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Abstract: Waste straw contains a large amount of lignin, and its resource utilization is not only in
line with the national double carbon development strategy, but also to alleviate environmental
pollution. Hydrothermal carbonization is a new thermochemical conversion technology, which
has attracted much attention because it can directly transform carbon containing waste raw mate-
rials with high moisture content and low energy density. To investigate the physicochemical
properties and aromatization changes of lignin hydrochar, hydrothermal carbonization experi-
ments were carried out at 290 °C and a solid-liquid ratio of 1:20 for 0.00, 0.25, 0.50, 1.00, 1.50, 2.00,
4.00, 8.00 h, respectively. The experimental results shows that hydrothermal carbonization can in-
crease the combustion quality of lignin. Physical and chemical properties analysis shows that with
the increase of hydrothermal carbonization time from 0 to 2 h, the hydrochar content increased
from 21.21% to 26.02% and the HHV of hydrochar increased from 20.01 MJ/Kg to 26.32 MJ/Kg.
When the holding time exceeded 2 h, the carbon content and calorific value of hydrothermal
tended to be stable. With the increase of holding time, FTIR analysis and XRD analysis show that
the free hydroxyl groups in water-soluble lignin were easily combined with intramolecular and
intermolecular hydrogen bonds, thus forming an ordered crystal arrangement. Subsequently, the
crystal structure formed a well-arranged long chain through a strong hydrogen bond network,
forming a ring structure in the process of aromatization. Aromatic ring structure accumulated,
aromatization wave peak increased with holding time and aromatization intensified. Hydrochar
crystal particles became larger and arranged in order. At the same time, the surface functional
group detection and degree of crystallization were almost unchanged when holding time exceeded
2 h. The surface morphology of hydrochar was observed by SEM as follows: when the hydro-
thermal carbonization reaction of lignin entered the insulation stage, the microsphere structure
began to aggregate and then became larger. When the holding time reached 2 h, the growth rate of
carbon microspheres noticeably slowed. Therefore, the optimal hydrothermal carbonization time
of lignin is 2 h, and hydrochar fuel has the best performance and aromatization.
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1. Introduction

The exploitation and utilization of petroleum and other fossil resources in the
long-term development of mankind not only causes a sharp reduction of fossil resources,
but also brings huge environmental pollution problems. Lignin is one of the most
abundant natural polymers with aromatic rings as structural units on earth has broad
application fields and application prospects. The use of renewable lignin to replace pe-
troleum and other fossil resources is of great significance to maintain carbon and oxygen
balance in the biosphere and achieve sustainable development. The structure of lignin is
very complex. It is a three-dimensional polymer compound composed of phenylpropane
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structural units connected by carbon-carbon bond and ether bond. It contains a variety of
active functional groups [1-5] and is an extremely complex network polymer randomly
polymerized by carbon-carbon bond and ether bond between lignin monomers, without
strict fixed structure. It is a complex polymer compound that exist in the xylem of most
terrestrial plants, accounting for approximately 1/3 of the biomass of terrestrial plants.
The content of lignin varies with plant types. The content of lignin in coniferous plants,
broadleaf plants and herbaceous plants is 27-33%. As one of the main components of
plants, 18-25% and 17-24% account for approximately 15-40% of the dry weight of lig-
nocellulosic biomass, and lignin is high in carbon and oxygen content, with a mass frac-
tion of approximately 60% and 30%, respectively. Lignin is the most abundant renewable
organic resource with aromatic characteristics in nature [2,5-7]. In terms of total amount,
the amount of lignin on earth is second only to cellulose. It is estimated that 150 billion
tons of lignin can be produced by plant growth worldwide every year.

In fact, broadly speaking, lignin not only includes the kinds of lignin in plants, but
the lignins that are present in different parts of cells with different morphology in various
raw materials, and also includes the kind of unchanged lignin contained in plant tissue.
These are known as “original lignin” (protolignin). The somewhat denatured lignin,
which is extracted from plants with a neutral solvent, such as ethanol is called “natural
lignin.” There is also Brauns lignin, named after Brauns, which is now believed to be part
of the original lignin. Freudenberg calls it “soluble lignin” [6,8-14].The term lignin now
generally refers to the lignin products, which can be separated from plants as well as
lignin derivatives.

Lignin has a wide range of sources, nor been well applied. Human have used cel-
lulose for thousands of years, but lignin really only began to be studied after 1930, and
has not been well used. The bulk of resources provided to humans by nature are wasted
every year. The pulp and paper industry also provides a large source of lignin, which can
reach more than 500 million tons of industrial lignin annually. However, these lignin
resources have not been effectively used, and most of the pulp waste liquid is discharged
or directly burned. Not only causes a serious waste of resources but also brings potential
environmental problems.

As an environmentally friendly thermochemical conversion method, hydrothermal
carbonization mainly generates solid product hydrochar through reactions, such as de-
hydration, condensation and decarboxylation of organic matter. Moreover, hydrothermal
carbonization is a chemical method superior to combustion or pyrolysis of solid fuels. It
has the advantages including no pre-drying treatment, high conversion efficiency, and
relatively low operating temperature. It is easy to react with water-based biological
waste, thereby avoiding the excessive consumption of energy for biomass waste drying
treatment [3,4,12]. It has a great potential for development in the treatment of waste bi-
omass.

