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ABSTRACT: A new concept is proposed for the production of
artificial coal under HTC conditions using Mg(NO3)2 as an
oxidant in a short time, which is found to enhance the coalification
degree of hydrochar from lignocellulosic materials. Pressure
promotes decarboxylation reactions of lignocellulose to form
hollow smooth-faced regular spherical particles, avoiding the
agglomeration of hydrochar particles. In parallel, oxidation can
break down the biopolymer structure to form low-molecular-
weight compounds, which is found to be a key step during artificial
coal formation. The artificial coal synthesized has a high degree of
coalification.
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1. INTRODUCTION

The population expansion and increasing industrialization and
urbanization call for a growing fossil fuel energy demand,
which simultaneously leads to serious water and soil pollution
and climate changes.1 Although various clean energies are
developed after Paris Agreement,2 fossil fuels are the dominant
energy supplier worldwide including 27% of coal, 33.1% of oil,
and 24.2% of natural gas.3 Accordingly, developing clean
energy generation from waste organic material to reduce CO2
emissions is of great interest to researchers.4 Hydrothermal
carbonization (HTC) first reported by Bergius as early as
19135 is a thermal treatment of biomass in an aqueous medium
heated at subcritical temperatures (180−260 °C) under self-
generated pressure (0−2 MPa) to obtain solid char.6 HTC has
been extensively investigated to mimic the natural process of
coal formation.7 The past two decades have seen a renewed
interest in the topic due to its green technology.8 The main
advantage of HTC is that biomass does not require a
preliminary drying step since it is a process taking place in
water, which subsequently saves significant amounts of energy
especially high-moisture waste including food waste, sewage
sludge (SS), livestock manures, and others.9,10 On the other
hand, it can also provide a low coalification degree of solid fuel
to replace coal.
During HTC of lignocellulose, dehydration, polymerization,

and aromatization reactions occur with the condensed
polyfuranic system bridged by aliphatic regions and terminal
hydroxyl and carbonyl functional groups formed.11 Lignin is

only a marginally altered fraction in the HTC process, which
affects the final hydrochar structure as it interferes with
cellulose hydrolysis, resulting in a rather challenging cellulose
conversion.12,13 Conversely, converting lignocellulosic biomass
into carbonaceous materials with the same chemical structure
and morphology is still a highly challenging task.11,14 Besides
lignocellulose, livestock manure, SS, and food waste also
contain proteins prone to deamination to form heterocyclic
compounds during HTC.15 Hydrochar from lignocellulose has
been proved to possess a relatively low degree of coalification
(in the region of lignite in the Van Krevelen diagram).16,17

Improving hydrochar properties at relatively low temperature
is a key step to realize the HTC-to-artificial coal concept,
especially as alternative natural coal. A feasible pathway to
convert lignocellulose during HTC is to form polyfuranic
chains as a key step to lignocellulose conversion during HTC
and following arene formation under harsh reaction con-
ditions.18,19 However, arene formation is relatively difficult
under low-temperature HTC conditions, even with a strong
acid as a catalyst.20,21
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Simulation coalification experiments have been carried out
from peat, wood, or others in recent decades, mainly
considering temperature and pressure with organic geo-
chemical analyses. However, the required harsh conditions
(408 atm, 125 °C, 75 days) as well as long reaction times make
artificial coal preparation a highly challenging task.22,23 Under
conventional HTC temperatures and pressures, lignin is
relatively stable.12,17 The main change in lignin structure is
the cleavage of carbon side-chain moieties as well as
demethylation, causing an increase in catechol-like struc-
tures.12,24 Proteins are also difficult to be incorporated into the
hydrochar as they undergo deamination and decarboxyla-
tion.25,26 Under conventional HTC conditions, another
challenge of cellulose, lignin, and proteins is the low hydrolysis
rate, resulting in a large amount of feedstock directly
transferred to hydrochar, essentially leading to a low degree
of carbonization in the hydrochar itself.
To fill the existing gap on artificial coal preparation, this

