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Abstract Catalytic graphitization of kraft lignin to
nano-materials was investigated over four transition-
al metal catalysts (Ni, Cu, Fe, and Mo) through a
thermal treatment process under an argon flow at
1000 °C. The catalytic thermal process was exam-
ined using thermal gravimetric analysis (TGA) and
temperature-programmed decomposition (TPD) ex-
periments. The crystal structure and morphology of
the thermal-treated metal-lignin samples were char-
acterized by X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), high-resolution transmis-
sion electron microscopy (HRTEM), and Raman
spectroscopy. Catalytic graphitization of kraft lignin
to nano-materials was investigated over four transi-
tional metal catalysts (Ni, Cu, Fe, and Mo) through
a catalytic thermal treatment process. It was ob-
served that multi-layer graphene-encapsulated metal
nanoparticles were the main products, beside along
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with some graphene sheets/flakes. The particle sizes
and graphene shell layers were significantly affected
by the promoted metals. BET surface areas of sam-
ples obtained from different metal precursors were
in the range of 88—115 m?/g within the order of
Ni- > Fe- > Mo- > Cu-. Thermal gravimetric analysis
(TGA) and temperature-programmed decomposition
(TPD) experimental results showed that adding tran-
sitional metals could promote the decomposition and
carbonization of kraft lignin. The catalytic activity
increased with an order of Mo=Cu < Ni=Fe. XRD
results show that face-centered cubic (fcc) Cu crys-
tals is formed in the thermal-treated Cu-lignin sam-
ple, fcc nickel phase for the Ni-lignin sample, 3-
Mo,C hexagonal phase for the Mo-lignin sample
and «-Fe, y-iron, and cementite(Fe;C) for the Fe-
lignin sample. Average particle sizes of these crystal
phases calculated using the Scherrer formula are
52.4 nm, 56.2 nm, 21.0 nm, 23.3 nm, 11.3 nm,
and 32.8 nm for Ni, Cu, 3-Mo,C, «-Fe, <y-iron,
and Fe;C, respectively. Raman results prove that
the graphitization activity of these four metals is in
the order of Cu<Mo <Ni<Fe. Metal properties
such as catalytic activity, carbon solubility, and ten-
dency of metal carbide formation were related to the
graphene-based structure formation during catalytic
graphitization of kraft lignin process.

Keywords Kraft lignin - Catalytic graphitization -
Transitional metals - Multi-layer graphene- encapsulated
metal nanoparticles - Graphene sheets/flakes
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Introduction

Lignin is a low value by-product from wood pulping
industries. Worldwide, approximately 50—70 and 2 mil-
lion metric tons/year of kraft lignin and lignosulfonates
are produced on an annual basis (Aro and Fatehi 2017).
Lignosulfonates have a wide variety of applications;
lignosulfonates are used to disperse pesticides, dyes,
and carbon black; and lignosulfonates are also used as
plasticizers in making concrete and as feedstock to make
fine chemicals; however, the majority of kraft lignin is
being used as a low-grade fuel for the kraft pulping
process operation (Doherty et al. 2011). Researchers have
tried to find better uses of kraft lignin, lignosulfonates,
and other industrial lignins in past decades. Carbon con-
tributes approximately 60% mass of lignin; therefore,
lignin has been used as carbon precursor to produce
templated carbons (Ruiz-Rosas et al. 2014), carbon fibers
(Otani et al. 1969), and activated carbon (Suhas et al.
2007). Graphene materials have been synthesized from
thermal treatment of a mixture of lignosulfonate and iron
nanoparticles (Mun et al. 2013), where amorphous car-
bon from lignin was catalytically converted to ordered
graphite structures over iron particles. Catalytic graphiti-
zation of solid carbon has been studied for several de-
cades (Oya and Otani 1979). Two mechanisms have been
proposed for the formation of graphite from solid carbon
substrates over metal catalysts: (1) The first possible
mechanism is dissolution-precipitation process
(Derbyshire et al. 1975; Weisweiler et al. 1971): at certain
temperature, the disorder carbons tend to diffuse and
dissolve into metal and/or metal carbide, and a saturated
carbon solubility is reached under an equilibrium situa-
tion. With decreasing temperature, the metal saturated
with the disordered carbon will be supersaturated with
carbon. Consequently, carbon precipitates in the form of
graphite crystals since graphite is highly ordered carbon
with the lowest Gibbs free energy; (2) The second mech-
anism is metal carbide formation and decomposition
process (Oya and Otani 1979; Derbyshire et al. 1975;
Weisweiler et al. 1971): a metal may first react with
amorphous carbon to form metal carbides which can
decompose to metal and graphite. Based on catalytic
graphitization mechanisms, it is reasonable to classify
the reactivity of the transition metals with carbon into
three groups: (i) metals have very low carbon solubility;
(ii) metals can dissolve a significant carbon; (iii) metals
may form strong chemical bonds with carbon to result in
the metal carbides.

@ Springer

Transition metals are widely used as active compo-
nents for carbonization/graphitization carbon sources to
produce nano-structural carbons like graphene, carbon
nanotubes, and carbon nanofibers (Wang et al. 2017,
Oya and Marsh 1982; Bacsa et al. 2015) The product
structures may be affected by the active phase and
reaction conditions. Researchers have reported previ-
ously on catalytic graphitization of solid carbon re-
sources (Oya and Otani 1979; Weisweiler et al. 1971;
Yokokawa et al. 1966; Ishikawa and Yoshizawa 1963;
Kakunuri et al. 2016; Maldonado-Hoédar et al. 2000;
Demir et al. 2015; Wang et al. 2016). Oya et al. studied
the catalytic graphitization of 3,5-dimethylphenol-form-
aldehyde (3,5-DMPF) and phenol formaldehyde car-
bons over 22 metallic catalysts at 2600 °C for 1 h and
3000 °C for 10 min under argon atmosphere (Oya and
Otani 1979). Weisweiler et al. studied the graphitization
of monolithic glass-like carbon as catalyzed by molten
metals (Weisweiler et al. 1971). Yokokawa et al. inves-
tigated the catalytic graphitization of divinyl benzene
polymer, furfuryl alcohol, or furfural between 1400 and
2300 °C with an addition of 5 wt% transitional metallic
compounds of Cu, Ni, Co, Mn, Al, Ag, Zn, and Sn
(Yokokawa et al. 1966). Ishikawa and Yoshizawa ex-
amined the effects of metallic compounds on graphiti-
zation of coke at temperatures between 2000 and
2500 °C (Ishikawa and Yoshizawa 1963). Kakunuri
et al. reported the catalytic graphitization of resorcinol-
formaldehyde (RF) xerogel at different temperatures
ranging from 900 to 1800 °C (Kakunuri et al. 2016).
Maldonado-Hodar et al. first prepared aerogels from
polymerization of resorcinol with formaldehyde, then
catalytic graphitization of these aerogels with Cr-, Fe-,
Co-, and Ni metals at temperatures between 500 and
1800 °C (Maldonado-Hodar et al. 2000). Demir et al.
produced graphitic porous carbon from lignin using a
two-step process: lignin is first hydrothermal carbonized
at 300 °C and 1500 psi to produce biochar, which is then
graphitized using a metal nitrate (iron, cobalt, and man-
ganese nitrates) catalysts at 900—1100 °C in an inert gas
at 15 psi (Demir et al. 2015). Wang et al. examined the
catalytic graphitization mechanism of coal-based carbon
materials with light rare earth elements using X-ray
diffraction, scanning electron microscopy, energy-
dispersive X-ray spectroscopy, selected-area electron
diffraction, and high-resolution transmission electron
microscopy (Wang et al. 2016). Our previous work
examined catalytic graphitization of kraft lignin using
iron catalyst at 1000 °C in argon, hydrogen, CO,,
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methane, and natural gas atmospheres; experimental
results showed that methane and natural gas accelerated
the formation of multi-layer graphene materials, and an
etching effect was observed for hydrogen and carbon
dioxide, while multi-layer graphene-encapsulated iron
nanoparticles were the main products in the case of
argon (Yan et al. 2018).