Although it has been recognized that hydrothermal carbonization is the best solu-
tion for the commercial application of lignin, technical breakthroughs have not been
made due to the lack of a comprehensive understanding of the structural evolution and
aromatization reaction mechanism of lignin biomass [5,11,15]. According to previous
studies, hydrolysis and aromatization are two important reactions of hydrothermal car-
bonization. Hydrolysis leads to the cracking of bonds in biological macromolecules, and
aromatization leads to the formation of coal-like structures [5,11,15,16].

Studying the mechanism of lignin hydrothermal carbonization process has
epoch-making significance for lignin resource utilization. However, hydrothermal car-
bonization process involves a lot of chemical reactions and molecular structure changes,
so the generation of hydrothermal carbon, hydrothermal carbonization process reaction
and structure changes were summarized, respectively.

The hydrothermal carbonization temperature of lignin is generally lower than 350
°C, and it is difficult to become water coke through aqueous solution homogeneous
phase. Although some lignin can be dissolved in water at 200 °C, most lignin fragments
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are difficult to dissolve and disperse into the aqueous phase [17]. Therefore, solid-solid
transformation is preferred, and heterogeneous pyrolysis of non-soluble lignin produces
polyaromatic hydrocarbon coke. Dissolved and undissolved lignin surface fragments
exposed to water produce cracks and pores through hydrothermal carbonization. These
fragments are decomposed into phenolic substances by hydrolysis and then polymer-
ized into phenolic hydrochar. Some phenolic carbonates, especially those from surface
fragments of insoluble lignin, are located on the surface of insoluble lignin or polyaro-
matic carbonates, and these cracks and pores are then filled or covered.

Reactions in the hydrothermal carbonization process include hydrolysis, dehydra-
tion, decarboxylation, aromatization, etc. [7,18]. Hydrothermal carbonization is a process
in which macromolecules are degraded into small molecular fragments and reaggregat-
ed into macromolecules. It is a reaction between free groups. Due to the hydrothermal
carbonation reaction in a closed environment and the complex structure of lignin, it is
difficult to accurately describe the reaction path of lignin hydrothermal carbonation
process, and some mechanisms are still unclear. However, the formation of products in
the thermal decomposition process is closely related to the reaction mechanism of the
regulatory process, and the hydrothermal carbonization of lignin uses water as the me-
dium, so the hydrothermal carbonization of lignin starts from the hydrolysis reaction,
but the hydrolysis is restricted by the mass transfer within the lignin, and the hydrolysis
rate is determined by the diffusion progress. In the hydrolysis stage, the small molecular
compounds are hydrolyzed into monomers, and the pH value of the system is reduced.

At the same time, dehydration occurred in the hydrothermal carbonization of lig-
nin, which made the lignin remove water molecules. All kinds of soluble substances
were formed after the reaction of carbon frame cracking and dehydration. Dehydration
can still occur when the reaction process is low, but decarboxylation reaction is not ob-
vious. Decarboxylation begins only after a large amount of water is generated. Decar-
boxylation is the elimination of part of the carboxyl group, and the rate of decarboxyla-
tion is usually much lower than that of dehydration.

Another source of water molecules in hydrothermal processes is condensation
polymerization between fragments. Polycondensation can remove hydroxyl and car-
boxyl groups to form easily aggregated unsaturated substances, and then the intermo-
lecular dehydration or aldol condensation to produce a large number of soluble poly-
mers. Under hydrothermal conditions, these soluble polymers are highly reactive, and
new polymers are generated through aromatization, which also leads to the formation of
solid phase products in the hydrothermal process, which increases the aromatic struc-
ture of solid phase products and enhances the stability of hydrothermal carbon. At pre-
sent, the literature on aromatization reaction is relatively few.

According to previous studies, hydrolysis and aromatization are two important re-
actions of hydrothermal carbonization. Hydrolysis leads to bond cracking in biological
macromolecules, and aromatization converts hydrogenated aromatic compounds into
aromatic compounds through dehydrogenation, leading to the formation of coal-like
structures [19]. Aromatization of lignin in hydrothermal carbonization is a process in
which aromatic hydrocarbon products are obtained from lignin solid residue through a
series of reaction steps, such as hydrogen transfer, oligomerization and cyclic polymeri-
zation.

