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Abstract: Hydrolytic lignin is one of the non-demanded carbon materials. Its CO,-assisted conversion
is an important way to utilize it. The use of the catalysts prepared by metal deposition on the surface
of hydrolytic lignin makes it possible to apply milder conditions of the conversion process with
CO; and to improve the economic indicators. The development of methods of deposition of the
active phase is a problem of high importance for any heterogeneous catalytic processes. This work
aimed at investigating the influence of the conditions of iron deposition on the surface of hydrolytic
lignin on the process of CO,-assisted conversion of lignin. Different Fe precursors (Fe(NOs)3, FeSO4,
Fe;(SO4)3), solvents (water, isopropanol, acetone, and ethanol), and concentrations of the solution
were used; the properties of Fe/lignin composites were estimated by SEM, EDX, TEM, XRD methods
and catalytic tests. All the prepared samples demonstrate a higher conversion compared to starting
lignin itself in the carbon dioxide-assisted conversion process. The carbon dioxide conversion was up
to 66% at 800 °C for the sample prepared from Fe(NO3)3 using a twofold water volume compared to
incipient wetness water volume as a solvent (vs. 39% for pure lignin).

Keywords: lignin; carbon materials; carbon dioxide; carbon monoxide; CO, conversion; gasification

1. Introduction

The methods of the industrial applications of waste carbon materials are a problem
of high importance in terms of ecology and energetic efficiency. Moreover, they can be a
source of non-fossil carbon for the synthesis of a large number of carbon-based materials
such as polymers, solvents, etc. [1,2]. Compared to the use of fossil carbon sources, the use
of waste carbon materials as sources of energy carriers could reduce the carbon footprint.

Hydrolytic lignin is one of the large-scale produced non-demanded carbon materials,
which due to its low reactivity is not widely used as a source of carbon feedstock for further
processing [3-6]. Currently, the interest of researchers is focused on the development
of various methods of lignin depolymerization: pyrolysis [7-13], gasification [14-20],
depolymerization assisted by microwave radiation [21-29], catalytic hydrogenation [30,31],
electrochemical methods [32], etc.

Gasification of carbon materials such as hydrolytic lignin at atmospheric pressure is a
promising method of utilization, due to the relative simplicity of the method and thus low
capital and operating costs. Carbon dioxide-assisted conversion of waste carbon materials
is especially interesting due to the utilization of carbon dioxide, which is a greenhouse
gas [33,34].

One of the products of the carbon dioxide-assisted conversion of carbon materials, is
carbon monoxide (Equation (1)). By not being a product of terminal oxidation, CO is an
interesting gas that can be utilized in the chemical syntheses of important products for the
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chemical industry, for example, hydrocarbons via the Fischer-Tropsch process and acetic
acid via methanol carbonylation. It can be also used directly for generating electricity at
gas turbine stations. That is why CO production is important to produce value-added
products, thus its production is large [35]. The proposed mechanism of the gasification of
lignin in supercritical water includes the cleavage of the bonds C-O-C followed by the
bonds C-C and the opening of benzene rings, the cracking of intermediate radicals CxHy,
which can further undergo the oxidation [36]. On the other hand, according to the DFT
calculation data, it was proposed to consider the following mechanism of the gasification
of the lignin dimers with the (3-5 linage as a model molecule fragment: it was shown that
initially, the depolymerization process occurs; then the monomers are transformed into
phenols, formaldehyde and CO [37]. By the way, formaldehyde is unstable under the
reaction conditions, and its further decomposition into CO and H; can be revealed in real
experiments [38].

The interaction of a carbon-containing material with carbon dioxide is an endothermic
process (Equation (1)), as a result, a significant level of conversion can be achieved only at a
temperature of about 1000 °C [39].

CO, + C22CO (1)

One of the main goals is to achieve economic efficiency in the process of carbon dioxide
conversion of hydrolytic lignin by using milder conditions for this process. Deposited
catalysts prepared from the carbon-containing material are needed to lower the temperature
of the process and thus reduce the operating costs of carbon dioxide conversion into carbon
monoxide [21,23,40-42]. Compounds of alkali, alkaline-earth and transition metals possess
catalytic activity in such processes. The deposited catalysts based on iron triad metals are
of particular interest due to their low cost as well as their low toxicity.

Despite the fact that the use of deposited catalysts on the surface of a carbon-containing
material makes it possible to perform the process under milder conditions, it is necessary to
develop the methods of catalyst preparation in terms of metal deposition for each material
separately because of the specific surface properties such as porosity, wettability, etc.