In this work, a catalytic graphitization process of
kraft lignin is proposed to produce graphene-based
nano-materials over metal catalysts; four transitional
metals, i.e., Fe, Ni, Mo, and Cu, are selected as the
catalyst active components. The effect of transition
metals Cu, Ni, Mo, and Fe on catalytic graphitization
of kraft lignin to graphene materials is investigated. In
the present study, the role of transition metals (Fe, Ni,
Mo, and Cu) in the catalytic growth of graphene from
kraft lignin is investigated through an experimental
approach.

Experimental
Chemicals and materials

Copper nitrate tetrahydrate (Cu(NOs3),-4H,0), nickel
nitrate hexahydrate (Ni(NOs),'6H,0), ammonium mo-
lybdate tetrahydrate (NH4)sMo0-0,44H,0), iron(III)
nitrate nonahydrate (Fe(NO5;)3'9H,0), and tetrahydro-
furan were purchased from Sigma-Aldrich, and kraft
lignin was provided by Domtar Corporation.

The promotion of metal ions on the kraft lignin

The metal-kraft lignin precursors were prepared by the
co-precipitation method as follows:

For the preparation of copper-promoted lignin: 100 g
of kraft lignin was first added to 100 mL tetrahydrofuran
in a 200-mL glass beaker and stirred for 2 h. Also, 42.7 g
of copper nitrate tetrahydrate were added to 50 mL DI
water in a 500-mL glass beaker and stirred for 30 mins.
Following that, copper nitrate solution drop-like
(~2 mL/min) was added to kraft lignin solution with
continuous stirring for 2 h. The mixture was kept at
room temperature for 24 h, and then transferred to an
oven where it was dried at 110 °C for 24 h.

For the preparation of nickel-promoted lignin: 100 g
of kraft lignin was first added to 100 mL tetrahydrofuran
in a 2000-mL glass beaker and stirred for 2 h. Similarly,
56.2 g of nickel nitrate hexahydrate were added to

50 mL DI water in a 500-mL glass beaker and stirred
for 30 mins. Following that, nickel nitrate solution drop-
like was added to kraft lignin solution and stirred con-
tinuously for 2 h. The mixture was kept at room tem-
perature for 24 h, and then transferred to an oven where
it was dried at 110 °C for 24 h.

For the preparation of molybdenum promoted lignin:
100 g of kraft lignin was first added to 100 mL tetrahy-
drofuran in a 2000-mL glass beaker and stirred for 2 h.
Similarly, 46.4 g of ammonium molybdate tetrahydrate
were added to 100 mL DI water in a 500-mL glass
beaker and stirred for 30 mins. Following that, ammo-
nium molybdate solution drop-like was added to kraft
lignin solution and stirred for 2 h. The mixture was kept
at room temperature for 24 h, and then transferred to an
oven where it was dried at 110 °C for 24 h.

For the preparation of iron promoted lignin: 300 g of
kraft lignin was first added to 300 mL tetrahydrofuran in
a 2000-mL glass beaker and stirred for 2 h. Also, 246 g
of iron (IIT) nitrate nonahydrate is added to 100 mL DI
water in a 500-mL glass beaker and stirred until it is
dissolved completely. Following that, the iron nitrate
solution drop-like was added to kraft lignin solution
and stirred for 2 h. The mixture was kept at room
temperature for 24 h, and then transferred to an oven
where it was dried at 110 °C for 24 h.

Thermogravimetric analysis experiments

Thermogravimetric analysis of the samples was carried
out in a thermogravimetric analysis (TGA) (Shimadzu
TGA-50H) through isothermal analyses. The system
was capable of quantitatively measuring the change in
mass of a sample as a function of temperature up to
1500 °C. The change in mass was then related to the
changes taking place in the sample during decomposi-
tion. For each sample prepared, argon (99.99% purity,
50 ml/min) flowed through the TGA at 50 mL/min as
the temperature was ramped at 10 °C/min. Each sample
was tested for at least three replicates.

Temperature-programmed decomposition

Temperature-programmed decomposition (TPD) exper-
iments involved heating the sample in an argon purging
gas (20 mL/min) at a programmed heating rate to induce
thermal decomposition of metal-promoted samples.
TPD experiments were carried out using an Autochem
2920. One gram (1 g) of the sample was used in each
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run. Volatile species from the TPD process were mea-
sured with an on-line residue gas analyzer (RGA).

Graphene-based structures formation by thermal
treatment of metal-lignin samples

Fifteen grams (15 g) of the metal-promoted kraft lignin
samples were each packed in the middle of a 1-in. OD
ceramic tubular reactor. The carrier gas argon (99.99%
purity) was first introduced into the reactor at a flow rate
of 80 mL/min for 30 min. The reactor was heated at a
rate of 10 °C/min to 1000 °C and kept at 1000 °C for 1 h.
The furnace was cooled down by 10 °C/min to room
temperature under an argon flow. The product stream
from the reactor passed through a gas-liquid separator,
where the temperature was held at 0 °C. Liquid products
were collected from the cold condenser. The gas phase
product from the condenser was gathered by a gas tank
and analyzed using an Agilent 6890 gas chromatograph
(GO).

The selectivity of solid residue product was calculat-
ed by

X% — (%) X 100% (2.1)

where A was the weight of the solid residue after cata-
lytic thermal treatment, and B was the weight of metal-
promoted kraft lignin sample before thermal treatment.

The solid carbon selectivity was measured by TGA.
Twenty milligrams of the solid residue (20 mg) gathered
after catalytic thermal treatment was put on a ceramic
sample pan for TPO analysis in a Shimadzu TGA-50H
instrument. By heating the sample in high air flow of air
(100 ml/min) from room temperature to 800 °C with
10 °C/min, the weight change was recorded as related to
carbon burning. The selectivity of solid carbon product
was calculated by

Y% = X%(C/D) (22)

where C was the weight loss of the solid residue after
TGA, and D was the weight of solid residue sample
before TGA.

Characterization
X-ray powder diffraction (XRD) patterns of the

samples were obtained using a Rigaku Ultima III
X-ray Diffraction System operated at 40 kV and
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44 mA using Cu-Ko radiation with a wavelength
of 1.5406 A, from 20° to 80° at a scan rate of 0
02°s™'. The Jade powder diffraction analysis soft-
ware from Materials Data, Inc. was used for both
qualitative and quantitative analysis of polycrystal-
line powder materials. The morphology of the
samples was investigated with a scanning electron
microscope (SEM). All samples were pre-coated
with 10 nm Pt before being introduced into the
vacuum chamber. The system was operated with
accelerating voltage of 10 kV. The sample particle
sizes were examined with a JEOL JEM-100CX II
transmission electron microscope (TEM) operated
at accelerating voltage of 200 kV. All samples
were sonicated in ethanol solution for 1 min be-
fore transferred to copper grids. Raman spectros-
copy measurements were carried out using a Jobin-
Yvon microspectrometer equipped with an excita-
tion laser source emitting at 514 nm and an inci-
dent power around 1 mW on a thin surface. Twen-
ty spectra were collected for each sample.