contribution reports an unprecedented, flexible, simple, and
reproducible method to enhance the coalification degree of
hydrochars from HTC of lignocellulosic feedstocks mediated
by the addition of an oxidant to disrupt the polymeric structure
(enhancing hydrolysis). Cellulose (CL) and lignin (LG) were
used as single-component model compounds. Egg white
powder (EWP) was used as a protein model with a
polysaccharide mixture. Pine wood powder (PWP) was used
as a natural lignocellulose compound. Specifically, the
objectives of this research were to (i) characterize the
hydrochar generated under partial oxidation conditions, (ii)
characterize the influence of the partial oxidation atmosphere,
and (iii) assess the potential influence of reaction pathways.

2. MATERIALS AND METHODS
2.1. Materials. CL and LG were supplied by Shanghai Macklin

Biochemical Co. Ltd. PWP and EWP were directly derived from the
market and pulverized to below 150 μm. Mg(NO3)2 (MN) and
K2S2O8 (KS) were AR and used without further purification.
2.2. HTC Experiments. Five grams of the sample, 5 g of oxide,

and 70 mL of distilled water were used for HTC in a 100 mL
autoclave reactor (Nanjing Zhengxin Instrument Co. Ltd., Nanjing,
China). The withstand pressure value was 25 MPa at 340 °C. Upon
quantification, samples were directly poured into the reactor and
mixed under magnetic stirring. The reactor was then sealed and
heated to the setting temperature by an electrical heater that was held
for the setting time when the temperature reached the setting value. If
the reaction time was completed, the reactor would stop heating and
cool to room temperature. The mixture was directly filtered with a
vacuum pump to separate the solid and liquid. The solid was rinsed
with distilled water and then heated at a 105 °C oven for 24 h to
obtain a solid.
To analyze the influence of pressure on hydrochar properties

during HTC, 5 g of sample, 5 g of oxide, and 40 mL of distilled water
were added into a 100 mL autoclave reactor together with nitrogen
gas (ps-100, Nanjing Zhengxin Instrument Co. Ltd., Nanjing, China).
The maximum values of temperature and pressure were 340 °C and
40 MPa, respectively. After sealing, the N2 steel cylinder was opened
and released nitrogen entered the force lift pump (JTT40, Jackatech
Fluid Equipment Manufacturing Plant, Jining, Shandong, China) to
increase pressure. After reaching the setting value, the force lift pump,
N2 steel cylinder, and reactor were closed sequentially. The other
process was the same as that without N2. The hydrochar samples
under different conditions are listed in Table S1.
2.3. Materials Characterizations. The elemental compositions

of the hydrochars were analyzed by an elemental analyzer (Flash2000
CHNS/O, Thermo Fisher Scientific, USA). Oxygen content in
hydrochar was also measured with this instrument. Fourier transform

infrared spectroscopy (FTIR) analysis of the hydrochars was
performed by a VERTEX 70 FTIR spectrometer (Bruker, Germany).
The conditions of thermogravimetric analysis (TG) (STA449F5,
NETZSCH, Germany) were as follows: about 10 mg of hydrochar, a
heating rate of 10 °C/min, from room temperature to 900 °C, and a
constant flow of N2 at 40 mL/min. An X-ray diffraction (XRD)
spectrometer was used to analyze the crystallinity of the hydrochars
(D8 Advance, Bruker, Germany). A Cu target (Cu Kα source) was
used and the scanning rate was 20°/min from 5° to 90°. X-ray
photoelectron spectroscopy (XPS, Thermo ESCALAB 250 instru-
ment) was employed to probe organic N and C functional groups on
the surface of the hydrochars. A monochromatized Al Kα source
(1486.68 eV) was used to obtain the spectra. The voltage was 14.8
kV, the current was 1.6 A, and the power was 150 W. The spectra
were corrected by C 1s (284.8 eV). The spot diameter was 650 nm.
The morphology was observed by scanning electron microscopy
(SEM, Merlin, Zeiss). Raman measurements were performed on a
LabRAM HR Evolution (Renishaw inVia, England) with a laser
wavelength of 532 nm to analyze the carbonization degree of N-
hydrochar. Nuclear magnetic resonance (NMR) analysis including 1H
NMR and 13C NMR spectroscopy (400 MHz, Bruker AVANCE III
600M) was carried out to analyze the properties of carbon-containing
functional groups and hydrogen-containing functional groups ascribed
to the surface of N-hydrochar. The specific surface area was tested by
N2 adsorption using a physisorption analyzer (Kubo-X1000, Beijing
Builder Optics Co. Ltd.). Particle size was measured by a Mastersizer
2000 (Malvern PANalytical, England). A gas chromatography−mass
spectrometer with an HP-5MS column (30 m × 0.32 mm × 0.25
mm) was used to analyze the oil components in the aqueous phase by
a Thermo Trace1300, ISQ 7000, USA. The total organic carbon
(TOC) of the aqueous phase was measured by a Shimadzu TOC-
VCSH analyzer (Shimadzu, Japan).

