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Sodium lignosulfonate (LS) from sulfite pulping processing was used as a carbon source to synthesize

graphene. LS was mixed with Fe nanoparticles (FeNPs) as a catalyst and thermally treated at 1000 1C for

1 h. The Raman spectrum and X-ray diffraction pattern suggested that graphene sheets were formed in

LS thermally treated with FeNPs (Fe-HTLS). Scanning electron microscopy image of Fe-HTLS showed

clusters of thin graphene sheets appearing in the form of nanoflowers. High-resolution transmission

electron microscopy and electron reflection images provided further evidence of the formation of

graphene in LS thermally treated in the presence of Fe catalyst.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Lignin is a renewable carbon source and the second most
abundant biopolymer next to cellulose on earth. It is a cross-
linked and complex natural polymer composed of phenylpropane
unit as a basic unit. Its complex structure makes the production of
value-added chemicals from lignin difficult. A great amount of
lignin can be obtained from the pulping industry in the name of
kraft lignin (or thiolignin) and lignosulfonate (LS). The approx-
imate amount of lignin production in the existing pulping
industry worldwide is estimated at more than 50 million tons/
year [1]. However most lignin is not isolated, especially in the
kraft pulp mills which are 95% of the world production market,
but is burned onsite to recover pulping chemicals and provide
steam for power production. Therefore, commercially available
lignin in the market is mostly LS from the sulfite pulping process.
The global production of LS is currently around 1 million tons/
year [1]. LS has been used for concrete admixtures, dispersants
and dust suppression for roads, pellet binders, and vanillin [2].
Although many trials have been made to convert lignin into
value-added materials, so far there are few reports on the
successful commercialization of lignin-related products. If lignin,
the by-product from current pulping and bio-ethanol processes,
can be an alternative carbon source for the production of high-
value carbon-based nanomaterials, it would be an incentive for
the further utilization of lignin. However, to our knowledge, there
All rights reserved.

: þ1 662 325 8126.

).
are no systematic approaches in the processing of lignin for
conversion into carbon-based nanomaterials, and there is no
report on the efficacious conversion of lignin to graphene. The
objective of this study was to explore whether LS, an inexpensive
feedstock, can be easily converted to carbon nanomaterials such
as graphene under simple thermal treatment conditions in the
presence of Fe nanoparticles (FeNPs) as a catalyst.
2. Experimental

Materials: LS (Na salt), from Sigma-Aldrich Inc. (St. Louis, MO,
USA), was used as a carbon source. FeNPs (25 nm in average
particle size), from Sun Innovations Inc. (Fremont, CA, USA), were
used as the catalyst for the thermal treatment.

Thermal treatment: Thermal treatment of LS was carried out in
a split-hinge 2 in.-quartz tube electric furnace (Lindberg/Blue M
1200) equipped with a temperature controller (Lindberg/Blue UTC
150). The quartz tube had an outer diameter of 2 in. and a length
of 32 in. For each experimental run, 250 mg of FeNPs (1 part by
weight) and 1000 mg of LS (4 parts by weight) were mixed and
then ground in an agate mortar. The well-ground sample mixture
was loaded into a porcelain boat which was placed in the middle
of the quartz tube. The sample was heated to 1000 1C at a
ramping rate of 20 1C/min under argon with a flow rate of 1 L/
min. The temperature was held at 1000 1C for 1 h, and the
furnace then was turned off and the sample cooled to ambient
temperature under argon atmosphere.

LS samples after thermal treatment contained the inorganic
ash that originated from the pulping chemicals. The ash may
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Fig. 1. Raman spectra of LS thermally treated without Fe nanoparticles (a) and

with Fe nanoparticles (b).
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disrupt instrumental characterization of the samples and make
data analyses difficult. To remove the water soluble inorganic ash
from the thermally-treated LS sample, 500 mg of the thermally-
treated LS sample and 20 mL of de-ionized water (DI-water) were
added to a flask, and the mixture boiled for 30 min. The boiled
sample was filtered through a nylon membrane (0.45 mm) and
then rinsed with 100 mL of DI-water. The washed sample was
dried in oven at 105 1C overnight.