Results and discussion
TGA

Figure 1 shows the TG and DTG curves of the raw kraft
lignin and the metal-kraft lignin samples. As shown in
the TG/DTG curves, the thermal degradation of kraft
lignin proceeded over a wide temperature range (150—
1000 °C) (Fig. 1a). From 30 to 140 °C, almost 6.3% of
the sample weight was lost, and mainly attributed to the
evaporation of free water in the sample. The differential
thermogravimetric (DTG) curve shows that between
150 and 534 °C there was a single maximum occurring
at 436 °C, indicating of lignin decomposition. Weight
loss in the range of 150-534 °C was about 46%, while
weight loss between 534 and 1000 °C was 11.3%.

There are three significant mass loss steps shown in
Fig. 1b (Cu-lignin sample). The first and highest mass
loss of the copper-promoted lignin occurred in the tem-
perature range from 71 to 385 °C with a peak tempera-
ture of 279 °C. There is about 33.5% mass loss in this
step. The second loss of mass is found around 385 to
700 °C. The mass loss in this zone is 10%. After 700 °C
until 1000 °C, the mass decreases gradually.

TG/DTG curves of Ni-lignin sample are plotted in
Fig. lc. As shown, the catalytic decomposition process
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Fig. 1 TG and DTG curves of the raw kraft lignin and the metal-
kraft lignin samples heated at a rate of 10 °C/min in argon

could be divided into four stages: (1) The first mass loss
peak at 144 °C, which is attributed by water evapora-
tion, (2) the second mass loss is centered at 220 °C, it is
due to the decomposition of nickel nitrate and side chain
structures de-polymerization, (3) the third mass loss

atmosphere: a raw kraft lignin, b Cu-lignin, ¢ Ni-lignin, d Mo-
lignin, and e Fe-lignin

stage is peaked at 320 °C, and (4) the fourth mass loss
is between 600 and 1000 °C. Nickel has been known to
be one of the efficient catalysts for the graphitization of
amorphous carbons (Suhas et al. 2007; Yudasaka et al.
1997).

@ Springer
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For lignin promoted by ammonium heptamolybdate,
continuous gradual weight loss between 130 and 320 °C
corresponds to the decomposition of ammonium
heptamolybdate (Fig. 1d). At around 320-385 °C, the
shoulder peak is attributed to the partial reduction of
Mo** in ammonium heptamolybdate. The DTG curve of
Fig. 1d shows that there is a mass loss peak at 430 °C.
From 585 to 730 °C, around 4.38% of the mass loss
corresponds to the reduction of Mo oxides to metallic
Mo. The sharp peak at 880 °C is attributed to the
formation of Mo,C and lignin char is catalytic graphiti-
zation by molybdenum carbide.

The TG and DTG curves for the Fe-lignin sample are
shown in Fig. le. There are four possible steps. The
initial mass loss occurs between 50 and 160 °C with a
tiny peak temperature of 112.5 °C. The second mass loss
is observed around 160 to 317 °C. The maximum mass
loss peak was centered at 237.5 °C. Figure le shows the
mass loss of this stage was 13.71%. The maximum mass
loss rate is 0.209%/°C at this point. The most mass loss
occurs between 317 to 588 °C corresponding to the
decomposition of kraft lignin char from the second
stage. The peak temperature of the third stage is
382.5 °C with a mass loss rate of 0.096%/°C. The mass
loss of this stage is 21.33%. The last mass loss stage is
characterized with a further carbonization and graphiti-
zation process of the char residues in a wide temperature
zone of 588 to 1000 °C. In this zone, mass loss is mainly
attributed to the decomposition of phenols, quinine,
ether, and C-H groups, which gives out CO and H, as
the main products. The peak temperature of this stage is
710 °C with a mass loss rate of 0.0.056%/°C. The mass
loss of the catalytic carbonization/graphitization stage is
13.32%.

TPD-MS

Figure 2a shows the evolution curves of some of the
main gaseous products (CO,, CO, CHy, H,S, and
H,) from decomposition of the kraft lignin. The
release of CO, and CO at the lower temperature
range below 500 °C was mainly a result of the
cracking and reforming of carboxyl, carbonyl, and
ether groups in the phenylpropane side chains. Both
gases were initially released from kraft lignin at
lower temperatures. The evolution of CO, started
at approximately 350 °C, increased with increasing
temperature, and reached a maximum at 400 °C for
kraft lignin. Compared with CO,, CO evolution is
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detected over a wider temperature range of 300—
700 °C, with a formation peak at 500 °C. The
formation of the carbon monoxide at high tempera-
ture range (450-700 °C) was probably caused by the
breaking of diaryl ether groups and secondary py-
rolysis of volatiles. The CO releasing peak at 700 °C
was attributed to the break of diaryl ether linkages.
The formation of methane below 550 °C was mainly
caused by the fragmentation of the side chains.
Demethylation of the methoxy groups could also
contribute to methane formation in this temperature
range, especially above about 400 °C. The second
maximum of methane could be attributed to the
breaking of aromatic rings.

Figure 2b shows the trends of the volatile gas
species during temperature-programmed thermal
treatment of the copper-promoted lignin sample.
TPD curves were different from those of the raw
lignin. A significant amount of gases like CO,, CO,
CHy4, and NO, were released in the temperature zone
of 85-300 °C. This implied that copper ions pro-
moted the de-polymerization of lignin. NO, peak
was observed from 102 to 250 °C with a maximum
at 160 °C. It meant the decomposition of copper
nitrate occurred in this temperature range. In the
prepared Cu-lignin precursor, Cu ions were combin-
ing with oxygen-containing functional groups like
carboxyl, carbonyl, ester, or hydroxyl. Under ther-
mal treatment process, copper nitrate decomposed
and produced copper oxide, nitrogen dioxide, and
oxygen (2 Cu(NO;3), =2 CuO+4 NO, +0O,). Cop-
per ions and copper oxides trapped in the lignin
matrix were reduced by CO, H,, and the functional
groups of the lignin, especially those of aliphatic
side branches (for example -CH,OH). Simultaneous-
ly, lignin was deconstructed, released volatile gas
(i.e., CO,, CO, H,0, CHy), and form solid char after
the first stage (CuO + lignin — Char + Cu+ CO, +
CO + H,O + CHy). After the first stage of catalytic
de-polymerization (85-300 °C), metal copper parti-
cles were trapped in the solid char structure (Leng
et al. 2017); with increased heating temperature, the
reduced metallic copper nanoparticles served as the
catalyst to carbonize char to carbon and gases
(Char — Carbon + CO, + CO + H,O + CHy,).