3. RESULTS AND DISCUSSION
3.1. Hydrochar and Aqueous Phase Characteristic

Analysis. Table S2 summarizes the elemental analysis results
for hydrochars produced with different feedstocks under
different conditions. Compared to pure CL at 260 °C, the
content of hydrogen, oxygen, and carbon in hydrochar with
MN decreased from 4.44 to 3.63%, from 30.25 to 22.98%, and
from 68.61 to 65.68%, respectively, under identical temper-
atures and reaction times. H/C and O/C values notably
decreased, indicating that MN can significantly promote
dehydration and decarboxylation to enhance the degree of
carbonization. The content of carbon and hydrogen notably
decreased (especially carbon) at 300 °C, while the content of
oxygen increased. The carbon content decrease was probably
related to thermal decomposition of oligomers to form low-
molecular-weight compounds (or oligomers were deeply
oxidized to form gases). The oxygen content increased
probably due to thermal decomposition of oligomers and
formation of more carboxylic acid functional groups on the
surface. Larger amounts of carbon were oxidized at prolonged
times of reaction (10 h, 260 °C), with similar results to those
observed at 300 °C. Comparatively, the addition of KS brought
a slight reduction of carbon and hydrogen content while the
oxygen content notably decreased. Compared to hydrochar
with KS, hydrochar with MN at 260 °C has lower hydrogen
and oxygen content, especially hydrogen, indicating that MN
has a stronger role in disrupting the CL structure, with
improved dehydration and decarboxylation capability as
compared to KS.
The use of LG and EWP provided similar results, with the

exception of a stronger decarboxylation capability of KS (as
compared to MN), probably related to the chemical structure
of the feedstock. When PWP was used as a feedstock, similar
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results were also found, but the content of carbon, hydrogen,
and oxygen in PWP-derived hydrochar was comparatively
higher than that of CL-derived hydrochar. These indicated that
the interaction between LG and CL influenced hydrochar
formation, in agreement with a previous report.13 According to
elemental analysis results, the presence of an oxidant and
pressure played important roles during HTC.
To further ascertain the role of partial oxidation during

HTC, the Van Krevelen diagram for hydrochars is depicted in
Figure S1. Most samples were close to the coal region. H/C
values were lower than that of conventional HTC for
biomass.14 Most hydrochar characteristics were close to
those of lignite during HTC after just 1 h. O/C values were
very high, particularly for LG and CL at 300 °C (1 h) and 260
°C (10 h), indicating that LG and CL underwent partial
decomposition and oxidation to −COOH groups that account
for the increased oxygen content listed in Table S2. H/C
values notably decreased, indicating that partial oxidation
promoted hydrochar coalification at the same HTC temper-
ature and reaction time.

