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Abstract: The characteristics of bioliquid produced through the hydrothermal carbonization (HTC)
of wood wastes and the effects of recirculation on hydrochar production were analyzed. The organic
acids and total organic carbon of bioliquid increased with progressive recirculation, whereas inter-
mediate byproducts decreased. Hydrochar production by bioliquid recirculation increased mass
yield, carbon content, caloric value, and energy yield of the former, while improving its quality as
a solid refuse fuel. We concluded that bioliquid recirculation promoted HTC, as demonstrated by
Fourier-transform infrared spectroscopy. Furthermore, contrary to predictions, a relatively constant
quantity of bioliquid was generated in each step, indicating that its continuous reuse is feasible. There-
fore, bioliquid recirculation can improve hydrochar production while simultaneously mitigating the
environmental impact of wastewater generation. This method should be considered an important
strategy toward the implementation of carbon-neutrality goals.
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1. Introduction

In 2015, the international community launched a new climate regime to cope with
the climate crisis through the Paris Agreement. South Korea established long-term low
greenhouse gas emission development strategies (LEDS) becoming the 14th country in the
world to enact legislation requiring the achievement of carbon neutrality by 2050. However,
greenhouse gas emissions from South Korea in 2018 reached 727.6 million tons of carbon
dioxide equivalent (CO,eq), with the energy sector accounting for 86.9% of emissions [1].
Furthermore, CO; accounts for 91.4% of total national emissions. Thus, energy production
methods that can reduce greenhouse gas emissions are necessary as a contribution toward
carbon neutrality goals.

Forests cover 63.7% of Korea’s land area; this proportion is the fourth highest amongst
member countries of the Organization for Economic Co-operation and Development
(OECD) [2]. However, as forest area decreases and growth stocks increase as a result
of forest rehabilitation projects, wood wastes (e.g., roots, branches, stems) generated in
processes such as construction and mountain clearing are predicted to consequently in-
crease [3]. These wood wastes include plant biomass such as lignocellulosic biomass.
Emissions from plant biomass are not included in greenhouse gas emission inventories
as plants absorb CO; during growth, and the CO, generated during the burning of solid
fuels produced by thermochemical conversion is also absorbed by nature [4]. As wood
wastes are usually stockpiled or incinerated, measures to process them in an efficient and
eco-friendly manner are required.

The hydrothermal carbonization (HTC) reaction is a thermochemical process that
converts biomass into hydrochar and produces biosolid, bioliquid, and biogas. HTC
is particularly useful as it can convert biomass with a high moisture content, such as
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lignocellulosic biomass (which consists of refractory lignin, cellulose, and hemicellulose) [5]
and D-xylose, into carbon materials [6]. Previous research on hydrochar production through
HTC has detailed the products and byproducts of the reaction. Acetic acid is generated
first [7] and acts as a catalyst for dehydration [8,9], one of the main mechanisms of the
reaction. When acetic acid is used as a catalyst in the HTC of lignocellulosic biomass,
the high heating value of hydrochar increases. As a larger amount of acetic acid was
added, the production of hydroxymethylfurfural (HMF), an intermediate bioliquid product,
increases [10,11]. However, HTC is a process generated in the aqueous phase, and some
organic materials and intermediate byproducts in the biomass are dissolved in bioliquid [12].
Therefore, bioliquid can cause environmental pollution when it is discharged as wastewater
due to its high chemical oxygen demand (COD) and total organic carbon (TOC) [12,13].
For this reason, process water recirculation for the economic and ecological treatment
of bioliquid has been studied—mostly for biomass from single materials such as poplar
wood chips [14], orange and grape pomace [9], loblolly pine [15], sweet potato waste [12],
green urban waste [16], paper [17], and laminaria [18]. Across these studies, the mass
yield after recirculation always increased; however; the trends of parameters such as
the carbon content and caloric value of hydrochar were not consistent. Therefore, despite
inconsistencies between different types of starting biomass materials, bioliquid recirculation
has been shown to form additional solid matter.

Although recirculation has previously been applied to single-source biomasses, this
study aims to develop a method to produce solid fuels using a financially and ecologically
sustainable process. We produce hydrochar through composite materials, wood wastes, and
HTC; we suppress the generation of wastewater and recover residuals through recirculation
and examine the effects of bioliquid recirculation by evaluating the characteristics of
the resulting hydrochar. Overall, we sought to develop a technique that contributes to
achieving carbon neutrality goals by producing solid fuels through an economic and
eco-friendly process.

2. Materials and Methods
2.1. Materials
2.1.1. Wood Wastes

Wood wastes (WW) composed of twigs, bark, and leaves were collected in Dongdaemun-gu,
Seoul, South Korea. In addition to being used in this experiment, the samples collected were
dried in a drying oven at 105 °C until a constant weight was achieved; they were then
pulverized into fragments smaller than 5 mm.

2.1.2. Hydrothermal Carbonization (HTC) Reactor

Hydrochar was produced using 600 mL Parr Series 5500 HP Compact Reactors (Parr
Instrument Company, Moline, IL, USA). The stainless-steel reactor was composed of an
internal stirrer, pressure and temperature sensors, gas inflow and outflow valves, and
an internal cooling loop. The temperature, pressure and revolutions per minute were
monitored and adjusted using the connected 4848 Temperature Controller.