Figure 2c shows the trends of vent gas species
(CO,, CO, CHy, NO,, and H,) during temperature-
programmed thermal treatment of the nickel-doped
lignin sample. Like the Cu-lignin sample, TPD curves
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the temperature-programmed thermal treatment of kraft lignin and
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of Ni-lignin were also different compared to those of
the kraft lignin. NO, was observed to appear from
138 °C with a maximum at 199.5 °C. Nickel(II) nitrate
was thermally decomposed to produce nickel(Il) oxide,
nitric oxide, and oxygen (2Ni(NOs3), — 2NiO +
4NO; + O,). Then CO,, CO, and CH, were released
in the temperature zone of 185-300 °C. This implied
that the de-polymerization of lignin is associated with
the promotion of nickel. The release of CO,, CO, and
CH, at the lower temperature range was mainly a
result of the cracking and reforming of carboxyl, car-
bonyl, and ether groups in the phenylpropane side
chains. The evolution of CO, began at approximately
185 °C, increased with increasing of temperature, and
reached a maximum at 215 °C. Compared with CO,,
CO evolution was detected over a similar temperature
range of 185-280 °C, with a maximum at about
218 °C. The formation of carbon monoxide at this
temperature range was probably caused by the break-
ing of diaryl ether groups in kraft lignin. There was a
small methane evolution peak between the temperature
of 185 and 255 °C, and it was mainly caused by the
fragmentation of the side chains. In the second stage,
the formed char was catalytic carbonized to carbon
from 300 to 1000 °C. The strong CO peak of
555 °C was assigned to ether decomposition. This
implied that nickel ions promoted the hydrolysis of
the ether. The weak intensity CO, peak at 490 °C was
assigned to the carbothermal reduction of nickel oxide.
Hydrogen evolution was observed when the tempera-
ture was above 490 °C; it was assigned to cracking of
—CHy(x=1-3) groups promoted by nickel metal. In
the present work, nickel oxide dissolved in the lignin
matrix was first reduced by H,, CO, and surface
functional groups of the lignin, then the reduced me-
tallic nickel reacted with amorphous carbon to form
carbon-encapsulated nickel nanoparticles (NiO + active
functional groups — Ni+ CO, + CO + H,0).

Figure 2d shows the mass spectroscopy of the
vent gas during the thermal decomposition of Mo-
lignin sample. Hydrogen, methane, ammonia, car-
bon monoxide, hydrogen sulfide, and carbon diox-
ide were measured during TPD process. The TPD
results showed that the decomposition reaction
proceeded in several stages over the temperature
range studied.

Theoretically, the (NH4)sM070,4-4H,0 in the Mo-lignin
sample would first decompose gradually into MoOs. As
Biedunkiewicz et al. proposed, there were four stages for
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the thermal decomposition of (NH4)sMo0,0,4-4H,0
(precursor) in argon (Biedunkiewicz et al. 2014), i.e.,

Stage 1 (NH4)gM0;044 — (NH,)sMo07043H,0 +
2NH; + 4H,0.

Stage Il (NH4)4M07,0,3H,0 —
(NH4);M070,,.5H,0 + NH; + 0.5H,0.

Stage 111 (NH4)3M07022.5H20 g
(NH4)Mo,0,; 5+ 2NH;3 + 2H,0.

And stage IV and stage V (NH4)Mo0,0;,; 5 —
7MOO3 + NH3 + 05H20

In these stages, NH3 were formed and released with
increase of the heating temperature from 120 to 320 °C.
There was a CO, formation peak between 220 and 350 °C,
and it was suggested that ammonium molybdate was
progressively variable in the decomposition process with
the existence lignin, i.e., partial ammonium molybdate was
reduced to MoO, during decomposition process by carbon
active phase (C*) in lignin through the possible reaction:

(NH4)M07044 - 4H,0 + C*—MoO, + NH; + CO,

+ H,O

The most significant CO, formation was observed
between 350 and 790 °C, and this might be due to the
gradual reduction of molybdenum oxides to metallic Mo
by carbon active species (C*) and/or the formed CO
through the following possible reactions:

2MoO; + C* — 2Mo0, + CO,
MoO; + C*—Mo0, + CO

MoOs; + CO — MoO, + CO,
MoO, +2C* —Mo + 2CO,
MoO, +2CO —Mo + 2CO,

The formation peaks of CO, H,S and CH, between 350
and 500 °C were produced by the decomposition of kraft
lignin through the reaction of CxHyOz — CO + CO, + CH,.
The major CO peak from 550 to 750 °C was attributed to the
carbothermal reduction of MoO, in the lignin char matrix.

MoO, + 2C*—Mo + 2CO

Then, the reduced molybdenum further reacts with
carbon active species to form Mo2C.

2Mo + C*—>Mo,C

The major CO and CO, peaks at 950 °C were attrib-
uted to the catalytic carbonization of lignin char by


https://4)3Mo7O22.5H
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Mo,C. Hydrogen was generated by the cracking of CH,
(x=1~3) groups bonded in the lignin char structures
and it was noticed there were two maxima of hydrogen
evolution peaks, the first one was between 490 and
860 °C with a peak temperature at 750 °C, and it was
assigned to the thermal decomposition of C-H bonds in
lignin char; the second one was observed in the range of
860-1000 °C, centered at 950 °C, and it was attributed
to the catalytic graphitization of lignin char by molyb-
denum carbide.

Figure 2e shows the trend of vent gas species during
TPD of the iron promoted lignin sample. NO, was first
observed to form between 160 and 250 °C. Iron nitrate
was thermally decomposed to iron(Ill) oxide, nitric
oxide, and oxygen (Melnikov et al. 2014).

4 Fe(NO3)3-9H20—>36H20 + 2Fe, 05 + 12NO,
+ 30,

Gases like CHy, CO, and CO, were detected during
the thermal process. The surface functionalities chemi-
cally bound to the lignin decomposed upon heating and
released gaseous compounds at different temperatures.
Sharp peaks corresponding to CO,, CO, and CH4 were
observed at ~237 °C. Of these gaseous species, more
than 95% were COs,.

Both CO, and CO evolution were detected over a
wider temperature range of 400-1000 °C, with two
peaks at about 630 and 900 °C for the Fe-kraft lignin
sample. The formation of the carbon monoxide at the
temperature range (450-700 °C) was probably caused
by the breaking of diaryl ether groups and secondary
pyrolysis of volatiles. The largest release of CO occurs
around 900 °C, and was attributed to the break of diaryl
ether linkages during catalytic graphitization process.

Effect of different metals on decomposition of kraft
lignin

Three phases were produced during the catalytic thermal
treatment of metal-promoted kraft lignin samples under
an argon atmosphere: gas/aerosol, liquid (tars, condens-
able vapors, etc.), and solid carbon (metal free). Table 1
showed the solid carbon residue yield after catalytic
thermal treatment. The yields of the solid carbon resi-
dues from kraft lignin with different transitional metals
were 31.3% for iron, 31.5% for nickel, 34.0% for cop-
per, and 30.1% for molybdenum, respectively. Thermal
decomposition of Cu-lignin under argon atmosphere

produced 19.2% liquid products, the greatest of which
was water, compared to 18.0%, 17.8%, and 17.3% of
Fe-, Mo-, and Ni-lignin, respectively. Table 1 demon-
strates that decomposition of Mo-lignin under argon
gives gaseous phase yield of 52.6%, (the highest) com-
pared to 51.2%, 50.7%, and 46.8% of Ni-, Fe-, and Cu-
lignin, respectively.