Lower O/C values were present in EWP-derived hydrochar,
pointing to a different reaction mechanism or a favored
decarboxylation (to form and remove CO2) as compared to
CL and LG (Figure S2). The increasing pressure value in the
systems led to hydrochars also within (or close) the coal range,
with H/C and O/C shifted to lower values, confirming the
coalification promotion of hydrochar.
To further analyze hydrochar properties, FTIR results are

also compiled in Figure S3. Strong CC vibrations and weak
CO vibrations could be found for the use of CL as a
feedstock with MN at 260 °C, indicating that MN promoted
CC formation.27 CO bands almost disappeared at 300 °C
(or 260 °C for 10 h), pointing to enhanced decarboxylation.
C−H vibrations located at 880 and 740 cm−1, corresponding
to out-of-plane bending vibrations of aromatic groups, could
also be observed, indicating that the degree of carbonization
notably increased (no bands located in this region during
conventional HTC using CL as a feedstock).28

Partial oxidation (same results observed for KS) con-
sequently had a positive effect in the HTC of CL. CO
almost disappeared (and C−H vibration bands located at 880

Figure 1. Particle size of hydrochar. (A) Particle size of CL-derived hydrochar; (B) particle size of LG-derived hydrochar; (C) particle size of PWP-
derived hydrochar; (D) particle size of EWP-derived hydrochar.
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and 740 cm−1 appeared) when pressure was applied (10 MPa),
indicating that decarboxylation was enhanced. No CO peak
could be found at lower temperatures (200 °C), pointing to
the formation of CO after hydrolysis.
When LG, PWP, and EWP were employed as a feedstock,

similar results were also found. PWP-derived hydrochar
prepared under pressured conditions showed almost non-
existent CO bands, implying that pressure was beneficial to
remove CO2. FTIR results further confirmed the influence of
pressure on the degree of decarboxylation. Comparably, the
added oxidant could disrupt the organic matter to enhance
hydrolysis and positively influenced the hydrochar formation
process, in good agreement with previous results.22

To further analyze the hydrochar properties, particle size was
further characterized. Results are listed in Figure 1. When CL
was used as a feedstock, two main peaks appeared (9.8 and 275
μm) at 260 °C, which was held for 1 h, indicating that part of
cellulose was directly converted to a solid during HTC. A
pyrolytic pathway during HTC for cellobiosan appeared even
at 260 °C.29 Similar results could be found for the addition of
MN, with a weakened peak (10 μm) and the disappearance of
the peak at 275 μm. These results pointed to an enhanced
hydrolysis of unreacted CL. When the reaction was prolonged
to 10 h, two peaks could still be found (80 μm was weak),
while only one peak could be found at ca. 10 μm at 300 °C

(same results observed with pressure increasing). The results
pointed out the incomplete hydrolysis of CL. From particle
size results, the presence of an oxidant and pressure promoted
the hydrolysis to inhibit solid-to-solid conversion, but CL was
still not completely hydrolyzed. Similarly, the use of MN as an
oxidant promoted lignin hydrolysis to inhibit the solid-to-solid
reaction when LG was used as a feedstock as compared to the
reaction conducted in the absence of an oxidant (two main
peaks appeared at ca. 1 and 110 μm, indicating that a small part
of lignin hydrolyzed and then polymerized to hydrochar; a
large amount of lignin was directly converted to a solid during
HTC). MN changed the surface characteristics of the samples
and the morphology and contributed to particle aggregation.
Similar results were observed for the use of EWP as a feedstock
(Figure 1). HTC properties of EWP were different from those
of CL and LG. When PWP was used as a feedstock under 260
°C without oxide, it was found that the particle size reached
near 70 μm. When oxide was added under the same HTC
condition, the particle size shifted to a high value. PWP
containing cellulose and lignin, which interfere with cellulose
hydrolysis,30 was not completely hydrolyzed. When oxide was
added, more hydrolysates could still be obtained on the surface
of the residue to form bigger particle sizes in the hydrochar.
Under harsher reaction conditions, the particle size became

