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ABSTRACT: Catalytic activity and target product selectivity are strongly correlated to the size, crystallographic phase, and
morphology of nanoparticles. In this study, waste lignin from paper pulp industry is employed as the carbon source, which is
modified with carboxyl groups at the molecular level to facilitate anchoring of metals, and a new type of carbon-based catalyst was
obtained after carbonization. As a result, the size of the metal particles is effectively controlled by the chelation between −COO− and
Fe3+. Furthermore, Fe/CM-CL with a particle size of 1.5−2.5 nm shows excellent catalytic performance, the conversion of carbon
monoxide reaches 82.3%, and the selectivity of methane reaches 73.2%.

1. INTRODUCTION

Fischer−Tropsch synthesis (FTS) is a green and sustainable
route that can directly convert synthesis gas (H2 + CO) into
lower olefins (C2-C4) or fuel oil under the action of a
catalyst.1−4 It is of considerable significance to solve the
problem of environmental pollution caused by traditional
petroleum-processing technologies. The commercial FTS
catalyst is supported by Ru, Fe, Co, and other metals on
SiO2, TiO2, Al2O3, and other oxides or molecular sieves and
carbon materials.5−13 In recent years, metals or metal oxides
supported on carbon materials (MxOy/CMs) have aroused the
interest of many researchers.8,14−18 Relevant reports show that
MxOy/CMs have the following advantages as catalysts for FTS:
(1) carbon materials can regulate the interaction between the
active metal and the support; (2) carbon materials can change
the acid−base center of the catalyst; (3) carbon materials are
beneficial to the reduction of metals and the improvement of
the dispersion of metals on the surface of the support. These
advantages show an excellent prospect for the design and
applications of carbon materials in the FTS catalyst. However,
there are still some short plates. For example, is it possible to
control the size of metal nanoparticles using carbon materials?
At present, it has been reported that the size and dispersion of

metal particles have a significant influence on the catalytic
performance. Hensen et al.19 reported that Fe nanoparticles
smaller than 7−9 nm show higher CH4 selectivity compared
with larger particles. De Jong et al.20,21 mentioned that
methane is the dominant product when Fe nanoparticles are
less than 7 nm, and the selectivity of CH4 reaches 64% when
the size of Fe nanoparticles is 2.2 nm (2FeCNF). Therefore, it
is a challenge for the FTS catalyst to adjust the size of metal
particles through carbon supports.
Carbon sources are one of the main factors affecting the fine

regulation of the MxOy/CM morphology and particle size. At
present, the most common carbon sources for the preparation
of MxOy/CMs are ethanol,22 methane,23 butane,24 benzene,25

and so forth. However, there are some shortcomings in the
preparation of MxOy/CMs from the abovementioned conven-
tional carbon sources. First, most of these carbon sources are
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fossil fuels, which are nonrenewable resources. Second, the
surface of these carbon sources cannot be modified, and it is
difficult to form a coordination structure with metal ions,
which affects the excellent control of the morphology of metals
and carbon materials. Therefore, it is necessary to find an ideal
carbon source whose surface molecular structure is controllable
and renewable.
Lignin is second only to cellulose in plants and is

regenerated at a rate of two hundred billion tons per year.
The paper and pulp industry not only separates about 120
million tons of cellulose from plants each year but also obtains
about 50 million tons of lignin byproducts, so it has rich
sources and low prices.26−30 Furthermore, lignin is a natural
biopolymer composed of repeating units of p-hydroxyphenyl,
guaiacyl, and syringyl. There are many aldehyde and hydroxyl
groups in the structure, and these functional groups have
higher activity, which is conducive to surface modification.31,32

For example, spherical lignin with a uniform size can be
obtained by modifying the surface functional groups, and
highly dispersed microspheres can be obtained by changing the
hydrophilic and hydrophobic properties of the surface groups
of lignin.33,34 Grafting amino groups on the surface of lignin
can improve the antibacterial properties of lignin.35 Therefore,
lignin has the potential of surface group structure regulation
and being renewed, which is an ideal carbon source for the
preparation of MxOy/CM catalysts. In this study, the surface
modification method is proposed to introduce carboxyl groups
on the surface of lignin, promote the coordination of metal
ions and lignin under hydrothermal conditions, construct
metal lignin complexes, and obtain a small-size iron catalyst
with a uniform size after carbonization.