Characterization
Solid product-specific surface area

Table 2 lists the Brunauer-Emmett-Teller (BET) surface
area (S,) of carbon-based nano-materials from kraft
lignin promoted with iron nitrate (Fe-), nickel nitrate
(Ni-), copper nitrate (Cu-) ,and ammonium molybdate
(Mo-) after thermal treatment at 1000 °C. It was found
that the physicochemical properties of the products were
different depending upon the promoting metals. The
BET surface area of the solid samples obtained from
different metal precursors were in the range of 88—
115 m*/g with the order of Ni- > Fe->Mo- > Cu-. The
product samples prepared from iron nitrate and nickel
nitrate had higher surface area than the molybdenum
and copper samples. This was because nickel and iron
metal had higher activity with the cracking of C-H, C-O,
and other bonding in biomass resources.

XRD

Figure 3 shows the XRD patterns of the samples from
kraft lignin promoted with different transitional metals.
Figure 3a is XRD of the thermal-treated Cu-lignin sam-
ple. The strong intensity diffraction peaks at 43.24°,
50.38°, and 74.03° were assigned to the (111), (200),
and (220) planes of face-centered cubic (fcc) Cu crys-
tals, respectively. The sizes of the copper nanoparticles

Table 1 Effects of transitional metals on graphene nanomaterial
production at the temperature of 1000 °C for 1 h

Metal-kraft Solid carbon Liquid Gas
lignin (Wt%) (Wt%) (Wt%)
precursors

Fe- 313 18 50.7
Ni- 315 17.3 51.2
Cu- 34.0 19.2 46.8
Mo- 30.1 17.8 52.6

@ Springer
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Table 2 BET surface

area (S,) of carbon-based Sample Sy (m’ gil)
nano-materials from
kraft lignin Fe- 108

Ni- 115

Cu- 88

Mo- 93

were estimated using the Scherrer equation and the
average diameter of the particles was 56.2 nm (Table 3).

Figure 3b shows XRD pattern of the heat-treated Ni-
lignin sample. The peaks observed at 20 of 44.5°, 51.8°,
and 76.4° were characteristic of face-centered cubic
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(fce)nickel phase, corresponding to (111), (200), and
(220) planes, and these peaks indicated that the Ni had
a polycrystalline structure.

The XRD pattern of the Mo-lignin sample is plotted
in Fig. 3c. The diffraction peaks located at 34 3° (100),
39.6° (101), 37.8° (002), 52.3° (102), 34.4° (100), 61.5°
(110), 69.8° (103), and 74.5° (112) were assigned to {3-
Mo2C phase (PDF 35-0787). Additionally, the average
crystallite size determined by (101) peak using Scherrer
formula, was 21.0 nm (Table 3).

The XRD pattern of the Fe-Lignin sample
(Fig. 3d) showed three peaks at 43.50°, 50.64°,
and 74.36° that corresponded to the y-iron (111),
(2 00), and (2 2 0) planes (PDF#98-000-0258). The
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Fig.3 XRD patterns of the samples prepared with Cu (a), Ni (b), Mo (c), and Fe (d) after heat treatment at 1000 °C under an argon flow for

lh
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Table 3 Particle size of different metals

Metal Average particle size (nm)
Ni 52.4
Cu 56.2
Mo 21.0
Fe v-Fe 9.8
«-Fe 18.5
FesC 19.7

peaks 37.75°, 40.7°, 42.6°, 43.75°, 44.56°, 44.94°,
45.86°, 49.12°, and 57.8° were assigned to cement-
ite (Fe3C) with correspondence planes of (1 2 1), (2
10),201),211),(102),(220),(031),(112),
and (2 2 1), respectively (PDF#00-035-0772). There
was a peak at 26.55° which corresponded to graphite
(002) (PDF#00-056-0160) plane for all samples,
meaning the graphene structure was formed from
kraft lignin after thermal treated at 1000 °C.

The mean particle size, L, was calculated for the most
intense diffraction peaks of each metal using the
Scherrer formula (Patterson 1939). The results are
shown in Table 3. Average particle sizes of these crystal
phases calculated using the Scherrer formula are
52.4 nm, 56.2 nm, 21.0 nm, 18.5 nm, 9.8 nm, and
19.7 nm for Ni, Cu, 3-Mo,C, «-Fe, y-iron, and Fe;C,
respectively.

Raman

The Raman spectra can identify the presence of graphite
and disordered amorphous carbon in the samples. Fig-
ure 4 shows Raman spectra of the thermal-treated sam-
ples from kraft lignin promoted with different transition-
al metals. In all the as-obtained samples, two strong
resonant peaks were observed, D band near 1354 cm’ !
and G band near 1583 cm '. The band around
1354 cm™!' (D band) was associated with the disorder-
induced scattering produced by imperfections or loss of
hexagonal symmetry in the carbon structure. This band
does not appear in perfect graphite crystals. Therefore,
this band has been used to evaluate the degree of imper-
fection or crystallinity of graphite. On the contrary, the
band around 1583 cm ™' (G band) is always observed in
all graphite materials. A 2D band at ~2706 cm ™', as well
as a weak D+ G peak at ~2920 cm |, was also ob-
served. D to G band intensity ratio (Ip/Ig) is an impor-
tant parameter for determining the defect density in
graphene films. The D, G, and 2D peaks were fitted
with Lorentz functions. The I/l ratio was calculated
using the height of the D and G peak intensities. The
crystalline size along the a-axis (L,) was calculated
using the Cangado equation (Pimenta et al. 2007). The
Ip/lg values of the samples prepared from kraft lignin
with different transitional metals are listed in Table 4.
The Ip/l; values of the prepared samples were 1.50,
1.46, 1.39, and 1.29 for Cu-, Mo-, Ni-, and Fe- catalyzed

Fig. 4 Raman spectra for
different metal catalysts
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Table 4 Fitting results of different metal catalyst

Metal Inlls (In+G)2D L, (nm)
Cu 1.5 0.53 12.78
Mo 1.46 0.46 13.19
Ni 1.39 0.46 13.81
Fe 1.29 0.4 14.87

kraft lignin samples, respectively. The graphitization
degree of these four samples was in the order of Cu- <

Mo- < Ni- < Fe-; therefore, the graphitization activity
was increasing in the order of Cu<Mo <Ni<Fe. An
in-plane size of the graphite crystals (L,) in nanometers,
was estimated by a ratio of the intensity of the D and G
bands, Ig/Ip, using an equation, La~4.4(/g/Ip). The
values of L, of the samples were given in 0. All four
samples demonstrated a similar graphene crystal size of
13—15 nm.

SEM

Figure 5a, b shows SEM images of copper-promoted
kraft lignin samples dried at 105 °C (a) and thermal
treated at 1000 °C under an argon flow for 1 h (b). As
shown in Fig. 5a, the surface of the calcined sample is
smooth and clean. The surface morphologies of the
thermal-treated copper kraft lignin sample (Fig. 5b)
were different than the dried sample. The most obvious
feature observed was formation of nanoparticles over
the surface of the thermal-treated sample, where parti-
cles diameters ranged from 5 to 10 nm. More micro-
pores and micro-channels were also observed on the
surface of the thermal-treated sample.