The aromatization reaction is complex and the influencing factors are extensive. In
recent years, a large number of scholars at home and abroad have carried out some re-
search work on this topic, such as exploring the influence of hydrothermal temperature,
holding time and other reaction conditions on aromatization. The increase of hydro-
thermal carbonization reaction temperature increases the chemical stability and struc-
tural order of solid phase products [17], and thus improves the degree of aromatization
of hydrothermal carbon. However, there are few studies on the influence of holding time
on hydrothermal carbonization aromatization, which requires further study and discus-
sion [6,13,20].
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Aromatization refers to the reaction in which hydrogenated aromatic compounds
are converted into aromatic compounds by dehydrogenation. During the reaction pro-
cess, alkanes and olefins are cyclized and further hydrogen transfer reaction occurs.
During the reaction process, hydrogen atoms are continuously released, and aromatiza-
tion finally generates aromatic hydrocarbons. The aromatization reaction is a process in
which the lignin solid phase residue undergoes a series of reaction steps, such as hydro-
gen transfer, oligomerization, and cyclization to obtain aromatic hydrocarbon products
[8,11]. The reaction is a complex process, and there are many factors affect the aromati-
zation reaction.

At present, hydrothermal carbonization is an important way to realize the efficient
utilization of lignin. However, the evolution of lignin structure and aromatization
mechanism during hydrothermal carbonization have not made significant progress so
far.The aromatization process is complex and affected by temperature, holding time and
other working conditions [14,21,22]. Increasing the temperature of hydrothermal car-
bonization will improve the aromatic degree, structural order and chemical stability of
the product-hydrochar. However, there are few studies on the influence of holding time
on the aromatization mechanism in hydrothermal carbonization and the chemical
structure change of hydrothermal carbonization product-hydrochar. According to pre-
vious literature, other working conditions such as temperature can well increase the
aromaticity and calorific value of hydrochar, nonetheless there is little research on the
holding time [8,9,12,20]. On one basis, this paper discusses the influence of different
holding time on aromaticity and calorific value, as well as the changes of physicochemi-
cal properties and aromatization mechanism of hydrochar, so as to provide theoretical
basis for the research and development of efficient carbon aromatization system. This
novel point is to explore the influence of the change of holding time on the aromatic de-
gree and calorific value of hydrochar. The evolution process of chemical structure and
physical form of hydrochar is discussed through ultra-fine time grouping, which pro-
vides mechanism research and theoretical support for realizing high-energy utilization
of lignin. At the same time, the influence of hydrothermal carbonization reaction condi-
tions on the chemical structure of hydrochar is a recent research hotspot. In this paper, by
adjusting the holding time, the aromatization process of lignin during hydrothermal
carbonization and the change rule of the aromatization degree of the product-hydrochar
are studied by adjusting the holding time, and the change of the physicochemical prop-
erties and aromatization mechanism of hydrochar with the holding time were deeply
explored, aiming to improve the theoretical support for the research and development of
efficient utilization technology of lignin.

2. Materials and Methods
2.1. Materials

The lignin used in this study was purified from industrial paper mill waste liquid
and the samples were dried directly at 105 °C for 24 h, followed by grinding, screening,
and reprocessing for pre-drying. Samples of 400 g with a particle size <400 um were se-
lected and kept in a sealed bag for later use.

2.2. Experimental Device

The lignin hydrochar experiment was carried out in a 100 mL steel permanent
magnet rotary mixing high-pressure reactor. The reactor consists of a heating furnace,
reaction vessel, mixing device, transmission system and safety protection device. The
main performance indexes were maximum working pressure 20 MPa, maximum work-
ing temperature 360 °C; heating power 0.8 KW, heating pressure regulating range 0-220
V, and mixing speed 0-300 r/min.

2.3. Experimental Protocol



Energies 2023, 16, 1089

5 of 14

The lignin hydrochar experiment was conducted at 290 °C and at a solid-liquid ratio
of 1:20 for 0.00 h, 0.25 h, 0.50 h, 1.00 h, 1.50 h, 2.00 h, 4.00 h, and 8.00 h. The schematic
diagram of hydrochar preparation by a hydrothermal reactor was shown in Figure 1. By
analyzing the physicochemical properties and FTIR of hydrochar products, the effects of
thermal insulation time on the physicochemical properties of hydrochar and the aroma-
tization degree of hydrochar were studied.

~ HL
HL-0.00h
HL-0.25h
HL-0.50h
~
HL-1.00h HTC

HIL-1.50h

Hydrochar
HL-2.00h

HIL-4.00h

HTC reactor

“~ HL-8.00h.

Figure 1. Schematic diagram showing the preparation of hydrochar.

A total of 3 g of lignin raw material were accurately weighed on the analytical bal-
ance and mixed with 60 mL of distilled water, creating a solid-liquid ratio of 1:20. Then,
the mixture was placed in the reactor. After sealing the lid of the kettle, to ensure that the
air in the kettle was completely eliminated, the speed of the magnetic mixer was set at 180
r/min. The kettle reaction temperature control is constant at 290 °C, and the heating rate
was set at 5 °C/min. The reactor switch was turned on and the lignin hydrochar reaction
experiment was conducted. Eight different experiments were conducted by controlling
the holding times, repeating each group three times. After the hydrothermal reaction
experiment, the reactor temperature drops rapidly. After reaching room temperature, the
exhaust valve was opened to depressurize the reactor. Then, the kettle lid could be
opened and the solid-liquid mixture was dumped into the filter device. Under the action
of vacuum pump, the mixture was rinsed with distilled water several times until the fil-
trate was clear and the solid and liquid were separated.