2. RESULTS AND DISCUSSION

As observed from the Fourier-transform infrared (FT-IR)
spectra of lignin and carboxylated lignin (CL) (Figure 1a),
both CL and raw lignin exhibited a broad feature around 3400
cm−1 and 2940 cm−1, which can be ascribed to the O-H
stretching vibrations and asymmetrical stretching vibrations of
-CH2- and -CH3-, respectively. These bands indicate that the
skeleton structure of lignin remains intact in the reaction.37,38

However, there are apparent differences between the
carboxylate lignin and raw lignin. The intensities of FT-IR
peaks corresponding to C-O stretch (1150 cm−1, H units), C-
O stretch (1263 cm−1, G units), and syringyl C-O stretch
(1360 cm−1) are significantly stronger than those of the
original lignin.39,40 Furthermore, the strong peak around 1718
cm−1 indicated a band of carboxyl stretching vibrations,41

indicating that modified lignin contains carboxyl functional
groups.
The powder X-ray diffraction (PXRD) patterns of Fe/CM-

CL are shown in Figure 1b. Fe/CM-CL is composed mainly of
metal iron and ferrous oxide. The characteristic peaks that
appeared in the positions of 44.6°, 65.0°, and 82.3° are indexed
to the (110), (200) and (211) reflections for metal iron
(JCPDS Card No. 06−0696), respectively. In addition, the
three peaks at around 36.0°, 41.9°, and 60.7° correspond to the
(111), (200), and (220) reflections for ferrous oxide (JCPDS
Card No.06−0615). For comparison, the XRD pattern of a
Fe/CM-L material prepared using the unmodified original
lignin is also included in Figure 1b. The peaks at around 30.2°,
35.6°, 43.4°, and 63.0° can be indexed as (206), (119) (0012),
and (4012) diffraction planes of Fe2O3 (JCPDS Card No. 25−
1402), respectively. This phenomenon shows that the
combination of iron and carbon is weak in the carbonization

Figure 1. (a) FT-IR spectra of lignin and carboxylated lignin and (b) XRD spectra of Fe/CM-CL and Fe/CM-L.

Figure 2. (a) N2 adsorption−desorption isotherms and (b) corresponding pore size distribution curves of Fe/CM-CL and Fe/CM-L catalysts.
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process when introducing a carboxyl group of fat chains, which
is beneficial to the reduction of iron oxide to metallic iron.
The N2 adsorption−desorption isotherms and correspond-

ing pore size distribution curves of Fe/CM-CL and Fe/CM-L
are shown in Figure 2. In Figure 2a, Fe/CM-CL shows a strong
uptake at relative pressure P/P0 = 0.01−0.1 and a H4-type
hysteresis loop at the relative pressure P/P0 = 0.35−0.85,
indicating the existence of micropore and mesoporous
structures, which can be ascribed to a type-IV (according to
the IUPAC classification) isotherm.42,43 The specific surface
areas calculated from the adsorption portion with P/P0 under
0.3 were 462.5 m2·g−1 and 79.2 m2·g−1 for Fe/CM-CL and Fe/
CM-L, respectively. The Fe/CM-CL shows a higher surface
area than Fe/CM-L, which is beneficial for the adsorption of
syngas, thus enhancing the catalytic performance. The pore
size distribution curves were calculated from an analysis of the
desorption branch of isotherms, as shown in Figure 2b. It can
be seen that the pore diameter of the Fe/CM-L is determined
to be around 2−15 nm, while the Fe/CM-CL display
micropores less than 2 nm and mesopores around 5−8 nm.
This change indicates that the carboxyl functional group is a
critical parameter to obtain hierarchical porous carbon
materials.
Transmission electron microscopy (TEM) images display

further information on the textural properties of Fe/CM-CL
and Fe/CM-L catalysts, as shown in Figure 3. As shown in
Figure 3a-c, the Fe/CM-CL catalyst is composed of dense
black iron nanoparticles that are uniformly distributed in the
carbon matrix without agglomeration. It can be seen that the
agglomerates of iron particles are observed over the Fe/CM-L
catalyst, and they display a broad particle size distribution
(Figure 3d−f). From Figure 3g,h, it can be seen that the
particle size distribution of the Fe/CM-CL catalyst is about
1.5−2.5 nm, which is only one-tenth of the Fe/CM-L (25−35
nm). The reason for this phenomenon may be attributed to the
lignin carboxyl functional group, and iron ion can coordinate in
the hydrothermal stage, which can effectively restrain the
agglomeration and growth of iron nanoparticles.
Field-emission scanning electron microscopy (FE-SEM) in