In this paper, various methods of iron deposition on the surface of hydrolytic lignin
were investigated; the resulting materials were studied by the following physical and
chemical methods: SEM-EDX, XRD and TEM, and the catalytic studies in the process
of CO; conversion. The method of impregnation with different iron salts (Fe(NO3)s,
FeSOy, Fep(SO4)3) using different solvents (water by incipient wetness and by the excess
impregnation, isopropanol, acetone, ethanol) was examined. The main novelty of this work
is related to revealing the correlation between the method of iron deposition onto hydrolytic
lignin, the resulting structural properties and the catalytic activity of the materials.

2. Results and Discussion

The series of samples of hydrolytic lignin loaded with iron species was prepared by
the method of an incipient wet impregnation and the impregnation with the excess of the
solution. The used precursors were iron(II) nitrate or iron(IIl) nitrate, or iron(II) sulfate or
iron(IlI) sulfate. Different solvents were applied: water, isopropanol, acetone, and ethanol.

2.1. SEM and EDX Characterization

Microphotographs of all the samples and the detailed composition determined by the
EDX method can be found in SI, Figures S1-514 and Tables S3-59. The generalized results
of the EDX studies are presented in Table 1.



Int. J. Mol. Sci. 2023, 24,1279

30f11

Table 1. Average values and standard deviations of the iron content on the surface of the impregnated

materials.
Sample Average Fe Content, wt. % SD
LN-1H,O 7.8 2.1
LN-2H,0 5.8 1.5
LN-iPrOH 5.5 2.0
LN-acetone 6.1 1.3
LN-ethanol 6.6 2.7
LS-III 9.9 13.7
LS-1I 9.7 9.9

The standard deviations of the surface elemental composition values increased as fol-
lows: LN-acetone < LN-2H,0 < LN-iPrOH < LN-1H,0 < LN-ethanol << LS-IT << LS-III
These might indicate that iron species are distributed on the surface of the materials not
so uniformly in the case of using each solvent. It can be noticed that the samples prepared
by iron nitrate solution impregnation tend to demonstrate a more uniform distribution
of iron on the surface than the samples prepared from iron sulfate solutions. The samples
made with sulfates show the least uniformity of iron distribution, as can be seen from
the much higher average iron content on the surface and the high value of the standard
deviation. Moreover, SEM images for these samples demonstrate the relatively large
areas of iron deposition in the case of Fe(Il) sulfate (Supporting Information, Figure 513).

That is why the iron distribution on the surface is directly determined by the
synthesis conditions: the solvent and the iron precursor. A more uniform distribution
can be obtained by choosing iron nitrate as a precursor and iPrOH, acetone, ethanol, or
H,O (the twofold amount compared with the capacity of the material) as a solvent. The
possible reason for such behavior can result from the fact that lignin is a hydrophobic
macromolecule because the large fraction of the monomer unit consists of a benzene
ring (possibly substituted) and hydrocarbon side chain. In the series of the applied
solvents, the polarities of the solvents differ, and the affinity of the solvent to the lignin
surface and the ability to dissolve (to solvate) the iron salts presumably differ too. It
results in a different rate of iron oxide species growth and so there are two main options:
the small particles are formed but their amount is large, or the relatively large particles
are presented on the surface but their number is much less. All the options in between
are also possible.

The examples of the EDX spectra collected from the points with different iron
content are presented in Figure 1.

2.2. Transmission Electron Microscopy

The prepared samples were additionally investigated by the TEM technique (Figure 2).
As can be noticed, the synthetic procedure affects the morphology of the particles of the
metal oxide phase. Despite the samples LN-acetone, LN-2H,0, and LN-iPrOH demon-
strating the least SD, these samples contain relatively large particles of iron oxides. Only
the sample LN-1H,O shows relatively small iron oxide particles. Since the particles of iron
oxide are relatively large, it can be proposed that the number of such iron oxide particles is
not so large. However, assuming the whole amount of Fe atoms in the sample is constant,
the species of smaller particles are present on the surface of the samples in a large amount,
but they cannot be seen by SEM or TEM techniques because of the resolution.
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Figure 1. The EDX spectra for the points with low, medium and high iron content.

The sample after the thermal treatment demonstrates a large portion of small, crystal-
lized areas in the TEM image; the crystallization under the investigated conditions of the
catalytic reaction can be proposed.

(a) LN-1H:20 (b) LN-2H-0 (¢) LN-iPrOH

Figure 2. Cont.
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(e) LN-ethanol (f) LS-I1I

(g) LN-2H:O after 500 °C treatment (h) LS

Figure 2. TEM images for the prepared materials under the chosen synthesis conditions and the
sample LN-2H, O after 500 °C treatment.