The distillation was repeated and rinsed until the filtrate was clear at which point
the solid and liquid separated. The hydrochar obtained from the experiment was dried in
the oven (105 °C) to a constant mass, then ground, sieved with an 80-mesh sieve, and
placed in a sealed bag for storage. The lignin raw materials and hydrochar generated
under different thermal insulation conditions are numbered as HL, HL.290-0, HL.290-0.25,
HL-0.50, HL-1.00, HL-1.50, HL-2.00, HL-4.00, and HL-8.00. The average value of three
groups of parallel samples was used to calculate hydrochar yield (nyied, %) and energy
recovery efficiency (Renergy, %).

Nyield = (Mhydrochar/Mraw) x 100% (1)

Renergy = (HHVhydrOChar X T]yield)/(HHVraw X T]yield) % 100% (2)

(where Mhydrochar is the mass of solid phase residue after hydrothermal heating (g); Mraw is
the drying mass of raw materials added (g); HHVhydrochar is the calorific value of hydro-
thermal carbon (MJ/Kg); and HHV:aw (M]/Kg) is the calorific value of raw materials).
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2.4. Analysis Method
2.4.1. Industrial Analysis

The ash(A), volatile (VM), and carbon fixation (FC) content of the sample was de-
termined by industrial analyzer (YX-GYEX 7706, Changsha Youxin Instrument Manu-
facturing Co., Ltd. (Changsha, China)). Specifically, the first two can be detected directly,
and the latter is calculated by the difference method.

2.4.2. Elemental Analysis

The elemental analyzer (EA3000, Euro Vector, Milan, Italy) can be used to measure
the C and H content in the sample. Take approximately 1 mg of the sample, wrap it in
aluminum foil and form it into cylindrical pellets, and place it in the measuring instru-
ment. After starting the instrument C, H, S, N and Ash content can be obtained after 2 h,
and O content needs to be calculated based on the difference of air drying base.

2.4.3. Calorific Value Determination

The higher heating value (HHV) was measured with a bomb calorimeter (YX-ZR/Q
9704, Changsha Youxin Instrument Manufacturing Co., Ltd., Changsha, China) accord-
ing to GB/T 213-2008. An automatic calorimeter is used to determine the calorific value of
the sample. The 0.5 g sample is placed in the sealed oxygen bottle. Under the condition of
sufficient oxygen, if the sample is fully burned, the heat released by the combustion is
absorbed by the surrounding water, and the water temperature rises proportionally to
the heat released by the sample combustion.

2.4.4. Crystal Structure Analysis

X-ray diffraction (XRD) is a favorable method for measuring the crystal structure of
carbon materials, which can determine the structural parameters of carbon materials.
XRD (DX-2700 XRD, Dandong Tongda Technology Co., Ltd. (Dandong, China))
measures amorphous carbon (Ca), aromatic degree (fa), intercrystalline layer spacing
(dooz), and grain size (La, Lc) [7,18,23,24]. This is used as a structural parameter to evaluate
the accumulation structure of the carbon layer of a carbon material.

2.4.5. Analysis of Hydrochar Characteristics

The functional group structure of the sample was analyzed by Fourier transform
infrared spectrometer (Frontier FTIR, USA) . In total, 1 mg of the sample and 100 mg of
KBr were ground and tableted together. These slices were scanned with a photometer in
the range of 4000-400 cm™! to determine the surface functional groups of the sample.

2.4.6. Surface Morphology Observation

The surface morphology and structure of the samples were observed by scanning
electron microscope (FEI™ ESEM Quanta 450 FEG, USA). A scanning electron micro-
scope (SEM) was used, approximately 5mg of the sample is evenly sprayed with gold to
increase its conductivity. Then, it is enlarged by 5000 or 10,000 times according to the
morphology and the needs of experimental analysis.

3. Results and Discussions
3.1. Physicochemical Properties of Lignin and Hydrochar

Industrial analyzers, elemental analyzers, automatic calorimeters and other meas-
uring instruments were used to obtain the volatile matter (VM), ash (A), and fixed car-
bon (FC) contents, C, H, O element content, Heat value (HHV), Hydrochar yield (1)), and
energy recovery (R) with 9 samples. The basic property parameters of the hydrothermal
carbon under different holding times are shown in Table 1.
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Table 1. Chemical characteristics of lignin and hydrochar obtained at different holding times and
energy recovery efficiency of hydrothermal process.