Figure 2. XRD results of hydrochar. (A) Particle size of CL-derived hydrochar; (B) particle size of LG-derived hydrochar; (C) particle size of
PWP-derived hydrochar; (D) particle size of EWP-derived hydrochar.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.1c08338
ACS Sustainable Chem. Eng. 2022, 10, 3335−3345

3338

https://pubs.acs.org/doi/10.1021/acssuschemeng.1c08338?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c08338?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c08338?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c08338?fig=fig2&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c08338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


smaller, indicating that thermal decomposition and hydrolysis
were enhanced to weaken the formation of aggregates.
To further analyze the characteristics of the synthesized

hydrochars, XRD was employed as depicted in Figure 2. When
CL was used as a feedstock, the hydrochar has a high
carbonization degree at 300 and 260 °C for 10 h. The peak
showed a broader peak at 2θ = 24.8°, corresponding to the
plane of (002) particularly for diffraction peaks of carbon.31 In
the absence of MN, even at 260 °C, almost no peak could be
found. The addition of nitrogen changes the peak at 21.7°,
indicating that changes in surface charge were key influences
on particle properties.32 A series of peaks were present (32.5°,
35.6°, 42.6°, 46.6°, and 53.7°) at high temperatures (with
pressure) and also with the addition of MN, corresponding to
the formation of MgCO3.

33 These pointed out that
decarboxylation was enhanced in the presence of MN, in
good agreement with elemental analysis results, being also
direct evidence of decarboxylation happening during HTC.
The same trend was observed for all feedstocks (CL, LG, EWP,
and PWP). Ash yield can be used to evaluate the carbonization
degree for deep carbonization to form −COOH on the surface,
and then it can further form MgCO3. To demonstrate the
adsorption of MgCO3 on the surface of hydrochar, the peak of

MgCO3 disappeared (Figure S4) after 3.4% dilute HCl
solution rinsing. The hydrochar featured an amorphous carbon
phase under mild conditions, while under harsher reaction
conditions, including higher temperatures, the addition of
pressure and the presence of an oxidant could lead to the deep
coalification of hydrochar.
To further analyze the degree of coalification for hydrochar,

the Raman spectra were also recorded as shown in Figure S5.
Two obvious bands could be observed at 1360 and 1590 cm−1,
which represented defects and disordered sp3 carbon (D band)
and ordered sp2 hybridized carbons (G band), respectively.34,35

The peaks were relatively weak under mild conditions, while
they were sharp under harsher reaction conditions. ID/IG
values, accounting for the degree of defects and disorder of
carbonaceous materials, are depicted in Figure 3. ID/IG values
were low (even at 260 °C) in the absence of MN, under
pressure, or at higher temperatures. However, the addition of
MN, even at lower temperatures, notably increased ID/IG
values, indicating a high degree of coalification. Similar results
were obtained for all feedstocks, pointing to a universal
method to improve the degree of coalification in carbonaceous
materials. According to ID/IG values, MN has a stronger

Figure 3. ID/IG results for Raman spectrum of hydrochar under different conditions. (A) CL-derived hydrochar; (B) LG-derived hydrochar; (C)
PWP-derived hydrochar; (D) EWP-derived hydrochar.
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capability to improve the degree of coalification as compared
to KS.
TG-DTG also was employed to analyze hydrochar thermal

decomposition characteristics as summarized in Figure S6. In

CL-derived hydrochar, it was found that even at 260 °C,
without MN, the thermal decomposition temperature was in
the range of 300−600 °C. When MN was added, the initial
thermal decomposition temperature of hydrochar shifted to a