combination with energy-dispersive spectrometry (EDS)
mapping images displayed the morphology of the Fe/CM-
CL catalyst, as shown in Figure 4. The Fe/CM-CL catalyst was
prepared using CL and iron ions through two steps of
hydrothermal carbonization, which exhibited a coarse surface
and an amorphous structure. Obviously, the Fe nanoparticles

were uniformly attached to the carbon matrix (Figure 4a,b). C,
O, N and Fe atoms are clearly shown in the EDS mapping
images (Figure 4c). The C, O, N elements are all originated
from lignin and Fe are uniformly distributed in Fe/CM-CL,
further confirming the successful growth of iron nanoparticles
in carbon matrix.
The presence of different framework elements and the

chemical state of the Fe/CM-CL was detected by X-ray
photoelectron spectroscopy (XPS). The survey XPS spectrum
(Figure 5a) indicates the coexistence of Fe, O, N, and C in the
Fe/CM-CL, which agrees well with the FE-SEM elemental
mapping results. The fitted high-resolution C 1 s spectrum
exhibits three peaks at about 284.6, 285.7, and 288.6 eV, which
can be assigned to C−C, C−N, and C=O, respectively.44 As
displayed in Figure 5c, the survey XPS spectrum for N1s can
be deconvoluted into four peaks with binding energies 398.3,
399.8, 401.1, and 403.9 eV, which are attributed to pyridinic N,
pyrrolic N, graphitic N, and oxidized N, respectively.45,46 It has
been well established that the graphitic N species can promote
electron transfer, and pyridinic N plays a significant role in the
formation of active sites. Furthermore, XPS measurements
reveal the valence state of Fe elements in Fe/CM-CL. The XPS
spectrum for Fe 2p (Figure 5d) can be divided into three pairs

Figure 3. TEM images and particle size distributions of catalysts (a−c, g) Fe/CM-CL and (d, e, h) Fe/CM-L.

Figure 4. (a), (b) FE-SEM and (c) EDS mapping images of the Fe/
CM-CL catalyst.
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of peaks. The peaks at 707.9, 710.5, and 713.1 eV were
attributed to the Fe0 2p3/2, Fe

2+ 2p3/2, and Fe3+ 2p3/2 species,
respectively. Additionally, the binding energies of the Fe0 2p1/2,
Fe2+ 2p1/2 and Fe3+ 2p1/2 species were attributed to 720.8,
722.8, and 726.6 eV, respectively.47 Most Fe elements in the
Fe/CM-CL exhibit the oxidation valence state, which may be

due to insufficient reduction at 600 °C or exposure to air and
oxidation.
The results of the catalytic tests of FTS catalysts under

conditions T = 350 °C, P = 2Mpa, and gas hourly space
velocity (GHSV) = 8 L·h−1·gcat

−1 are further summarized in
Table 1. It is evident from Table 1 that the iron particle size

Figure 5. (a) Wide XPS survey spectra of Fe/CM-CL and Fe/CM-CL, (b) high-resolution C 1s spectra of Fe/CM-CL, (c) N 1s spectra of Fe/
CM-CL, and (d) Fe 2p spectra of Fe/CM-CL.

Table 1. Comparison of the Catalytic Performance of Catalysts with Different Fe Nanoparticles

catalysts
T

(°C) GHSV
particle size

(nm)
CO con.
(%)

selectivity (%, CO2-free)

CO2 con.
(%) refCH4

C2 ∼ C4
olefins

C2 ∼ C4
paraffins C5+

FeMn/S50 300 5 gcat−1·mol−1 13.7 44.0 11.7 43.5 15.5 29.3 34.1 48
2IM 340 360 h−1 2.5 9 34.0 13.0 46.0 2.0 32 20
5FeCNF 350 12,000−24,000 h−1 4.0 10 68.0 19.0 12.0 1.0 - 21
10Fe/hCNC 350 12 L·h-1·gcat−1 7.4 ± 3 1.7 27.1 44.4 4.7 23.8 16.5 49
Fe/CM-L 350 8 L·h-1·gcat−1 25−30 63.5 28.6 33.6 25.1 12.7 35.9 this work
Fe/CM-CL 350 8 L·h-1·gcat−1 1.5−2 82.3 73.2 15.9 9.6 1.3 37.5 this work
Fe/CM-CL 350 12 L·h−1·gcat−1 1.5−2 52.1 60.9 18.8 13.8 6.5 31.4 this work
Fe/CM-CL 340 8 L·h-1·gcat-1 1.5−2 65.9 64.9 15.1 12.2 7.8 34.8 this work