o] VM FC® A C H 0- n HHV R
amp’e (%) (%) (%) (%) (%) (%) (%) (MJ/kg) (%)
HL  62.82+0.12 20234043 1865:0.11 64.12+034 445+009 2829+078 17.98
HL290-0.00 60.46+0.17 2221+056 1833+031 6457+045 437+013 2834+056 50.61+135 2001  4032+1.01
HL290-025 6033+0.22 2326+037 1741+025 6541+037 426+0.17 2840+039 5122+122 2076  40.41+1.23
HL290-0.50 57.74+031 2512+041 1714037 6595+028 421+045 2956+0.66 5243+127 2189  4047+145
HL290-1.00 5521+0.16 27.37+038 1642+0.11 6680+039 3.77+037 29.68+049 53.64+131 2101  40.55+1.66
HL290-1.50 53.24+0.15 31.11+057 15.65+045 67.62+047 3.68+056 29.78+037 5418+043 2453  40.62+124
HL290-2.00 52.13+0.32 32.02+039 14.85+0.67 67.68+039 3.07+078 2988+029 55314127 2632  40.71+142
HL290-4.00 52.08+0.24 32.34+051 1458+0.48 67.88+029 3.04+089 29.95+038 5535+0.68 2633  40.73+131
HL290-8.00 52.03+0.45 32.81+0.62 1416056 67.92+047 3.01+049 29.99+0.18 5537+156 2635  40.74+1.52

2 By difference:0% = 100% — C% — H%, b By difference: FC% = 100% — VM% — A%.

By analyzing the data in Table 1, it can be concluded that:

(1) With the increase of holding time (0-2 h), volatile matter (VM) content decreased
from 60.46% (0 h) to 52.13% (2 h), and fixed carbon (FC) content increased from 21.21% (0
h) to 32.02% (2 h). For example, when holding time was 1h, hydrochar VM decreased by
7.61% and FC increased by 2.68% compared with lignin raw material, which was con-
sistent with the analysis in the literature that soluble intermediates form FC simultane-
ously on the surface of water coke through aromatization, thus increasing the proportion
of FC in hydrochar. C content (0 h) rose to 64.57% from 67.68% (2 h), H content (0 h) re-
duced by 4.37% to 3.07% (2 h), O content (0 h) rose to 28.34% from 29.88% (2 h). When the
holding time exceeded 2 h, the content of volatile fixed carbon changed slowly.

(2) The calorific value (HHV) varied with the content of volatile carbon (VM) and
fixed carbon (FC) in hydrochar changes when the holding time increased (0-2 h). The
calorific value of hydrochar increased from 20.01 MJ/Kg (0 h) to 26.32 MJ/Kg (2 h). When
the holding time exceeded 2h, the calorific value of hydrochar did not change signifi-
cantly and tended to be flat. Overall, the hydrochar yield (1) increased with the holding
time, leading to an increasing trend of energy recovery efficiency (R) with the holding
time, but not significantly [12,19]. This phenomenon could be explained by the increase
of hydrochar content and the decrease of oxygen and hydrogen content in Table 1.

(3) With the increase of holding time (0-2 h), the proportion of C showed a steady
upward trend (consistent with the increase of FC), while the proportion of oxygen and
hydrogen decreased rapidly. The fluctuation of elemental content of hydrochar indicated
the change of its chemical structure, and dehydration might occur during hydrothermal
carbonization. The decarboxylation reaction released hydrogen and oxygen in the form
of H20 and COg, respectively. With increasing carbon content, the hydrothermal car-
bonization aromatization reaction intensified. After the holding time exceeded 2 h, the
content of hydrochar changed slowly and the aromatization process basically ended.

In conclusion, hydrothermal carbonization could increase the combustion quality of
lignin, the heat value of hydrothermal carbonization product-hydrochar increased from 0
to 2 h, from 20.01 MJ/Kg to 26.32 MJ/Kg. At the same time, the fixed carbon content in
hydrochar increased from 21.21% to 26.02%, and the corresponding volatile content de-
creased from 60.46% to 52.13%. The calorific value of carbon content in hydrochar tended
to change gently after holding time exceeded 2 h. From the perspective of fuel utilization,
the optimal holding time was 2 h. With the increase of holding time (0-2 h), the propor-
tion of C showed a stable upward trend (consistent with the increase of FC), while the
proportion of oxygen and hydrogen decreased rapidly in which the proportion of O de-
creased from 28.34% to 23.21%, and the proportion of hydrogen decreased from 4.37% to
3.07%. The results showed that with the increase of holding time, the aromatization
process of hydrothermal carbonization was accelerated and the aromatization degree
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was increased. After holding for more than two hours, the aromatic degree of hydro-
thermal carbon did not change significantly.

3.2. Evolution of the Surface Functional Groups
After the hydrothermal carbonization of lignin, its surface functional group distri-
bution changes.[18,25,26]. The infrared map of lignin and hydrochar with different in-
sulation times was obtained by FTIR in Figure 2.
HL290=2. 00
HL290~4. 00
»——W
HLZ290 1. 00 | N = x
S R —E =’ ¥ S |m290 2 00
HL290-0. 25 a0
o — \"'\-ﬁw-- | s
_“I_——x C-H ___—C:E—"'\ &= 8 e C-H co o -0
i GOSNl <2 O-H c=C 48
4000 IOO 30‘00 '_‘C-'{.‘U ':U‘Of) l-’.'IOO lU'OO 500 1000 .?..'.-IDD .".(J.OO ':.‘_-IOL) :0‘00 1 ':'-‘-.’JO 1 r:no 500

Wavenumber/cm-!