Characterization: Raman spectra were recorded at three loca-
tions of each sample using a Jobin Yvon LabRam HR spectrometer
(Horiba) with a 514.56 nm Ar laser. Powder X-ray diffraction
(XRD) was performed with a Rigaku SmartLab X-ray diffract-
ometer (Rigaku) using Cu Ka radiation (l¼1.5418 Å). Field emis-
sion scanning electron microscopy (FE-SEM) images were
obtained by a JSM-6500F (JEOL). For high-resolution transmission
electron microscopy (HRTEM), the samples were further ground
in ethanol by an agate mortar to reduce their size and then a drop
of this suspension was dripped onto a 300 mesh copper grid with
a holey support film. HRTEM analysis was performed on a JEM
2100F (JEOL) equipped with an EDAX (Ametek).
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Fig. 2. Powder X-ray diffraction patterns of LS thermally treated without Fe

nanoparticles (a) and with Fe nanoparticles (b), G: graphite, Fe: iron.
3. Results and discussion

Table 1 shows the result of carbonization yields of LS
thermally-treated with Fe (Fe-HTLS) as the catalyst and LS
thermally-treated without Fe catalyst (HTLS). The carbonization
yields of Fe-HTLS and HTLS were 50.1% and 45.3%, respectively.
In the case of Fe-HTLS, as FeNPs were added to LS as the catalyst
the weight of FeNPs needs to be deducted from the total weight of
the LS and FeNPs mixture to calculate the true carbonization yield
of LS. The carbonization yield of LS thermally-treated with Fe after
the weight correction of FeNPs was 30.2%. On the other hand, an
ash content of 19.5% was assumed in the thermally treated LS.
This content was determined using the TAPPI Standard T 211-om
93. Therefore, the carbonization yields of Fe-HTLS and HTLS after
ash weight correction were 24.3% and 36.5%, respectively. The
lower carbonization yield of Fe-HTLS may be due to the excessive
decomposition of LS by the catalytic action of FeNPs.

Raman spectroscopy is an effective technique to characterize
carbon structures of carbonaceous materials such as graphite,
graphene, carbon nanotubes, and diamond-like carbon [3–8].
Therefore, any significant changes in the chemical structure of
LS which occurred during the thermal treatment were character-
ized by Raman spectroscopy. Fig. 1 shows Raman spectra of HTLS
and Fe-HTLS. The Raman spectra in both samples show two
distinct peaks, G and D peaks, that appear around 1580 and
1350 cm�1, respectively. In general, the D peak indicates the
vibration of sp2-hybridized carbon bonded with structural imper-
fections while the G peak indicates the in-plane vibration of sp2-
bonded crystalline carbon [3,9,10]. Thus, the G peak in Fig. 1
indicates that graphite- or graphene-like carbon structures may
be formed in both samples, while the D peak indicates a decrease
Table 1
Carbonization yields after thermal treatment of LS with and without Fe nanopar-

ticles, and the yields after the correction of Fe nanoparticles and ash in Fe-HTLS

and HTLS.

Sample Carbonization yield (%)

After thermal

treatment

After correcting for

FeNPs

After correcting for

ash

Fe-

HTLS

50.1 30.2 24.3

HTLS 45.3 – 36.5
of the size of the in-plane sp2 domains as well as an increase of
edge planes and the degree of disorder in both samples. In the
Raman spectrum of Fe-HTLS, the width of the D peak is narrower
than HTLS, which indicates that Fe-HTLS samples contain less
structural imperfections than that in HTLS samples. In addition,
the peak intensity ratio of the D00 peak (1500–1550 cm�1, asso-
ciated with an amorphous sp2-bonded carbon [9]) to the G peak,
I
D
00
=G

, as a carbonization indicator, decreased from 0.49 to 0.38
with Fe. The lower peak intensity ratio indicates that Fe catalyst
reduced the structural imperfections and amorphous phase for
sp2-bonded carbon [3,9]. On the other hand, Fe-HTLS had a 2D
peak other than D and G peaks on the spectrum. The 2D peak (also
called the G0peak) is the second order of the D peak [4]. The width
of the 2D peak ranged from 2650 to 2750 cm�1, which corre-
sponded to the turbostratic graphite [8] with its graphene layers
stacking in a randomly rotated fashion with respect to one
another along the C-axis [4]. Thus, graphene sheets may have
occurred in Fe-HTLS samples, but they mostly exist in the form of
overlapped graphenes with a turbostratic structure.