2.3. XRD

The observed reflexes apparently are the reflexes of a quartz phase according to the
ICDD card [46-1045]. The source of such a phase can be proposed to be in the nature of
lignin or in the contamination of the samples during industrial production. Areas with a
high silicon content are found by EDX on the surface of the samples LN-iPrOH and LN-
acetone (SI, Figures S6 and S8). The difference in quartz reflex intensities can be explained
presumably by the difference in the phase amount in the samples. Except for this phase, the
samples are amorphous but one sample LS-II apparently contains the xitieshanite phase
(Figure 3), and no other iron-containing crystalline phase can be determined because of
the overlapping in XRD patterns of the quartz phase and possible iron-containing phases;
the formation of small, probably even monolayered iron oxide particles can be proposed.
The formation of the xitieshanite phase can be attributed to the oxidation of iron(II) sulfate
while slow drying under the air atmosphere. This is consistent with the elemental maps
of the samples (Supporting Information, Figures S2, S4, S8, S10 and S12) for which no
agglomeration of Fe on the surface can be seen.



60f 11

Int. ]. Mol. Sci. 2023, 24, 1279

Intensity, a. u.

0® \
o /|
Aol Mf ik H’“M it ot o o
L il ’WT\M L i \\TMMrI\/A\W,”‘\\N*y\‘m’&”awi»%N. o \O‘ ! ? O o LN-/PrOH
J T e P AW S B Mmoo A
d ﬁ A A eyttt s
) ey WW"M(W e gl
! ‘/'WWWMWM}" W%M wiit Y’M’ it g/ W‘W YA A e i, S et b ol \ LN EtOH
y J'\ WA el o el Ay o B A b i b
o b M.,g,\,,,ﬁ‘ e I LN-acetone
e ‘4’/JrWWﬂmﬂ‘*&\'ﬁ"ﬂ\ﬂw\M piophe “‘v\’1W‘"ﬂ‘“*”\n‘r‘«’r,%“}\.‘»“ﬂ,{wWH Wy

Wb I AL
Wi Wy M“MWWH W T N W A,'! by ey A, o Yl " ” LN 2H O
At APl e A AN L1, \n v

LN-1H,0

A Al

=
| |
oe ‘ S .
O O il n » /| O
N e Mw TN P TR -
—— Jw,,m«wwmw Il g Lu/)(»“,\u;\w,“?My\ uﬁ ‘Om m? ‘M‘O Q o ‘ﬁ O ° O LS ”
<> <> <> W rrA N P i o ATV A At A b ey b A B T NS SATSY o
)
. < gl ?‘M"WMW it by NWWWWL% w‘”"W’"”“’“\‘/*r’wfw?w_,.,Mmf«?w%mw\mmwvuww " A.<> L Q \ " Q . Ao ,<>§> <&
v by oty ) ety : ! v
LS-llI
, Voo f v \ A 2 v v v pure
B TP Y AU (VI IV AYS R TPV e PN i i e A T T N P PP P N A A A M N A e o e o A e
T T T T T T
10 20 30 40 50 60
26(°)

Figure 3. The diffractograms of the samples of hydrolytic lignin impregnated with different iron salts
solutions and of the starting lignin. The ICDD patterns of quartz [46-1045] (B), fibroferrite (iron(III)
sulfate hydroxide pentahydrate) [38-0481] (M), xitieshanite (iron(III) sulfate hydroxide heptahydrate)
[35-0719] (w), iron(III) nitrate nonahydrate [01-0124] (—) are shown to indicate the locations of the

possible phases reflexes.

2.4. The Catalytic Tests

The dependences of the carbon dioxide conversion at a temperature of 800 °C for
Fe-containing catalysts obtained under various synthetic conditions are shown in Figure 4.
The most catalytically active material is hydrolytic lignin impregnated with iron(III) nitrate
using water as a solvent; the impregnation was carried out with a twofold excess compared
to the incipient wetness capacity. This sample demonstrated the CO, conversion of 66%
at 800 °C. This material makes it possible to achieve a catalytic activity about two times
higher than what was observed for the pure lignin sample (which demonstrated a 39% CO,
conversion also at 800 °C).