The dried Ni-lignin sample was made of amorphous
structures in different sizes (Fig. Sc, d) and Fig. 5d
shows the morphology of thermal-treated nickel-lignin.
The SEM image of the product in Fig. 5d shows that the
shape and size of particles are quite different from the
dried precursor; spherical particles were seen over the
decomposed sample. The image (Fig. 5d) also shows
nano-flakes uniformly distributed on the surface of the
decomposed sample with sizes between 30 and 70 nm.

Figure Se, f shows SEM images of Mo-kraft lignin
samples dried at 105 °C (e) and thermal treated at
1000 °C (f). As shown in Fig. Se, the surface of the
dried sample was smooth and clean. The morphologies
of the decomposed Mo-kraft lignin sample (Fig. 5f)
were different than the dried sample. It was observed

@ Springer

that the sample was composed of nanoparticles. These
particles had sizes between 5 and 10 nm. XRD result
(Fig. 3c) proves these nanoparticles were molybdenum
carbide.

Figure 5g, h shows SEM images of Fe-kraft lignin
samples dried at 105 °C (g) and thermal treated at
1000 °C (h). As shown in Fig. 5g, the surface of the
dried sample is filled with porous nanoparticles. These
nanoparticles had sizes ranges 2—-8 nm. The
decomposed Fe-kraft lignin sample (Fig. Sh) was com-
posed of nanoparticles. Spherically shaped particles
with a uniform particle size were observed for the prod-
uct. These particles had sizes between 5 and 10 nm.
XRD result (Fig. 3d) proved these nanoparticles were
composed of «-Fe, y-Fe, iron carbide, and graphene.

HRTEM

The morphology and structure of the decomposed sam-
ples were characterized using HRTEM and images are
illustrated in Fig. 6. Figure 6a—d shows HRTEM images
of the thermal-treated Cu-lignin sample which consisted
of Cu@C core/shell nanoparticles (Fig. 6b). The nano-
particles had spherical shape, dark cores that were
enclosed by light shells (Fig. 6b, c). Most of these
carbon-encapsulated nanoparticles had core diameters
about 5—10 nm and the outer shell was composed of 1-3
layers of graphene structure.

Figure 6e—h shows HRTEM images of the thermal-
treated nickel-lignin sample. This sample was composed
of nanoparticles and film-like porous material (Fig. 6e—
h). HRTEM images showed two types of nanoparticles:
the majority nanoparticles had a narrow particle size
distribution in a range from 2 to 5 nm and were encap-
sulated with 1-3 layers of graphene. There were also
some nanoparticles with quasi-spherical shape and dark
cores enveloped by 5-20 layers of concentric graphene
shells (Fig. 6f). The diameters of these nanoparticles
ranged from 10 to 20 nm.

Figure 6i-1 show HRTEM images of the thermal-
treated Mo-lignin sample. It was found that Mo,C nano-
particles with sizes ranging from 5 to 15 nm were
encapsulated in 1-15 layers of graphene structure.
Figure 6k shows the HRTEM image of 3-Mo,C with
the d-spacing values of 0.221 nm for the (101) crystal-
lographic planes and there were 1-3 layers of graphene
over (101) plane. Figure 61 shows the HRTEM image of
[3-Mo,C with the d-spacing values of 0.2595 nm for the
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Fig. 5 SEM images of the kraft
lignin samples prepared with Cu
(a, b), Ni (¢, d), Mo (e, f), and Fe
(g, h) after heat treatment at

1000 °C under an argon flow for
1h

(110) planes and there were more than 10 layers of
graphene over (101) plane.

Figure 6m—p displays TEM images of the catalytic
thermal-treated Fe-kraft lignin sample. Small and
uniformly distributed iron particles were clearly seen
in the sample. HRTEM images of the sample
showed the nanoparticles in the sample were core-
shell structure with diameter of the core nano-
spheres approximately 3—5 nm. The carbon shells
exhibited ordered planes of the graphene structure
which were observed.

Discussion

Comparison of present and previous results

Catalytic graphitization of kraft lignin to nano-materials
was investigated over four transitional metal catalysts
(Ni, Cu, Fe, and Mo) through a catalytic thermal treat-
ment process. The results obtained in the present work
are summarized in Table 5. BET surface areas of sam-
ples obtained from different metal precursors were in the
range of 88115 m%/g within the order of Ni- > Fe->

@ Springer
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Fig. 6 HRTEM images of the kraft lignin samples prepared with
Cu (a—d), Ni (e-h), Mo (i-1), and Fe (m—p) after heat treatment at
1000 °C under an argon flow for 1 h
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Mo- > Cu-. Thermal gravimetric analysis (TGA) and
temperature-programmed decomposition (TPD) experi-
mental results show that adding transitional metals can
promote the decomposition and carbonization of kraft
lignin. The catalytic activity increased with an order of
Mo=Cu < Ni=Fe. XRD results show that face-centered
cubic (fcc) Cu crystals are formed in the thermal-treated
Cu-lignin sample, fcc nickel phase for the Ni-lignin
sample, 3-Mo,C hexagonal phase for the Mo-lignin
sample and «-Fe, y-iron, and cementite (Fe;C) for the
Fe-lignin sample. Average particle sizes of these crystal
phases calculated using the Scherrer formula are
52.4 nm, 56.2 nm, 21.0 nm, 18.5 nm, 9.8 nm, and
19.7 nm for Ni, Cu, 3-Mo,C, «-Fe, y-iron, and Fe;C,
respectively. Raman results prove that the graphitization
activity of these four metals is in the order of Cu < Mo <
Ni<Fe. Scanning electron microscopy (SEM) and
high-resolution transmission electron microscopy
(HRTEM) show that multi-layer graphene-encapsulated
metal nanoparticles are the main products, coinciding
with some graphene sheets/flakes from kraft lignin cat-
alyzed by transitional metals. It is concluded the cata-
lytic activity follows the order of Fe>Ni>Mo > Cu.
Previously notable works on catalytic graphitization of
solid carbon resources (Oya and Otani 1979; Weisweiler
et al. 1971; Kakunuri et al. 2016; Maldonado-Hodar
et al. 2000; Demir et al. 2015; Wang et al. 2016; Yan
et al. 2018; Yudasaka et al. 1997; Leng et al. 2017) are
listed in Table 6.

Oya et al. (Oya and Otani 1979) carried out the
catalytic thermal process to graphitize 3,5-
dimethylphenol-formaldehyde (3,5-DMPF) and phenol
formaldehyde carbons at 2600 °C for 1 h and 3000 °C
for 10 min under argon atmosphere. About 20 wt%
metal (Al, Cr, Mn, Fe, Co, Ni, Ca, Ti, V, Mo, and W)
was added for graphitizing 3,5-dimethylphenol-formal-
dehyde (3,5-DMPF) resin carbon powder. Two mecha-
nisms were proposed for the graphite formation: the
carbon dissolution-precipitation mechanism over Al,
Cr, Mn, Fe, Co, and Ni, and the carbide formation-
decomposition mechanism for Ca, Ti, V, Mo, and W.
Catalyst (10 wt%) was mixed with the non-graphitizing
phenol formaldehyde (PF) resin carbon. It was discov-
ered that only graphitic carbon formed over Mg, Si, Ca,
Cu, and Ge catalysts; while both graphitic and
turbostratic carbons were observed over Al, Ti, V, Cr,
Mn, Fe, Co, Ni, Mo, and W. Weisweiler et al. investi-
gated the graphitization of monolithic glass-like carbon
as catalyzed by molten metals (Weisweiler et al. 1971).
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Table 5 Characterization results

of the kraft lignin samples pre- Catalyst

Results

pared with Cu, Ni, Mo, and Fe
after heat treatment at 1000 °C
under an argon flow for 1 h