Figure 4. NMR of hydrochar with different conditions. (A) NMR of CL-derived hydrochar; (B) particle size of LG-derived hydrochar; (C) NMR
of EWP-derived hydrochar.
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high temperature, indicating that the coalification degree of CL
was enhanced for thermal decomposition of fixed carbon,
which needed a much higher temperature.36 With the reaction
condition changed rigorously, the peak temperature shifted to
a high temperature, especially at 260 °C for 10 h having the
highest peak temperature. The thermal decomposition temper-
ature of hydrochar exceeded that of some low-rank coals,
especially with MN and at 260 °C for 10 h.37 When LG was
used as a feedstock, probably for hydrolysis insufficiency, the
peak was split. The highest peak temperature among LG-
derived hydrochar was 200 °C. Under harsher conditions, the
peak temperature shifted to a low temperature, indicating that
CL-derived hydrochar formed hydrochar by polymerization,
while the LG structure cleaved by MN decreased the peak
temperature. The thermal decomposition temperature of LG-
derived hydrochar exceeded that of pure LG.38 Similar results
were obtained for EWP and PWP, pointing to the expected
thermal decomposition during HTC. Altogether, a high
coalification degree changed the peak temperature.

13C NMR and 1H NMR were subsequently carried out as
depicted in Figure 4. In 1H NMR of CL-derived hydrochar, the
main peaks were at 6.85 and 2.19 ppm (aromatic protons and
O-alkyl protons, respectively).39 When the reaction condition
was at 300 °C (or 260 °C after 10 h), a weak peak located at
1.05 ppm was present due to aliphatic groups. The main peak
was located at 4.90 ppm including a weak peak located at 6.85
ppm, corresponding to polyfurfural rings.17,18 13C NMR results
confirmed that the furanic (CCO) peak located at 110−
100 ppm was very weak, while the arene (ArCCAr)
peak was very strong (ca. 127 ppm).18 These results indicated
that the degree of carbonization of the hydrochars was very
high. Sharp peaks (125.5 and 149.5 ppm), characteristic of sp2

carbon atoms in CC with a signal in the region of 140−160
ppm,40 can also be found. In the range of 250−150 ppm, a
peak located at 209.2 ppm was present, corresponding to the
fraction of CO groups in carboxylic acids (175 ppm),
ketones, or aldehydes (200−220 ppm).41 In the range of 70−0
ppm, the peak in the range of 30−5 ppm corresponded to the
aliphatic region.17 The addition of MN changed the signal
profile, with signals present at 70.7 ppm (aliphatic groups) and
186.9 ppm (weak, CO group in carboxylic acids). Under
pressure (10 MPa), peaks (70.7 and 186.9 ppm) disappeared,
indicating that decarboxylation was enhanced. A temperature
increase to 300 °C only showed a residual peak at 187.9 ppm.
Almost no CO peaks can be found for the use of LG as a
feedstock. Two main peaks located at 125.7 and 147.5 ppm
could be found, ascribing to aromatic CC and aromatic
carbon bound to lignin methoxy groups, respectively,
indicating a condensed aromatic system bridged by aliphatic
regions. The peak located at 57 ppm belonged to methoxy
groups. In 1H NMR, the main peak located near 5 ppm
matched 13C NMR results, being similar to that of CL-derived
hydrochar 1H NMR results. A sharp peak located at 1.60 ppm
could be found in 1H NMR of EWP-derived hydrochar
obtained at 260 °C without MN, ascribing to aliphatic groups.
When MN was added, this peak weakened, indicating that MN
notably promoted hydrolysis or decomposition during HTC.
Another sharp peak was present near 5 ppm, indicating the
formation of CC. In 13C NMR, the main peak located at 129
ppm pointed to polyaromatic ring (including pyrrole pyridine)
formation. Polyaromatic rings bridged by aliphatic regions and
carbonyl functional groups were formed during HTC.
According to NMR results, MN can notably promote
coalification while pressure promoted decarboxylation, in

Figure 5. SEM of hydrochar under different conditions. (A) Particle size of CL-derived hydrochar; (B) particle size of LG-derived hydrochar; (C)
particle size of PWP-derived hydrochar; (D) particle size of EWP-derived hydrochar.
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good agreement with elemental analysis, FTIR, and Raman
results.
Specific surface areas (SBET) of hydrochars were also

measured as presented in Figure S7. CL- and LG-derived
hydrochars exhibited higher surface areas as compared to those
obtained from EWP and PWP. CL-derived hydrochar SBET
results showed stepwise increment under harsher conditions,
indicating that dehydration and decarboxylation were further
enhanced to disrupt the agglomeration structure of hydro-
char.42 Pressure almost had no effect on SBET. Hydrochar yields
increased with N2 addition (Figure S2), indicating that
oligomers in solution were recovered to form hydrochar.43