Figure 6. (a) CO conversion and selectivity of Fe/CM-CL with different temperatures, (b) conversions of CO and CH4 selectivity with the time-
on-stream on the catalysts Fe/CM-CL and Fe/CM-CL.
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shows significant effects on the trends of change of methane
and lower olefin selectivity. With the iron particle size increase
from 1.5−2 nm to 25−30 nm, the selectivity of lower olefins
and C5+ increased from 15.9% and 1.3% for Fe/CM-CL to
33.6% and 12.7% for Fe/CM-L. However, the methane
selectivity significantly decreased from 73.2% to 28.6% for
Fe/CM-CL and Fe/CM-L. According to the results of N2
adsorption and desorption analysis, it can be seen that the pore
size of Fe/CM-L is larger than that of Fe/CM-CL. This
inhibits the secondary hydrogenation reaction of lower olefins,
which results in the selectivity of lower olefins increasing with
the increase of the pore size. Furthermore, the supports with
larger pore sizes are beneficial to the growth of carbon chains
and are conducive to the formation of long-chain hydrocarbon
C5+.
The CO conversion and product distribution of Fe/CM-CL

at different temperatures are shown in Figure 6(a). It can be
seen from the figure that the conversion of carbon monoxide
and the selectivity of methane show an upward trend with the
increase in temperature. When the reaction temperature
increases from 340 °C to 370 °C, the CO conversion and
CH4 selectivity increase by 26.8% and 9.6%, respectively.
However, the selectivity of C2-C4 and C5+ decreased
continuously. To make matters worse, the CO2 content
increased from 34.8% to 54.8%, and 20% of CO2 increase
comes from CO conversion. In other words, as the
temperature increases, more CO will be converted to CO2,
not CH4 or hydrocarbons. From the point of view of industrial
applications, this is a noneconomical strategy because it
consumes so much energy, in exchange for the increase of the
greenhouse gas CO2, rather than the target product. At the
same time, very high reaction temperatures will cause the
catalyst to agglomerate and even deactivate. Furthermore, in
order to investigate the catalytic performance, the CO
conversion and CH4 selectivity of the Fe/CM-CL and Fe/
CM-L, as a function of time-on-stream, are displayed in Figure
6(b) under conditions T = 350 °C, P = 2Mpa, and GHSV = 8
L·h−1·gcat

−1. It can be seen from Figure 6(b) that after 80 h of
reaction, the CO conversion and CH4 selectivity of the Fe/
CM-L catalyst are 46.0% and 20.5%, respectively, which are

17.3.8% and 8.1% lower than the initial activity. In contrast, the
stability of the Fe/CM-L catalyst is better, and its CO
conversion and CH4 selectivity are 71.6% and 65.2%,
respectively.
In order to prove the superiority of Fe/CM-CL, the

comparison of the merits of iron supported on carbon
materials with some reported catalysts is shown in Table 1.
It can be observed that under the same temperature and
GHSV conditions, the CO conversion and CH4 selectivity of
the Fe/CM-CL catalyst with a smaller particle size are much
higher than those of the 10Fe/hCNC catalyst. Further analysis
shows that under the same temperature and particle size, with
the increase in GHSV, the CO conversion and CH4, C5+
selectivity decrease, while the C2-C4 selectivity increases.
According to the literature,21 the iron content has little effect
on the conversion rate of CO and the selectivity of CH4.
Larger specific surface areas can absorb more syngas and
improve the CO conversion rate.48 Based on the above
analysis, it can be observed that the CH4 selectivity and CO
conversion rate of Fe/CM-CL are better than those of these
reported catalysts. The superior catalytic performance and
higher methane selectivity are mainly attributed to the
following factors: (1) The larger specific surface area and
hierarchical porous structure can provide good adsorption,
dissociation, reaction, and desorption channels for the catalytic
reaction, as well as improve CO conversion;48 (2) Nitrogen
doping can increase the electron density on the iron surface,
which is conducive to improving the catalytic activity; (3) The
highly dispersed Fe nanoparticles can provide more active sites,
which is beneficial to enhance catalytic activity;19 (4) The
smaller Fe nanoparticles are conducive to the enrichment of H
on the surface, which is beneficial for the C atoms to react with
H atoms to form methane, and it improves the selectivity of
methane.20,21

3. CONCLUSIONS

In summary, we demonstrate an effective path to synthesize
CL. By constructing the lignin−iron complex, small-sized iron
supported on carbon materials was prepared, as a novel catalyst
for FTS. The experimental results showed that the FTS activity

Figure 7. Synthetic route of lignin modification and FexOy/CMs.
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and selectivity are closely related to the particle size of iron; the
smaller the iron particles, the more favorable the formation of
methane is. Under the same reaction conditions, the methane
selectivity of Fe/CM-CL (1.5−2.5 nm) achieves 73.2%, which
is more than two times that of Fe/CM-CL (25−35 nm).
Utilizing a lignin-based catalyst with a controllable metal size
will promote the development of the pulp industry based on
sustainable principles in energy-related applications.