BET surface area (mz/g)
XRD

SEM
TEM

Raman

Summary

Ni- (115) > Fe-(108) > Mo- (93) > Cu- (88)

Cu: face-centered cubic (fcc) Cu phase

Ni: fce nickel phase

Mo: 3-Mo2C hexagonal phase

Fe: y-iron, cementite(Fe;C), and graphite phases

Nanoparticles formed for all the samples

Graphene-encapsulated metal particles formed for all the samples

Ip/lg values of the prepared samples are 1.50, 1.46, 1.39, and 1.29
for Cu-, Mo-, Ni-, and Fe- catalyzed kraft lignin samples

Catalytic performance: Fe>Ni>Mo > Cu

The heat treatment temperatures (HTT) were 100 to
200 °C higher than the melting points of the metals used
and the heating time was 5 min in all cases. It was
reported that catalysts such as Ni, Co, Fe, Pt, Mo, Cr,
and B were highly effective in catalyzing the graphiti-
zation. In the case of Mo, Cr, and B, the reaction might
take place via an intermediate formation of the carbide.
The mechanism of solution-precipitation was proposed
utilizing Ni, Co, Fe, Pt, Mo, Cr, and B metal catalysts.
Yokokawa et al. examined the catalytic graphitization of
divinyl benzene polymer, furfural alcohol, or furfural
using metallic catalysts including Cu, Ni, Co, Mn, Al,
Ag, Zn, and Sn (Yokokawa et al. 1966). The catalytic
graphitization was observed to start at temperatures
between 1400 and 1500 °C. X-ray diffraction (XRD)
results showed that high levels of graphite were obtain-
ed from solid carbon resources. Ishikawa and
Yoshizawa studied the effects of metallic compounds
on graphitization of coke at temperatures between 2000
and 2500 °C (Ishikawa and Yoshizawa 1963). Metallic
catalysts were added in a metallic state, along with
oxides or carbonates. Iron was the most active catalyst
on the process. Kakunuri et al. reported the catalytic
graphitization of resorcinol-formaldehyde (RF) xerogel
at temperatures ranging from 900 to 1800 °C (Kakunuri
et al. 2016). It was discovered that RF-derived carbon
xerogels could be graphitized at elevated temperature of
1200 °C in the presence of metal catalyst and no
graphene formed without catalyst even at temperature
as high as 2500 °C. Maldonado-Hdédar et al. first pre-
pared carbon aerogels from polymerization of resorcinol
with formaldehyde, then utilized catalytic graphitization
of these aerogels with Cr-, Fe-, Co-, and Ni metals at
temperatures between 500 and 1800 °C. The results

showed that carbon aerogels were macroporous mate-
rials that maintained large pore volumes even after
pyrolysis at 1800 °C. Cr and Fe were the best catalysts
for graphitization of carbon aerogels (Maldonado-Hodar
et al. 2000). Demir et al. produced graphitic porous
carbon from lignin using a two-step process: lignin was
first hydrothermal carbonized at 300 °C and 1500 psi to
produce biochar; lignin-derived char was then graphitized
using a metal nitrate (iron, cobalt, and manganese nitrates)
catalyst at 900—1100°. It was found that cobalt and man-
ganese were better graphitization catalysts than iron
(Demir et al. 2015). Wang et al. examined the catalytic
graphitization mechanism of coal-based carbon materials
with light rare earth elements (Wang et al. 2016). Two
different types of graphitization mechanism of light rare
earth elements were proposed to catalyze the carbon
materials: dissolution—precipitation and carbide forma-
tion-decomposition. It was observed light rare earth ele-
ments exerted significant influence on the microstructure
and thermal conductivity of graphite.

Properties affecting the catalytic ability of metals

Several possible mechanisms have been proposed for
conversion of solid carbon resources to graphite mate-
rial over transition metals through high temperature
treatment:

Dissolution-precipitation mechanism: the mixture of
solid carbon resources and transitional metal is first
thermal-treated at high temperature. The solid carbon
precursors will decompose and carbonized into disorder
carbons like char, while simultaneously metal precur-
sors are reduced to metallic particles or react with car-
bon to form metal carbides. The metal/carbide particles

@ Springer
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are uniformly distributed in the disorder carbon matrix.
Under the heating treatment temperature, the metal dis-
order carbons around metal particles tend to diffuse and
dissolve into metal and/or metal carbide. A saturated
carbon solubility of metal particles is reached after a
certain period of time and under certain temperature.
With temperature decrease, the metal saturated with
disordered carbon will be supersaturated with carbon.
Subsequently, carbon re-precipitates in the form of
graphite crystals to the free enthalpy difference between
the two forms of carbon, where graphite is the highly
ordered carbon with the lowest Gibbs free energy while
the disordered carbons have a higher activity.

Metal carbide formation-decomposition process: dur-
ing the thermal treatment process, metal can react with
the solid carbon precursors to form metal carbides. With
increased heating treatment temperature, metal carbides
can decompose to metal and graphite.

M + C—MC (carbide)—>M
+ Graphitizable carbon—M + graphite

The dissolution-precipitation mechanism is controlled
by the solubility of carbon in metal, while metal carbide
formation-decomposition mechanism is affected by the
formation of carbides and thermal stability of metal car-
bides. Considering the catalytic graphitization mecha-
nisms, several properties are identified to govern the
catalytic performance of metals, i.e., carbon solubility in
metal, strength of metal-carbon bond (M-C) to form
metal carbide, carbide thermal stability, and carbon con-
tent in carbides. The properties can usually be obtained
from the phase diagrams. Cu-C, Ni-C, Mo-C, and Fe-C
binary phases are researched in current work (ASM
International 1992). Data on carbon solubility can be
found from these binary phase diagrams. As far as the
data gathered by us were investigated, the relation be-
tween carbon solubility and the catalytic ability of the
metal was examined. The solubility of C in solid Cu is
very small, and according to the newest assessment of the
Cu—C equilibrium phase diagram, the maximum solubil-
ity of carbon in copper is about 0.0078 wt% at
1084.87 °C (Subramanian 1993). Nickel shows a signif-
icant carbon solubility, and in addition a high carbon
diffusivity (ASM International 1992), the maximum sol-
ubility of carbon in nickel is about 0.60 wt% at
1326.5 °C. Relatively high carbon solubility makes car-
bon diffuse and dissolve onto the bulk of nickel particles
during a standard growth; this catalyst allows one to grow

graphene layers an order of magnitude faster than copper.
Carbon is an interstitial impurity in Fe, and it can form a
solid solution with «, 'y, and & phases of iron. As liquid
iron cools past its freezing point of 1538 °C, it crystallizes
into its d allotrope, which has a body-centered cubic (bce)
crystal structure which has relatively small interstitial
positions; limited carbon atoms can be dissolved in bcc
5-Fe and the maximum solubility of C is 0.09 wt% at
1493 °C. As iron cools further to 1394 °C, it changes to
the y-iron allotrope, a face-centered cubic (fcc) crystal
structure (austenite); fcc structure has larger interstitial
positions where significant amounts of carbon dissolved
in fce iron to form a solid solution, and the maximum
solubility of C in austenite is 2.14 wt% at 1147 °C. At
912 °C and below, the iron crystal structure again be-
comes the bee o-iron allotrope (ferrite), where far fewer
carbon atoms can exist in the bec structure, and the
maximum solubility of C in ferrite is sharply dropped to
0.022 wt% at 727 °C.