Wavenumber/cm-!

Figure 2. Infrared spectra of lignin and its hydrothermal carbon at different holding times.

Analysis of Figure 2 shows that:

(1) C-O stretching vibration peak at 1250-1000 cm™ corresponds to the C-O peak of
lignin and hydrochar, indicating the existence of oxygen-containing functional groups.
Therefore, lignin and hydrochar have adsorption properties. The stretching vibration of
hydroxyl (-OH) corresponding to the absorption peak near 3500-3000 cm' shows that the
peak strength of hydrochar hydroxyl (-OH) is weaker than that of lignin raw material,
and the peakstrength of hydrochar hydroxyl (-OH) is further weakened with the increase
of holding time [7,25,27-30]. The main reason is that the dehydration reaction of materi-
als in the hydrothermal process, with the increase of the insulation time, the degree of
dehydration reaction is gradually intensified. At 3100-2800 cm™, the stretching vibration
peak of aliphatic group (-CHz) is stronger than that of lignin, indicating that there are
enriched hydrocarbons in the hydrochar. The vibration spectrum peak at 1700 cm™ (C=O)
was strengthened or appeared, indicating that decarboxylation reaction took place, and
the C=0 bond was formed by dehydration of hydroxyl groups, which may form carbonyl
or carboxyl groups. With the increase of holding time, the peak intensity decreased, in-
dicating that the reaction intensity increased as the mono-aromatic compounds were
transformed into polyaromatic compounds. A stretching vibration peak appeared at 1600
cm™ (C=C), indicating that aromatic rings were present in the sample and aromatization
occurred during hydrothermal process. At the same time, with the increase of hydro-
thermal holding time, the spectral peak is strengthened and the aromatization degree is
deepened.

(2) At the beginning of heat preservation, the vibration peak of -OH and CH: began
to disappear, indicating that obvious pyrolysis reaction of lignin took place at this time.
At the same time, C=0 vibration peak appeared near 1700 cm™!, indicating the formation
of the intermediate product, L-glucosone.

(3) With the increase of holding time (0-2 h), the vibration peak of C=O weakens
and the vibration peak of C=C increases, indicating that with the increase of holding
time, the carbonyl group is removed in the form of CO and CO2, and the resulting free
carbon atoms undergo intramolecular and intermolecular bonding and rearrangement to
form carbon six-membered ring and subsequent dehydrogenation to generate aromatic
ring structure[26,30]. Meanwhile, the C-H bond of the aromatic ring structure near 870
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cm™ is strengthened, while the absorption peaks near 800 cm™ and 750 cm™ are weak-
ened, indicating that the substitution sites in the aromatic ring are increasing, more ring
structures were formed, and the carbon net plane, which forms the basic unit of the car-
bon microcrystalline is expanding [31]. This analysis conclusion is consistent with that of
Table 1. According to the analysis of elemental content changes in physicochemical
properties in Table 1, it is believed that aromatization may have occurred and the in-
crease of holding time resulted in the increase of carbon content and intensification of
aromatization. From the perspective of functional group change, FTIR analysis con-
firmed that aromatization intensified with the increase of holding time.

(4) When the thermal holding time is over 2 h, the C=C bond is enriched gently. The
peak positions of these spectra lines are basically the same, but there are slight differ-
ences in peak intensity. Due to the aromatization of lignin has been basically completed,
the increase of the thermal insulation time has no significant impact [7,28,29,32].

It was found by FTIR that -C-H-, -C=C, and -C-O bonds related to aromatic struc-
ture were gradually formed during hydrothermal process. Studies on the changes of
surface functional groups shows that lignin, as a phenolic polymer, undergoes cleavage
and condensation reactions during degradation, in which -C-O-C is cleaved and oligo-
meric residues are generated [31,32]. Then, the intermediates are hydrolyzed to produce
oxygen-containing hydrocarbons with 2-6 carbon atoms and substituted phenols, which
accumulated in the reaction medium and resulted in the formation of aromatic C-C and
-C=C by a large number of hydroxyl radicals. Subsequently, phenolic carbonates are
synthesized by aromatization and polymerization. The structural changes of lignin dur-
ing hydrothermal carbonization show that aromatization is the key mechanism of hy-
drothermal carbonization. FTIR analysis shows that with the increase of holding time,
the enrichment of hydrocarbon C=C bond in hydrochar increases significantly, the aro-
matization process intensifies, and the aromatic degree of hydrochar increases.

3.3. Crystal Structure Changes (XRD Analysis)

X-ray diffraction (XRD) non-destructive testing method is used to determine the
crystal structure of lignin and hydrochar at different holding times in the experiment, as
shown in Figure 3. From the changes of hydroxyl functional groups in Figure 3, it is in-
ferred that free hydroxyl groups in water-soluble lignin can easily combine with intra-
molecular and intermolecular hydrogen bonds, thus forming an ordered crystal ar-
rangement [26]. Subsequently, the crystal structure forms a well-arranged long chain
through a strong hydrogen bond network, forming a ring structure in the process of
aromatization [30].This is consistent with the yield of hydrochar increasing with the in-
crease of holding time (Table 1), and the analysis results of functional groups of hydro-
char change with holding time (Figure 2). At the same time, the degree of crystallization
is almost unchanged when holding time exceeds 2 h, the degree of crystallinity is the
highest when holding time is 2 h.