EWP-derived hydrochars exhibited low SBET values, indicating
that deamination, dehydration, and decarboxylation were
enhanced to disrupt agglomeration and form smooth particles.
SBET values were lower than those of CL- and LG-derived
hydrochar, indicating that probably EWP would cause easier
formation of spherical particles compared to CL and LG. The
use of PWP as a feedstock led to hydrochars with low surface
areas since hydrolysis was inhibited (interfering of LG on CL),
leading to low SBET values, in good agreement with previous
reports.13,44 Hence, SBET provided another tool to probe the
difference of hydrochar formation mechanisms.
SEM images showed hydrochar morphologies (Figure 5).

When CL was used as a feedstock at 260 °C without the
addition of MN, a significant agglomeration was found. The
presence of MN at 260 °C resulted in the formation of
irregular spherical particles, leading to coalescence and
generating more irregular spherical particles at prolonged
reaction times (10 h). Interestingly, smooth-faced regular
spherical particles were observed under pressure (N2, 10 MPa).
From Figure 5A, particles were confirmed to stepwise change
to smooth-faced regular spherical particles under more severe
HTC reaction conditions. Hollow spherical hydrochar particles
are also shown in Figure S8. MN would promote additional
−OH and −COOH formation on the surface of the
biopolymer, which can benefit dehydration and decarbox-
ylation. Increasing pressure was beneficial for the formation of
smooth-faced regular spherical particles. Almost no spherical
regular particles could be observed when LG or PWP was
employed as a feedstock, while spherical particles were
observed for EWP. With the condition getting more severe,
more spherical particles can be found together with particle
coalescence (Figure S9). According to SEM results, spherical
particle formation could be explained via biomass hydrolysis
during HTC to form oligomers containing lipophilic and
hydrophilic groups, whose interfacial tension decreases
stepwise in a crooked manner with the molecular weight
increasing. Irregular spherical particles were then formed, with
dehydration and decarboxylation occurring; the inner pressure
of particles made them change to a spherical shape to form
hollow particles. At the same time, particles also coalesced
(Figure S10) with dehydration, demethylation, and decarbox-
ylation reactions also taking place on the surface to form
smooth-faced hydrochar (particularly promoted with increas-
ing pressures).
XPS results are depicted in Figure S11. C−C/H, C−N, and

OCO bands can be found as well as pyrrole-N, pyridinic-
N, and graphitic-like N. The fraction of different functional
groups is summarized in Figure 6. The fraction of C−C/H
decreased under harsher reaction conditions, indicating that
dehydration was enhanced and the degree of coalification was
increased. The high fraction of C−N pointed to the nitrogen

element in NO3
− transferring to hydrochar. LG-derived

hydrochar also possessed C−N bonds, especially pyrrole-N
and pyridinic-N, indicating that aromatic rings were probably
cleaved by MN. Graphitic-like N has a high fraction in a high
degree of coalification. Hence, XPS provided a practical tool to
demonstrate the presence of a nitrogen element in NO3