66

65
e 5 Il LN-1H,0
= 58 | | 58 [JLN-2H,0
S Il LN-iPrOH
5 53 [ LN-acetone
= 4o |HILN-EIOH
S L LSl
S I LS-II
O 491 [ pure lignin

42
39
351

Figure 4. The results of the catalytic tests for the prepared Fe-containing materials and the starting
lignin in the reaction of the conversion of lignin in the presence of CO, at 800 °C.
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All impregnation methods and all precursors showed an increase in the carbon dioxide
conversion relative to the initial lignin. The materials obtained by impregnation with a
solution of iron nitrate from non-aqueous solvents and water (by incipient wetness) showed
close conversion values (about 53-59%). The samples prepared using iron sulfates showed
the lowest catalytic activity in the studied process (42-49%), this might possibly be a result
of the partial modification of the surface with sulfate groups. To summarize the results of
the catalytic tests, the CO, conversion decreases as follows: LN-2H,O > LN-acetone ~ LN-
1H,O = LN-iPrOH > LN-ethanol > LS-II > LS-III > pure lignin. It is noticeable that the four
most active samples are the samples that have the highest uniformity of iron distribution on
the surface of the samples. It can be proposed that the conditions of the synthesis directly
determine the iron distribution, which further governs the catalytic activity.

Thus, the use of a solution with a lower concentration of iron(IIl) nitrate makes it
possible to obtain the best samples in terms of homogeneity, and to achieve the highest
conversion in the process of carbon dioxide-assisted conversion of hydrolytic lignin. It
might result from the difference in the affinity of the applied solvent to the lignin (mostly
hydrophobic) surface and its ability to form solvates with iron salts. In the case of iron(II)
sulfate, it can be seen that the resulting phase observed by XRD is the phase iron(III),
because of iron(II) oxidation under air atmosphere. The size of particles observed by TEM
seems not to be influenced by catalytic activity: the most active sample contains relatively
large particles. Nevertheless, it can be also proposed that not all the particles have a large
size, but also the very small particles unobservable by TEM are also presented on the
surface. This observation is indirectly consistent with XRD data: we cannot see the high
reflexes of iron-containing phases which could be found in the large particles of crystal
phases that were presented en masse. If water is used as a solvent, the lower concentration
is preferable: this observation is kind of counterintuitive because the higher concentration
should provoke the formation of seed crystals in large amounts, but it was shown by TEM
that the small particles were formed in the case of higher iron(IIl) nitrate concentration.
It probably can be explained by the specificity of the surface of lignin in certain samples
in terms of the internal inhomogeneity of the materials prepared from the biological raw
materials. In the case of using the sulfates of iron(II) and (III) the negative effect can be
attributed to the impact of a double negative charged anion on the iron deposition or to
the strength of interaction of the cation with anion; the more charged the ions, the more
the Coulomb interaction. The second explanation is consistent both with the EDX and
the catalytic characterization results: the Fe**-containing samples have both less activity
and higher standard deviation in the surface composition, which can result from iron(III)
sulfate tending to form a compact particle compared to iron(Il) sulfate.

3. Materials and Methods
3.1. Materials

The following reagents were used in this work: Fe(NO3)3-9H,0 (99%) from Acros,
FeSO4-7H70 (99%) from Merck, Fep(SO4)3-9H20 (99%) from Acros, propanol-2 (>99%),
ethanol (>99%), acetone (>99%), urea (>95%), hydrolytic lignin. All the reagents were
used as purchased without further purification. The hydrolytic lignin originated from the
residues from the furfural pilot industrial plant from the wood of oak and elm according to
the technical conditions BY 490822905.001-2015. In brief, the hydrolysis of the cellulose in
the original raw material was conducted using 2% H;SOy at the temperature 110-140 °C.
The ash content was declared to be 10.1 wt. %. The CHNOS elemental composition is
presented in Supporting Information, Table S1.

3.2. Methods

The elemental composition of the samples of starting hydrolytic lignin was investi-
gated with a Perkin Elmer 2400 Series II CHNOS analyzer. The sample weight was 50 mg.
The results of the elemental analysis can be found in Supporting Information, SI, Table S1.
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All the materials with deposited iron were examined by SEM with EDX using a Leo
Supra 50VP scanning electron microscope under a low vacuum in a nitrogen atmosphere.
EDX data were collected using an energy-dispersive spectrometer INCA Energy (Oxford
Instruments, X-Max-80, Abingdon, UK).

Transmission electron microscopy studies of the materials were performed using a
transmission electron microscope JEM-2100 JEOL (Tokyo, Japan).

A powder XRD diffraction pattern was obtained on a device Rigaku IV Ultra using
CuKa radiation. The samples were examined in the region 20 = 10-60° at a rate of 1 degree
per minute. Before the examination, the samples were heated at 300 °C for an hour under
the atmosphere of CO,.