For further analysis of the structural difference between Fe-
HTLS and HTLS samples, their XRD patterns were measured
(Fig. 2). In general, the XRD pattern of graphite powder (including
artificial graphite and meso carbon microbeads) exhibits a sharp
and characteristic peak (002) of graphite at 26–271 [5,6,11]. HTLS
had two dispersive and broad diffraction peaks at 261 and 431 on
its XRD spectrum as shown in Fig. 2(a). These two peaks
correspond to (002) and (100) planes of graphite [9]. The high
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Fig. 3. SEM and HRTEM images of graphene nanosheets of LS thermally treated with Fe nanoparticles: (a) a SEM image exhibiting clusters of graphene nanosheets in the

form of nanoflowers, (b) and (d) typical HRTEM images presenting folded and wrinkled graphene nanosheets, and (c) a HRTEM image in the center of (b). The inset

(d) shows an electron diffraction pattern of graphite.
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intensity in the range of 10–251 indicates that HTLS contains a
significant amount of amorphous carbon in agreement with
Raman spectroscopy. In the case of Fe-HTLS, the two peaks
corresponding to graphite did not appear on its XRD spectrum
as shown in Fig. 2(b), only typical iron lattices. Some studies have
reported that the structural change from graphite to graphene
sheets causes a weakened (002) peak of graphene sheets [5,6,11].
In addition, this phenomenon may also occur due to the strong
intensity of the iron peaks on the XRD spectrum. Based on the
results of Raman spectroscopy and XRD, we expected that
graphene nanosheets may be formed in Fe-HTLS samples. To
verify this, the morphology and nanostructure of Fe-HTLS were
characterized by SEM and HRTEM observations.

Fig. 3(a) shows the SEM image of Fe-HTLS sample surface. The
surface was covered with ‘‘flower-like’’ graphene sheet agglom-
erate. Fig. 3(b) is a typical HRTEM image of Fe-HTLS samples
showing that graphene sheets are wrinkled and folded like
crumpled paper. Fig. 3(c), a higher magnification image of the
center part of Fig. 3(b), shows well-ordered graphene surface. The
inset of Fig. 3(d) exhibits a typical sixfold symmetry electron
pattern for graphite [12]. Some researchers [13,14] reported that
when wood char is thermally treated at the same temperature of
this study in the presence of Fe catalyst the majority of carbon
nanomaterials formed were carbon-encapsulated Fe nanoparti-
cles with well-aligned multi-graphitic layers and also graphitic
carbon structures with long and entangled multi-layers. However,
in this study graphene nanosheets are the dominantly formed
carbon nanomaterials.

The graphitization is preceded with the transformation of sp3

hybridized to sp2 carbon atoms. In the case of wood, the major
component is carbohydrates such as cellulose and hemicellulose that
account for 70–80% of wood, and these carbohydrates are mostly
composed of sp3 hybridized carbon atoms. Therefore the conversion
of sp3 hybridized carbon atoms to sp2 hybridized carbon atoms must
occur in the graphitization process and the process usually requires a
high temperature more than 1400 1C [9,15,16]. However, lignin
basically has a sp2 bonded aromatic ring structure that makes the
conversion of lignin to graphene nanosheets much easier than that of
wood carbohydrates, especially in the presence of Fe catalyst.
Ishimura et al. [9] reported that the carbonized wood at 1800 1C
has more disordered carbon crystallites than the carbonized organo-
solve lignin.
4. Conclusions

This study demonstrated that graphene nanosheets can be pre-
pared from technical sodium lignosulfonates by a simple thermal
treatment in the presence of Fe catalyst. Although further studies are
needed for this graphene synthesis method, this study suggested a
possibility that lignin can be a unique valuable carbon source for the
synthesis of graphene.
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