibers have been produced by electrospinning of

solution of cellulose88 or its derivatives.89 The drawback of the

pure cellulose is that it has poor solubility in most common

solvents because of its strong crystalline structure. In a study by

Deng et al.,89 cellulose nanofibers were prepared by electrospin-

ning cellulose acetate, followed by deacetylation in a solution of

NaOH in ethanol. Kuzmenko et al.90 reported that incomplete

regeneration of cellulose using a combination of NH4OH and

NH4Cl increased carbon yield in the final CNFs by 20%. By

using an IL as a cosolvent, Byrne et al.91 reported the prepara-

tion of PAN/cellulose acetate and PAN/raw cotton fibers by elec-

trospinning. However, the long-term fate of ionic liquids and

their environmental impact are somewhat unknown.

The effect of carbonization temperature (800–2200 8C) on gra-

phitic microstructure of electrospun cellulose CNFs has been

studied by Deng et al.89 The development of graphitic crystallin-

ity was observed for the CNFs starting at a relatively low tem-

perature of 1500 8C, unlike that for CFs derived from micron-

sized cellulose fibers. Such CNFs possessed a modulus of about

100 GPa that is suitable for semistructural applications. Liu

et al.92 prepared primarily amorphous CNFs from electrospun

cellulose nanofibers, followed by stabilization at 400 8C and car-

bonization at low temperatures of 800 and 1400 8C.

Electrospun cellulose-derived CNFs are promising materials in

electrochemical and separation applications.72,93–95 One of the

promising applications of cellulose-based CNFs is anode material

for SIB. Luo et al.96 reported promising electrochemical proper-

ties of cellulose-derived CNFs, including a high reversible

capacity (255 mA h g21 at 40 mA g21), good rate capability (85

mA h g21 at 2000 mA g21), and excellent cycling stability (176

mA h g21 at 200 mA g21 over 600 cycles). Recently, core–sheath

structured porous CNFs anode material for SIB was prepared by

Zhang et al.70 Because of the core–sheath structure and large

interlayer spacing, these CNFs exhibit outstanding electrochemi-

cal performance, including a high reversible specific capacity (240

mA h g21 at 100 mA g21 over 100 cycles), excellent rate per-

formance (146.5 mA h g21 at 1000 mA g21), and good cycling

stability (148.8 mA h g21 at 500 mA g21 over 400 cycles).

It has been demonstrated that electrospun cellulose nanofibers

are excellent precursors for CNFs. When compared with

micron-sized cellulose-based CFs, graphitic structure formed at

a lower temperature in these CNFs. Such unique structure

enhances electrical conductivity of the cellulose-based CNFs. In

summary, the combination of high electrical conductivity of

resulting carbon, coupled with a large surface area offered by

nanofibers, clearly shows the potential of CNFs/mats in future

electrochemical applications.

CONCLUSIONS

The outstanding strength and modulus possessed by CFs

derived from PAN (a synthetic, polymeric precursor) are their

primary advantages; however, their high cost and environmental

concerns during manufacturing serve as the primary stimuli for

continued research on alternative precursors and processing

routes. The natural abundance, renewability, and low environ-

mental impact of lignin and cellulosic biomass are driving

research toward their use as precursors for CFs. As discussed

above, the properties of CFs are sensitive to the source of bio-

mass that ultimately determines the precursor purity and routes

available for fiber spinning (viz., melt-spinning, dry-spinning,

or wet-spinning). Current research studies on bio-based CFs

report a maximum tensile strength and modulus of only about

1 and 50 GPa, respectively. These values are significantly lower

than 3 and 200 GPa reported for typical PAN-derived CFs used

in many commercial composite applications. Therefore, further

improvements in precursor purification (ash content � 0.1

wt %), molecular structure control (elongated architecture), and

continuous fiber processing (to minimize fiber abrasion/han-

dling) need to be accomplished to enhance CF properties by

about twofold to enable their commercial application in cost-

sensitive structural composites including automotive and

industrial.

The lack of graphitic crystallinity in CFs derived from bio-based

precursors facilitates the generation of internal pores and large

specific surface area when appropriate heat treatment conditions

are used. It is evident from the literature studies that bio-based

precursors can produce CNFs and ACFs with specific surface

area exceeding 1000 m2 g21. Thus, for nonstructural purposes,

the combination of moderately high electrical conductivity and

a large surface area offered by CNFs clearly shows the potential

of CNFs/mats in future electrochemical applications. The ease

and low cost of conversion of biomass into porous carbon show

the potential of biomass in ACFs (e.g., for gas and water purifi-

cation) for applications of very significant and global societal

importance.
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