The evaluation of the activities of the resulting materials in a gasification process was
performed using a quartz flow-type reactor with an internal diameter of 8 mm under a
CO, pressure of 1 atm, temperature ramp was 10 °C per minute, the temperature range
was 100-850 °C, the flow rate of CO, was 30 mL per minute, WHSV for 5 wt. % of
metal was 70.7h~!. A Bronkhorst EL-FLOW SELECT F-111B gas flow controller was
used to determine the gas flow rate. The catalyst loading was 1 g, and the particle size
was 0.25-0.5 mm. The reaction gas products were analyzed using a Chromatek Crystal
5000 gas chromatograph with thermal conductivity detectors, M ss316 3 m x 2 mm columns,
Hayesep Q 80/100 mesh, and CaA molecular sieves.

The following reactions (Equations (1)—(3)) take place in the reaction zone.

CO + H,O — CO, + Hp (2)

2H, + C — CH;, 3)

The conversion (Xcp,) of carbon dioxide during the tests was calculated by the formula
(Equation (4)).
X — 0.5n(CO) + n(CHy)
02 ™ 1(CO,) + 0.5n(CO) — 2n(CHy)

4)

3.3. Synthetic Procedure

The deposition of iron compounds on hydrolytic lignin was carried out by the incipient
wetness impregnation method. The mass fraction of deposited metal in all samples was
adjusted to be 5 wt. %. Solvents (distilled water, ethanol, propanol-2, acetone), iron salt
anions (nitrate and sulfate), the iron oxidation states for sulfates (iron(Il) sulfate, iron(III)
sulfate), the concentrations of iron(III) nitrate in the impregnating solution were also varied
(using distilled water exactly corresponding to the incipient wetness capacity and in a
twofold excess). The moisture capacities of lignin for each solvent are summarized in SI,
Table S2.

All the samples were prepared as follows: the selected iron salt was completely
dissolved in the appropriate amount of the selected solvent. The amount of hydrolytic
lignin (2 g) was impregnated with the appropriate salt solution. The samples were dried at
room temperature for about a week to obtain the dry samples.

The resulting materials were denoted as LN-1H,O and LN-2H,O for the samples
impregnated with onefold and twofold volumes of the solution of iron(Ill) nitrate; LN-
iPrOH, LN-acetone, LN-ethanol for the samples impregnated with the solution of iron(III)
nitrate in each of the organic solvents; LS-II and LS-III for the samples prepared from
sulfates of iron(Il) and iron(Ill) in a water solution, respectively.

4. Conclusions

The method of impregnation with iron(III) nitrate from an aqueous solution with a
twofold excess of water relative to the incipient wetness showed the highest homogeneity
of iron distribution on the surface of lignin, and the closest value of the iron content on the
surface to the target value. An additional advantage of this application method is the use
of a “green” solvent—water.
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Studies of the catalytic activity of the obtained materials in the process of carbon
dioxide-assisted conversion of lignin showed that the most active material is hydrolytic
lignin impregnated with iron(III) nitrate using water as a solvent in a twofold excess relative
to the incipient wetness (the CO, conversion was 66% at 800 °C). Thus, the uniformity of
the distribution of iron nanoparticles determines the conversion of carbon dioxide in the
reaction of CO,-assisted conversion of hydrolytic lignin.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms24021279/s1. Figure S1. Microphotos of the sample LN-
1H,0. EDX data were collected from the marked areas. Table S1. Elemental analysis of the starting
hydrolytic lignin by CHNOS analyzer.

Author Contributions: Conceptualization, A.L.K.; Methodology, A.L.K.; Validation, S.F.D.; Formal
analysis, M.Y.M.; Investigation, A.A.M. and D.A.B.; Resources, A.A.S.; Data curation, K.B.K.; Writing—
original draft, A.L.K.; Writing—review and editing, L.M.K_; Funding acquisition, L. M.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This research in the part of the study of catalysts by physicochemical methods was funded
by the Ministry of Science and Higher Education of the Russian Federation, project number 075-
15-2021-591 and in the part related to catalyst preparation and catalytic tests were carried out with
financial support from Russian Science Foundation, grant No. 20-73-10106, L. M. Kustov thanks the
«Priority-2030» academic leadership selectivity program, project number K7-2022-062.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available from the authors upon request.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Titirici, M.M.; White, R.].; Brun, N.; Budarin, V.L.; Su, D.S.; Del Monte, F.; Clark, J.H.; MacLachlan, M.]. Sustainable carbon
materials. Chem. Soc. Rev. 2015, 44, 250-290. [CrossRef] [PubMed]

2. Abbasi, T.; Abbasi, S.A. Decarbonization of fossil fuels as a strategy to control global warming. Renew. Sustain. Energy Rev. 2011,
15,1828-1834. [CrossRef]