4. EXPERIMENTAL SECTION
4.1. Chemicals and Materials. Lignin was acquired from

Nanjing Forestry University. Sodium hydride, tetrahydrofuran
(THF), ethanol, and ferric nitrate were acquired from
Sinopharm Group Shanghai Chemical Reagent Co. Ltd.
Methyl 4-bromopropionate and sodium hydride were acquired
from Shanghai Aladdin Biochemical Technology Co. Ltd. For
the synthesis gas H2/CO/Ar, the volume ratio is 64/32/4,
which was acquired from Changzhou Jinghua Industrial Gas
Co. Ltd. All the chemicals were received without further
purification.
4.2. Preparation of Fe/CM-CL and Fe/CM-L. Lignin (1

g) was dissolved in 60 mL of THF solution; after stirring for 30
min, 2.4 g of NaH was slowly added to the above solution in
portions. Then, 2.6 mL of methyl 4-bromobutyrate was added
to the reaction solution at room temperature for 12 h. Finally,
the mixtures were added into the mixed solution of sodium
hydroxide and ethanol (200 mL, V/V = 1:1) for reflux
hydrolysis at 120 °C for 6 h in an oil bath. At the end of the
reaction, organic solvents were removed using a rotary
evaporator at 40 °C; then, the lignin solution was added to
500 mL of distilled water with continuous stirring overnight.
The mixture was filtered using a 0.45 μm filter membrane,
washed three times with distilled water, and dried using a
freeze dryer. The obtained lignin was labeled as CL.
The Fe/CM-CL was synthesized using the two-step

hydrothermal carbonization method. Following a typical
preparation (Figure 7), 0.3 g of ferric nitrate and 0.5 g of
CL were dissolved in 30 mL of distilled water (pH = 2.36) and
then mixed and stirred for 30 min. After stirring, the mixed
solution was transferred to a hydrothermal reactor at 180 °C
for 24 h; then, the solution was centrifuged, washed, and dried,
yielding the iron−lignin composite. Finally, carbonization was
performed at 500 °C for 3 h at a heating rate of 1 °C/ min with
argon protection. The obtained sample was recorded as Fe/
CM-CL. Fe/CM-L was used as the control, and the reaction
steps are the same as above, except using the unmodified
lignin.
4.3. Characterization. Physical and chemical properties of

the obtained materials were analyzed by XRD using a Rigaku
D/Max2rB-II performed at 40 kV and 100 mA. The FT-IR
functional group test was examined using a Fourier-transform
infrared spectrometer (Nexus 470, USA). The binding energy
was recorded by XPS (Perkin Elmer PHI5000C). All binding
energy values were referenced to the C 1 s spectra of
contaminant carbon at 284.6 eV. The microstructures of
materials were observed by FE-SEM (Sigma 500), including
element mapping and TEM (JEM-2100). N2 adsorption−
desorption isotherms were measured at −196 °C on an
automated volumetric apparatus NOVA2000e (Quantachrome
Instruments, USA).
The evaluation of catalysts was carried out in the self-

assembled high-pressure fixed-bed microreactor, as shown in
Figure 8. The detailed steps are similar to those in our previous

work.36 Typically, 0.3 g of the catalyst (50−60 mesh) was
mixed well with an appropriate amount of quartz sand and
then added to the reactor. Then, the catalyst was reduced with
10%H2/AR at 450 °C for 8 h. After that, the syngas H2/CO/
N2 (48/48/4) was passed over the catalyst bed at a flow rate of
40 mL/min (GHSV =8 L/hr./gcat); the temperature was
increased from room temperature to 350 °C, and the reaction
pressure was adjusted to 2 MPa. Two gas chromatographs
were used to detect the outlet gas online. N2, H2, CO, CO2,
and CH4 were analyzed using the GC9860 gas chromatograph
equipped with a thermal conductivity detector (TCD). The
hydrocarbons (C1-C30) were tested using a PONA capillary
column and a flame ionization detector (FID).
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