−

transferred to hydrochar.
To analyze the characteristics of the aqueous phase, TOC

values of the aqueous phase were measured as listed in Figure
S12. The aqueous phase obtained at 300 °C with MN
exhibited the lowest TOC value among CL-derived aqueous
phases, while that of hydrochar was not the highest among
hydrochars, indicating that the original feedstock was partially
oxidized to form gases (e.g., CO2). At the same temperature
(260 °C), TOC values increased when MN was added,
pointing to the promotion of hydrolysis by MN (transferring
to the aqueous phase). TOC values decreased at prolonged
reaction times (10 h) or under pressure, indicating the favored
transfer of organic matter to the solid. The use of LG as a
feedstock provided a different TOC trend as compared to CL.
Under severe conditions (pressure, higher temperature, and
prolonged times), reducing TOC values were found, pointing
to the minor β-O-4 bond that underwent cleavage in LG to
release low-molecular-weight compounds. Similar results were
obtained for PWP as well as for EWP (but the latter with a
high TOC value), implying that most proteins were transferred
to the aqueous phase and formed heterocyclic compounds in
the aqueous phase during HTC.
Gas chromatography−mass spectrometry (GC−MS) was

used to analyze the chemical components present in the
aqueous phase as listed in Figure S13. Hydroxymethylfurfural
and other furan derivatives were found in CL-MN-200-1,
indicating that a low degree of polymerization was present after
CL hydrolysis. At the same time, ketones, acids, and amides
could also be found, indicating that MN played a key role in
the hydrolysis. When KS was used, no N-organic matter could
be found, demonstrating that NO3

− took part in the HTC
reaction process to form N-organic matter. A few compounds

Figure 6. Functional group percentage of hydrochar for XPS under
different conditions.
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could be detected when LG was employed as a feedstock
(phenol as the main compound). In other words, the cleavage
of LG under HTC with MN was still limited. Vanillin was a
classic product derived from β-O-4 bond cleavage. When EWP
was used as a feedstock, more compounds could be found,
including hydroxymethylfurfural, ketones, acids, and heter-
oatom compounds. A baseline drift also can be found, perhaps
due to partial column bleeding of the stationary phase at higher
temperatures. Several strong polar substances are indeed
present in the liquid phase that can degrade such a stationary
phase.
3.2. Benefits for Developing Artificial Coal-Based

Renewable Energy. With the Paris Agreement successfully
signed in 2015, China has taken significant actions to tackle
climate change issues.45 Chinese President Xi Jinping
announced that “we aim to have CO2 emissions peak before
2030 and achieve carbon neutrality before 2060”.46 China’s
government will seize time to formulate an action plan for
peaking carbon dioxide emissions before 2030. Artificial coal
could be expected to play an important role in the future in the
reduction of CO2 emissions.
The above results demonstrate a feasible approach for the

use of widely produced and easily accessed biomass including
forestry and agricultural waste to prepare a highly coalified
artificial coal. Taking China as an example, the annual output
of agricultural straw was about 740 million tons and that of
forestry waste was about 200 million tons.47 A large amount of
forestry and agricultural waste would provide a relevant
opportunity to substitute the conventional fossil fuel-based
energy with artificial coal-based renewable bioenergy. Accord-
ing to the yield of PWP in this paper and considering the yield
of agricultural waste,48 35% of yield was used to calculate the

artificial coal production using agricultural waste as a feedstock
(Figure 7). The main crop straw production in 2020 in China
is listed in Table S3. Heilongjiang, Henan, Shandong, Anhui,
and Jilin provinces could potentially be higher artificial coal
production areas, which account for 44.78% total production.
At present, coal is still the dominant energy source in China. In
2019, a nationwide energy of about 4.86 billion tce was
consumed, 57.7% of which originated from coal.49 By using
artificial coal as an alternative, it would reduce about 282
million tce and decrease the pressure for coal demand and
reduce the CO2 emission. If equal quantities of coal were
replaced, 189 million tons of CO2 emission could be reduced.

4. CONCLUSIONS
This contribution explored the new concept of HTC-to-
artificial coal as a potential replacement of widely used coal.
Pressure promoted decarboxylation to form hollow smooth-
faced regular spherical particles, avoiding agglomeration in the
hydrochar. The action of oxidant salts could break down the
biopolymer structure to form −OH and −COOH species,
following enhanced dehydration and decarboxylation reactions.
The produced artificial coal has a high degree of coalification,
which may pave the way for a more extended organic waste
treatment to bring benefits in emission reduction.
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