3.  Chio, C,; Sain, M.; Qin, W. Lignin utilization: A review of lignin depolymerization from various aspects. Renew. Sustain. Energy
Rev. 2019, 107, 232-249. [CrossRef]

4.  Tsodikov, M.V.; Nikolaev, S.A.; Chistyakov, A.V.; Bukhtenko, O.V.; Fomkin, A.A. Formation of adsorbents from Fe-containing
processing residues of lignin. Microporous Mesoporous Mater. 2020, 298, 110089. [CrossRef]

5. Upton, B.M.; Kasko, A.M. Strategies for the conversion of lignin to high-value polymeric materials: Review and perspective.
Chem. Rev. 2016, 116, 2275-2306. [CrossRef] [PubMed]

6.  Kleinert, M.; Barth, T. Towards a lignincellulosic biorefinery: Direct one-step conversion of lignin to hydrogen-enriched biofuel.
Energy Fuels 2008, 22, 1371-1379. [CrossRef]

7. Ben, H.; Ragauskas, A.J. One step thermal conversion of lignin to the gasoline range liquid products by using zeolites as additives.
RSC Adv. 2012, 2, 12892-12898. [CrossRef]

8. Wang, WL, Ren, X.Y;; Li, L.F,; Chang, ] M.; Cai, L.P.; Geng, ]. Catalytic effect of metal chlorides on analytical pyrolysis of alkali
lignin. Fuel Process. Technol. 2015, 134, 345-351. [CrossRef]

9. Ma, Z.; Custodis, V.; Van Bokhoven, J.A. Selective deoxygenation of lignin during catalytic fast pyrolysis. Catal. Sci. Technol. 2014,
4,766-772. [CrossRef]

10. Dong, Z,; Liu, Z.; Zhang, X; Yang, H.; Li, J.; Xia, S.; Chen, Y.; Chen, H. Pyrolytic characteristics of hemicellulose, cellulose and
lignin under CO2 atmosphere. Fuel 2019, 256, 115890. [CrossRef]

11. Pandey, M.P; Kim, C.S. Lignin Depolymerization and Conversion: A Review of Thermochemical Methods. Chem. Eng. Technol.
2011, 34, 29-41. [CrossRef]

12. Ha, JM.; Hwang, K.R.; Kim, YM,; Jae, J.; Kim, K.H.; Lee, HW.,; Kim, J.Y.; Park, Y.K. Recent progress in the thermal and catalytic
conversion of lignin. Renew. Sustain. Energy Rev. 2019, 111, 422-441. [CrossRef]

13. Collard, EX,; Blin, J. A review on pyrolysis of biomass constituents: Mechanisms and composition of the products obtained from

the conversion of cellulose, hemicelluloses and lignin. Renew. Sustain. Energy Rev. 2014, 38, 594-608. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms24021279/s1
https://www.mdpi.com/article/10.3390/ijms24021279/s1
http://doi.org/10.1039/C4CS00232F
http://www.ncbi.nlm.nih.gov/pubmed/25301517
http://doi.org/10.1016/j.rser.2010.11.049
http://doi.org/10.1016/j.rser.2019.03.008
http://doi.org/10.1016/j.micromeso.2020.110089
http://doi.org/10.1021/acs.chemrev.5b00345
http://www.ncbi.nlm.nih.gov/pubmed/26654678
http://doi.org/10.1021/ef700631w
http://doi.org/10.1039/c2ra22616b
http://doi.org/10.1016/j.fuproc.2015.02.015
http://doi.org/10.1039/c3cy00704a
http://doi.org/10.1016/j.fuel.2019.115890
http://doi.org/10.1002/ceat.201000270
http://doi.org/10.1016/j.rser.2019.05.034
http://doi.org/10.1016/j.rser.2014.06.013

Int. J. Mol. Sci. 2023, 24,1279 10 of 11

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Huang, Y.; Yin, X.;; Wu, C.; Wang, C.; Xie, ].; Zhou, Z.; Ma, L.; Li, H. Effects of metal catalysts on CO, gasification reactivity of
biomass char. Biotechnol. Adv. 2009, 27, 568-572. [CrossRef]

Yu, H.; Wu, Z.; Chen, G. Catalytic gasification characteristics of cellulose, hemicellulose and lignin. Renew. Energy 2018, 121,
559-567. [CrossRef]

Yoshida, T.; Matsumura, Y. Gasification of cellulose, xylan, and lignin mixtures in supercritical water. Ind. Eng. Chem. Res. 2001,
40, 5469-5474. [CrossRef]