HL - 290

HL-290-8. 00

H1-290-0. 25

Figure 3. X-ray spectra of lignin and its hydrothermal carbon at different holding times.
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The diffraction patterns were then deconvoluted with Origin software. The wide
peaks in the 0~45° region can be fitted into three Gaussian peaks near 20 (y-band), 26
(m-band), and 42 (10 band) [26,30-34]. The y-band represents aliphatic carbon (Cal), and
the m-band represents aromatic carbon (Car). According to the processed diffraction
pattern, some structural parameters can be calculated, such as the layer spacing of the
aromatic degree (fa), crystal structure, and the grain size (La, Lc) [33,34], which are
summarized in Table 2.

In Table 2, aromaticity represents the proportion of aromatic carbon in the structure
of water coke. At and Ay are equal to the area aromaticity of the m-band and y-band,
respectively, as shown in Formula (3).

fa = Car/(Car + Cal) = Amt/(Am + Ay) (3)

(Amtand Ay is equal to the area of 7w band and vy band respectively).

The maturity of hydrochar (coal level) is calculated by the ratio of m-band intensity
and y-band intensity, and the wave intensity is denoted by I. The coal level formula is
shown in Formula (4).

Coal rank = Irt/Iy 4)

Crystal structures, such as lateral size (La) and stacking height (LC), are also calcu-
lated by the traditional Scherrer equation as (5) and (6), respectively.

La = 1.84A/Bacos(¢pa) 6)

Lc = 0.89A/Bccos(¢pc) (6)

where A is the radiation wavelength of Cu Ka,Ba and Bc represent the maximum width
of peak values of 10°-band and m-band, respectively. @a and ¢c are the number of car-
bon layers (N) in the structure of water coke. The formula is (7).

N = Lc/d002 7)

Combined with the analysis in Figure 3 and Table 2, it is found that the m-band
gradually becomes narrower with the increase of holding time (related to the decrease of
La), indicating that the disordered crystal gradually transforms into a transitional crystal
(an intermediate structure between crystalline and amorphous states) [7,18,35]. In the
hydrothermal process, the graphene sheets accumulate stably (consistent with the in-
crease of Lc), the number of carbon layers is increased by disordered arrangement, and it
almost completely transforms into ordered crystal, at 2 h. Baysal et al. [35] and Sonilbare
et al. [34] believe that the increase of holding time might be an important factor for the
increase of hydrochar aroma. The above study confirms this conclusion. With the in-
crease of holding time, the coal grade (Int/Iy) of hydrochar is improved [31,32,34].The
higher the crystallinity of the hydrochar, the stronger is the aromatization.

The parameters of amorphous carbon (Ca) aromatics (fa) intergranular spacing
(d002) and grain size (La, Lc) were measured by XRD to the structural change of carbon
layer stacking structure shows that with the increase of holding time (0-2 h), the t-band
gradually widens, and the y- and mt-band also merge into a wide peak (related to the in-
crease of La). At this time, the disordered crystal gradually changes to transition crystal
(an intermediate structure between crystalline and amorphous states), and the crystal-
linity of hydrochar is ordered and the crystal becomes larger. With the increase of hold-
ing time, the aromatization process of hydrothermal carbonization is intensified, and the
ordered crystallinity of hydrothermal carbonization is enhanced, the thermal stability is
enhanced, and the aromatization becomes higher. The maximum crystallinity aromatic-
ity occurs at 2 h holding time.
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Table 2. Structural parameters of lignin and thermal materials for different insulation times.

Sample Peak are/% Structure Parameters
y-Band n-Band La/nm Lc/nm N In/ly Aromaticity

HL 11.32 12.21 3.56 0.85 2.14 1.11 0.54
HL.290-0.00 12.33 12.54 3.66 0.82 212 1.14 0.52
HL290-0.25 12.35 12.64 3.78 0.81 2.15 1.15 0.51
HL290-0.50 12.38 12.75 3.79 0,82 2.16 1.19 0.53
HL290-1.00 12.41 12.87 3.75 0.73 2.17 1.22 0.52
HL290-1.50 12.42 13.88 3.86 0.74 2.17 1.23 0.51
HL.290-2.00 12.45 13.76 3.64 0.72 2.18 1.24 0.54
HL.290-4.00 12.51 14.79 3.56 0.71 2.19 1.24 0.53
HL290-8.00 12.67 14.80 3.45 0.81 2.34 1.25 0.55

3.4. Surface Topography of Lignin and Hydrochar

SEM was used to analyze the surface morphology of lignin and hydrochar at dif-
ferent holding times. The following 4 groups of SEM images were observed, as shown in
Figure 4. According to the observation and analysis of Figure 4, it can be concluded that:

(1) Increasing the holding time can make the pore structure of hydrochar loose and
improve the combustion performance. Lignin is composed of smooth spherical particles
with a very small diameter. Many small irregular bright spots are attached on the surface
of the particles, which is its broken crystal structure. The hydrochar in Figure 4a-d
showed irregular porous honeycomb carbon block under scanning electron microscope.
With the increase of holding time, the size of hydrochar particles tends to be uniform and
agglomerate; and the diameter also increases to nanometer level, and the structure be-
comes loose. The surface of the hydrochar generated by hydrothermal carbonization has
a certain pore structure, which makes it easier for the air flow to penetrate the interior of
the particles during the combustion process of the hydrochar, conducive to complete
combustion [30-32]. Increasing the holding time makes the pore structure more loose and
the combustion more complete, consistent with Table 1, combustion performance in-
creases with the increase of holding time. As seen in Table 2, interlayer spacing and grain
size variation of crystal structure explain the reason for the change of pore structure and
morphology of hydrochar, that is, with the increase of holding time, the aromatic degree
increases, grain size increases, layer spacing increases, and the pore structure becomes
loose. It is concluded that the increase of holding time intensifies the aromatization in
hydrothermal carbonization and enhances the performance of the fuel with developed
pore structure and calorific value.

(2) The optimal hydrothermal carbonization holding time is 2 h. The SEM images
obtained by analysis (Figure 4) showed the following rules: When the holding time was 0
h, as shown in Figure 4a, small microspheres were initially formed on the surface of the
hydrochar with uneven distribution, and pore structures were clearly visible on the sur-
face. When the holding time is 1.00 h, as shown in Figure 4b, the hydrochar particles
gradually become larger with the holding time increasing, and the surface becomes
coarser, the structure is convex and even forms strips. As shown in Figure 4c, when the
holding time reaches 2.0 h, the morphology of hydrochar microspheres presents uneven
agglomerated particles, and the surface of the hydrochar microspheres presents a change
of multi-layer structure with developed pore structure. Meanwhile, the dispersion of
hydrochar microspheres is relatively uniform, and the particle size increases significantly
to the nanometer level. As shown in Figure 4d, the structure of microspheres did not
change significantly with the increase of holding time. Therefore, the aromaticity of hy-
drochar increased with the increase of holding time, reached a peak at 2 h and did not
increase significantly after 2 h. This indicates that the optimal insulation time is 2 h.

(3) The SEM images show that the surface of hydrochar generated by hydrothermal
carbonization has a certain pore structure. With the increase of holding time (0-2 h),
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uneven and small microsphere structures were formed on the surface of hydrochar. It
gradually evolved into a strip structure with a large agglomeration of particles, and its
surface gradually changed into a uniform microsphere with a multi-layer structure. It can
be inferred that the aromatization progress accelerates with the increase of holding time
and the change is not obvious after 2 h. From the perspective of energy saving, the best
insulation time is 2 h.

(d)

Figure 4. Scanning electron microscope images of lignin and hydrothermal charcoal at magnifica-
tion 5000 at different holding times ((a): HL290-0.00, (b): HL-290-1.00, (c): HL-290-2.00, (d):
HL-290-8.00).

4. Conclusions

In this paper, lignin was used as raw material to explore the effect of holding time on
the combustion performance and aroma degree of hydrothermal carbonated aromatiza-
tion products. Based on the study of the effect of holding time on the physicochemical
properties of hydrothermal carbonization process, the influence of the combustion per-
formance of hydrochar with holding time was investigated by means of industrial ele-
ment analysis and other physicochemical measurement methods. FTIR, XRD, and SEM
analysis methods were used to study the influencing factors of aromatization and aro-
matic degree change in the hydrothermal carbonization process and the high utilization
potential of hydrothermal carbonization product hydrochar was evaluated.

The main conclusions are: with the increase of holding time, the fuel performance of
hydrochar is enhanced and then the calorific value of hydrochar is increased. The heat
value of hydrochar increases from 0 to 2 h, and the heat value of hydrochar increases
from 20.01 MJ/Kg to 26.32 MJ/Kg. With the increase of time, the aromatization intensifies
and the -C-H-, -C=C, and -C-O bonds related to aromatic structure are gradually in-
creased during the hydrothermal process, which makes the aromatic degree of hydrochar
become larger. With the increase of holding time (related to the decrease of La), m-band
gradually becomes narrower, indicating that the disordered crystal gradually transforms
into a transitional crystal (an intermediate structure between crystalline and amorphous
states). The morphology and structure of hydrochar become orderly, the crystallinity and
thermal stability are enhanced. The optimal thermal carbonization time of lignin is 2 h,



Energies 2023, 16, 1089 13 of 14

and the performance of hydrochar fuel is the best, and the aroma reached the peak. The
relationship between the fuel properties and aromatization of hydrochar was explained,
and the influence mechanism of holding time on the properties and aromatization of
hydrothermal carbonized lignin fuel was explored, which provided a perfect theoretical
basis for energy utilization of waste lignin.
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