According to the carbide formation-decomposition
mechanism, transitional metal carbides play their role
not only as the product but also as the intermediate
during catalytic graphitization of solid carbon resources.
In accordance with this mechanism, transitional metal
carbides are the connection of graphite and the metal,
and they are not only the products but also operate as the
intermediates. During the thermal treatment process,
metal can react with the solid carbon precursors to form
metal carbides, and graphite is then formed through the
decomposition of the metal carbides. From the phase
diagrams of Cu, Ni, Mo, and Fe (ASM International
1992), only Mo and Fe can form the stable metal car-
bides of the four transitional metals (Cu, Ni, Mo, and Fe)
studied in this work. Carbides could be both the prod-
ucts and the intermediates for the graphene formation
process. With increasing temperature, the carbide be-
comes unstable and then decomposes into graphite and
the metal. Three temperature zones were described for
iron carbide formation (Chesnokov and Buyanov 1987):
First, below 500 °C, the rate of iron carbide formation
was higher than the rate of its decomposition. In the
temperature between 500 and 725 °C, the rate of iron
carbide formation was initially higher than that of its
decomposition, but when the iron carbide phase was
starting to form, the ratio of corresponding rates
changed and iron carbide gradually transformed into
iron and graphite. When the temperature was above
725 °C, the rate of iron carbide decomposition was
higher than that of its formation; the metallic iron phase
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and graphite were stable. In current work, the heating
treatment temperature is 1000 °C, both iron and molyb-
denum carbides are formed as the products, and they
may also contribute to the formation of graphene around
nanoparticles under this temperature.

In summary, it is reasonable to classify the reactivity
the transition metals with carbon into three groups: (i)
metals having very low carbon solubility; (ii) metals
which can dissolve a significant carbon; (iii) metals
which may form strong chemical bonds with carbon
resulting in metal carbides. As a metal of category I,
copper is observed less effective to graphitize kraft
lignin. This is apparently due to very low solubility of
carbon failure to form a carbide, so that none of the two
mechanisms described are applicable for Cu. For metals
of category II (Ni and Fe), the mechanism of dissolving
carbon and re-precipitating it as graphite crystals is
reasonable. The solubility of carbon in these metals is
relative high. Both Mo and Fe can be classified as
category III elements. They can directly react with car-
bon to form stable carbide. However, graphite is not
formed through the carbide formation-decomposition
path since these carbides are highly stable under the
reaction conditions. In the case of Mo, molybdenum
carbide is first produced by a direct reaction of the metal
with carbonaceous species in lignin during thermal
treatment process, and then the carbide becomes satu-
rated with carbon, followed by the formation of graphite
re-precipitation. Similarly, iron carbide can also serve as
the catalyst for graphitization of lignin through the
dissolution-precipitation mechanism. From this point
of view, stable metal carbides can be categorized as
category II catalyst. For the carbides, the mechanism
of solution and re-precipitation is applicable as well.

Activity related to d-electron

Transition metals are an important class of catalysts and
their electron structures play the role in catalysis. The
catalytic activity of the transition metals is a conse-
quence of their partly filled d and f electron structure.
The catalytic activity of the transition metals in any
chemical process should be related to the number of
vacancies in the d shell of free atoms. Transition metals
can be classified into three groups by the reactivity with
carbon. (i) Metals of the IB and IIB groups usually
cannot react with carbon because of a completed d-
electron shell. Copper atom electron configuration is
[Ar] 3d'° 4s', so copper has one s-orbital electron on
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top of a filled d-electron shell. The full d-shells in copper
contribute little to interatomic interactions, which are
dominated by the s-electrons through metallic bonds.
Unlike metals with incomplete d-shells, copper is lack-
ing a capability to form a covalent bond; therefore, it has
relatively low catalytic activity. (ii) Both iron and nickel
are in group VIII, and their electron configurations are
[Ar] 3d° 4s” and [Ar] 3d® 4s?, respectively. Group VIII
metals have a d shell occupied by 610 electrons. The
energy level of such configurations is hardly changed by
accepting additional electrons from carbon. Therefore,
these metals can react with carbon to form covalent
bond and dissolve carbon. (iii) Molybdenum is in group
VIB [Kr] 4d° 5s'. Group VIB metals have five electrons
in the d shell. They form strong chemical bonds with
carbon resulting in the metal carbide.

TPD-MS results (Fig. 2) show significant levels of
carbonaceous gases (CO, CHy, CO,, etc.) formed during
catalytic thermal treatment process. Carbon in gas phase
can also be transferred into transitional metals through gas-
solid heterogeneous process by the following reactions:

CO + H, =H,0+ C (dissolved)
2CO = CO, + C (dissolved)
CHy =2H, + C (dissolved)

Surface chemical absorption, dissociation, recombi-
nation, and desorption are the most important steps over
active sites in heterogeneous catalysis process. The spe-
cific nature of the electron structure of the transition
metals plays the dominant role in these stages. For
example, the decomposition of methane consists of
breaking C-H covalent bonds. This breaking may occur
in the presence of electron acceptors or substances
which stimulate strong electron exchange.

Copper has configuration of 3d'%s', its d-shells are
filled, and so copper catalysts have low activity for
methane dissociation. Molybdenum atoms are charac-
terized by an outer shell 4d°5s' configuration, which is
the lowest weight of the ¢" configurations. Therefore,
the catalytic activity of molybdenum is low for disso-
ciative chemisorption methane. If we consider nickel, an
atom of each has the 3d® 4s® configuration in its free
state; we may postulate that its high statistical weight of
intermediate configurations is also manifested in the
high value of the electronic specific heat of this metal.
The presence of configurations of the type found in
nickel, which has the tendency to attract or give up
electrons to form stable states, is responsible for the high
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catalytic activity. An even higher activity in the dissoci-
ation of methane is exhibited by iron which has a lower
statistical weight of intermediate configurations than
that found in nickel. The highest activity of iron sup-
ports the hypothesis of the participation of iron carbide,
which is undoubtedly formed in the catalytic process.
From the d-electron configuration, the catalytic per-
formance for the four studied transitional metals has an
order of Fe>Ni>Mo>Cu agrees with the results of
current work on catalytic graphitization of kraft lignin.

Conclusions

Catalytic graphitization of kraft lignin to nano-materials
was investigated utilizing Ni, Cu, Fe, and Mo. The cata-
lytic activity increased with an order of Mo=Cu < Ni=Fe.
Scanning electron microscopy (SEM) and high-
resolution transmission electron microscopy (HRTEM)
show that multi-layer graphene-encapsulated metal nano-
particles are the main products produced in conjunction
with some graphene sheets/flakes from kraft lignin cata-
lyzed by transitional metals. The particle sizes and
graphene shell layers are significantly affected by the
promoted metals. Metal properties like catalytic activity,
carbon solubility, and tendency of metal carbide forma-
tion are related to the graphene-based structure formation
during catalytic graphitization of kraft lignin process.
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