Kustov, L.M.; Tarasov, A.L.; Nissenbaum, V.D.; Kustov, A.L. Dry reforming of lignin: The effect of impregnation with iron.
Mendeleev Commun. 2021, 31, 376-378. [CrossRef]

Kang, S.; Li, X.; Fan, J.; Chang, ]. Hydrothermal conversion of lignin: A review. Renew. Sustain. Energy Rev. 2013, 27, 546-558.
[CrossRef]

Kustov, L.M.; Tarasov, A.L.; Kustov, A.L. Steam reforming of lignin modified with iron. Mendeleev Commun. 2020, 30, 76-77.
[CrossRef]

Osada, M.; Sato, T.; Watanabe, M.; Adschiri, T.; Arai, K. Low-temperature catalytic gasification of lignin and cellulose with a
ruthenium catalyst in supercritical water. Energy Fuels 2004, 18, 327-333. [CrossRef]

Kustov, L.M.; Tarasov, A.L. Microwave-activated lignin conversion to synthesis gas. Russ. Chem. Bull. 2015, 64, 2963-2965.
[CrossRef]

Kustov, L.M.; Tarasov, A.L.; Beletskaya, I.P. Microwave-assisted conversion of lignin into aromatic compounds. Russ. J. Org. Chem.
2015, 51, 1677-1680. [CrossRef]

Tsodikov, M.V.; Ellert, O.G.; Nikolaev, S.A.; Arapova, O.V.; Konstantinov, G.I.; Bukhtenko, O.V.; Vasil’kov, A.Y. The role of
nanosized nickel particles in microwave-assisted dry reforming of lignin. Chem. Eng. J. 2017, 309, 628-637. [CrossRef]

Arapova, O.V,; Chistyakov, A.V,; Palankoev, T.A.; Bondarenko, G.N.; Tsodikov, M.V. Microwave-Assisted Lignin Conversion to
Liquid Products in the Presence of Iron and Nickel. Pet. Chem. 2020, 60, 1019-1025. [CrossRef]

Kustov, L.M.; Kustov, A.L.; Salmi, T. Processing of lignocellulosic polymer wastes using microwave irradiation. Mendeleev
Commun. 2022, 32, 1-8. [CrossRef]

Tsodikov, M.V,; Chistyakov, A.V.; Konstantinov, G.I; Nikolaev, S.A.; Borisov, R.S.; Levin, I.C.; Maksimov, Y.V.; Gekhman, A.E.
Microwave-Stimulated Conversion of a Tar/Lignin Blend into Hydrocarbons in a Plasma-Catalytic Mode. Russ. ]. Appl. Chem.
2021, 94, 1513-1524. [CrossRef]

Zharova, P.; Arapova, O.V.; Konstantinov, G.I.; Chistyakov, A.V.; Tsodikov, M.V. Kraft Lignin Conversion into Energy Carriers
under the Action of Electromagnetic Radiation. J. Chem. 2019, 2019, 6480354. [CrossRef]

Tsodikov, M.D.; Ellert, O.G.; Arapova, O.V.; Nikolaev, S.A.; Chistyakov, A.V.; Maksimov, Y.V. Benefit of Fe-containing catalytic
systems for dry reforming of lignin to syngas under microwave radiation. Chem. Eng. Trans. 2018, 65, 367-372. [CrossRef]
Tsodikov, M.V,; Ellert, O.G.; Nikolaev, S.A.; Arapova, O.V.; Bukhtenko, O.V.; Maksimov, Y.V.; Kirdyankin, D.I; Vasil’kov, A.Y.
Fe-containing nanoparticles used as effective catalysts of lignin reforming to syngas and hydrogen assisted by microwave
irradiation. |. Nanopart. Res. 2018, 20, 86. [CrossRef]

Koklin, A.E.; Bobrova, N.A.; Bogdan, T.V.; Mishanin, LL; Bogdan, V.I. Conversion of Phenol and Lignin as Components of
Renewable Raw Materials on Pt and Ru-Supported Catalysts. Molecules 2022, 27, 1494. [CrossRef]

Arapova, O.V,; Ellert, O.G.; Borisov, R.S.; Chistyakov, A.V.; Vasil'’kov, A.Y.; Tsodikov, M.V.; Gekhman, A.E. Effect of the Method of
Synthesizing a Nickel-Containing Catalyst on Lignin Conversion in Liquid-Phase Hydrodepolymerization. Pet. Chem. 2019, 59,
111-119. [CrossRef]

Du, X.; Zhang, H.; Sullivan, K.P.; Gogoi, P.; Deng, Y. Electrochemical Lignin Conversion. ChemSusChem 2020, 13, 4318-4343.
[CrossRef] [PubMed]

Omae, I. Aspects of carbon dioxide utilization. Catal. Today 2006, 115, 33-52. [CrossRef]

Medvedev, A.A.; Kustov, A.L.; Beldova, D.A.; Kravtsov, A.V.; Kalmykov, K.B.; Sarkar, B.; Kostyukhin, E.M.; Kustov, L.M.
Gasification of hydrolysis lignin with CO2 in the presence of Fe and Co compounds. Mendeleev Commun. 2022, 32, 402-404.
[CrossRef]

Friis, S.D.; Lindhardt, A.T.; Skrydstrup, T. The Development and Application of Two-Chamber Reactors and Carbon Monoxide
Precursors for Safe Carbonylation Reactions. Acc. Chem. Res. 2016, 49, 594-605. [CrossRef] [PubMed]

Li, H.; Xu, B.; Jin, H.; Luo, K,; Fan, J. Molecular dynamics investigation on the lignin gasification in supercritical water. Fuel
Process. Technol. 2019, 192, 203-209. [CrossRef]

Zhang, H.; Deng, S.; Cao, X. Density functional theory investigation of gasification mechanism of a lignin dimer with B-5 linkage.
Renew. Energy 2018, 115, 937-945. [CrossRef]

Saito, K.; Kakumoto, T.; Nakanishi, Y.; Imamura, A. Thermal decomposition of formaldehyde at high temperatures. J. Phys. Chem.
1985, 89, 3109-3113. [CrossRef]

Tarasov, A.L.; Kostyukhin, E.M.; Kustova, L.M. Gasification of metal-containing coals and carbons via their reaction with carbon
dioxide. Mendeleev Commun. 2018, 28, 530-532. [CrossRef]

Singh, O.; Sharma, T.; Ghosh, I; Dasgupta, D.; Vempatapu, B.P.; Hazra, S.; Kustov, A.L.; Sarkar, B.; Ghosh, D. Converting
lignocellulosic pentosan-derived yeast single cell oil into aromatics: Biomass to bio-BTX. ACS Sustain. Chem. Eng. 2019, 7,
13437-13445. [CrossRef]


http://doi.org/10.1016/j.biotechadv.2009.04.013
http://doi.org/10.1016/j.renene.2018.01.047
http://doi.org/10.1021/ie0101590
http://doi.org/10.1016/j.mencom.2021.04.031
http://doi.org/10.1016/j.rser.2013.07.013
http://doi.org/10.1016/j.mencom.2020.01.025
http://doi.org/10.1021/ef034026y
http://doi.org/10.1007/s11172-015-1255-1
http://doi.org/10.1134/S1070428015120015
http://doi.org/10.1016/j.cej.2016.10.031
http://doi.org/10.1134/S0965544120090029
http://doi.org/10.1016/j.mencom.2022.01.001
http://doi.org/10.1134/S1070427221110069
http://doi.org/10.1155/2019/6480354
http://doi.org/10.3303/CET1865062
http://doi.org/10.1007/s11051-018-4185-7
http://doi.org/10.3390/molecules27051494
http://doi.org/10.1134/S0965544119010055
http://doi.org/10.1002/cssc.202001187
http://www.ncbi.nlm.nih.gov/pubmed/33448690
http://doi.org/10.1016/j.cattod.2006.02.024
http://doi.org/10.1016/j.mencom.2022.05.038
http://doi.org/10.1021/acs.accounts.5b00471
http://www.ncbi.nlm.nih.gov/pubmed/26999377
http://doi.org/10.1016/j.fuproc.2019.04.014
http://doi.org/10.1016/j.renene.2017.08.095
http://doi.org/10.1021/j100260a032
http://doi.org/10.1016/j.mencom.2018.09.027
http://doi.org/10.1021/acssuschemeng.9b02851

Int. ]. Mol. Sci. 2023, 24, 1279 11 of 11

41. Huang, X.; Zhang, F; Fan, M.; Wang, Y. Catalytic Coal Gasification; Elsevier B.V.: Amsterdam, The Netherlands, 2015;
ISBN 9780444595799.

42.  Alonso, D.M,; Bond, J.Q.; Dumesic, J.A. Catalytic conversion of biomass to biofuels. Green Chem. 2010, 12, 1493-1513. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1039/c004654j

	Introduction 
	Results and Discussion 
	SEM and EDX Characterization 
	Transmission Electron Microscopy 
	XRD 
	The Catalytic Tests 

	Materials and Methods 
	Materials 
	Methods 
	Synthetic Procedure 

	Conclusions 
	References