2.2. Experiment
2.2.1. Production of Hydrochar and Bioliquid

The mass ratio and reaction temperature of biomass and water were set to 1:5 and
220 °C, respectively [19]. In accordance with the capacity and stability of the reactor, 60 g
of biomass and 300 g of distilled water were used as starting materials and reacted at
220 °C for 2 h. After the reaction, the reactor was water-cooled for 5 min, and degassed for
1 min. The head and vessel of the reactor were then separated, and the residual gas was
cooled for 30 min. After filtration under reduced pressure for solid-liquid separation, the
separated biosolid was dried for 12 h in a drying oven at 105 °C and defined as hydrochar
H1. After the pH of the bioliquid was measured, it was marked as L1, and used for the
recirculation experiment.
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2.2.2. Recirculation

The same amount of biomass was used in the recirculation experiment. The total
biomass (excluding the amount needed for analysis) was used in the recirculation treatment
of all bioliquid. Distilled water was added to match the mass ratio of biomass to water. The
subsequent hydrochar production process was performed as described above. The liquid
and hydrochar produced through nine recirculation experiments were marked as L2-L10
and H2-H10, respectively, as per the relevant recirculation step.

2.3. Analyses
2.3.1. Bioliquid Analysis

The bioliquid was stored in a refrigerator at 4 °C, and a 1:1000 dilution of the bioliquid
was used for every analysis, excluding that of pH. The pH was measured using the K
Series Multimeter K7000-PDC (iSTEK, Seoul, Republic of Korea) in accordance with Korean
Standard (KS) ES 04306. The TOC was measured via combustion oxidation at 680 °C using
a TOC-V Series instrument (Shimadzu, Kyoto, Japan) and an ASI-V Autosampler.

The organic acids and intermediate products were analyzed using high-performance
liquid chromatography (HPLC), Ultimate 3000 (Thermo Fisher Scientific, Waltham, MA,
USA), and the refractive index (RI) (ERC RefractoMax 520, DataApex, Prague, Czech
Republic) was used as a detector. In the HPLC, 0.01N H,SO,4 was used as the mobile
phase; a 10 uL sample of this was injected into an Aminex 87H column (300 x 10 mm,
Bio-Rad, Hercules, CA, USA) for analysis. The eluent flow rate was 0.5 mL/min and the
oven temperature was maintained at 40 °C. A total of 7 standards were used as follows;
lactic acid sodium salt (Fluka-Honeywell, Charlotte, USA), citric acid (Showa chem, Beijing,
China), malic acid (Kanto chem, Tokyo, Japan), succinic acid (Sigma-Aldrich, Taufkirchen,
Germany), oxalic acid (Showa chem, Beijing, China), fumaric acid (Showa chem, Beijing,
China), and VOAs mixture (AccuStandard, New Haven, CT, USA).

2.3.2. Hydrochar Analysis

Fourier transform infrared spectroscopy (FI-IR) was performed using a Nicolet iS
10 FT-IR Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) to analyze changes
in the chemical structure of hydrochar due to bio liquid recirculation. The mass yield of
hydrochar was calculated as follows, using the mass of the input biomass (My), and the
mass of the produced hydrochar (My,):

Mass Yield (%) = M, /M, x 100 1)

Changes in the properties of hydrochar due to bioliquid recirculation were analyzed
via industrial, elemental, and heating value analyses. For the industrial analysis, the
moisture, ash, and volatile matter contents were quantified, and fixed carbon was calculated
based on the values obtained, according to ASTM standards D3172, D3173, D3174 and
D3175, as follows:

Fixed carbon (%) = 100 — muoisture content (%) — ash content (%) — volatile matter (%) (2)

The elemental analysis of hydrochar was conducted using a carbon, hydrogen, nitro-
gen, and sulfur (CHNS) analyzer (Thermal Fisher Scientific, Waltham, MA, USA) according
to ASTM D3176. The oxygen content of the hydrochar was calculated based on the CHNS
values and ash content:

0% = 100 — (C % 4+ H% + N% + S% + Ash content (0/0)) (3)

The high heating value (HHV) was analyzed using an ECO bomb calorimeter (DDS
CALORIMETERS, South Africa) according to KS E 3707. The low heating value (LHV)
was calculated based on the HHYV, and results of the elemental and industrial analyses,
as follows:

LHV = HHV — 600(9H + W) 4)



Energies 2022, 15, 4903

40f 10

The energy density (ED) and energy yield (EY) were calculated based on these values,
as shown below, to evaluate the effects of bioliquid recirculation on the characteristics of
hydrochar energy:

ED = HHYV of hydrochar/HHYV of biomass (5)
EY = ED X Yijeld of hydrochar (6)

3. Results and Discussion
3.1. Characteristics of Bioliquid
3.1.1. Production and pH of Bioliquid

The first HTC experiment produced 228 g of bioliquid. It was expected that the
quantities produced would decrease with progressive recirculation, but similar amounts of
bioliquid (in the range of 221-228 g) were produced at every step. Additionally, all of the
bioliquid generated in the experiments had a yellowish-brown color that tended to darken
with progressive recirculation. The pH of all bioliquid samples ranged from 3.4 to 3.6, as
confirmed to be acidic as in the other studies [14-17].

3.1.2. Organic Acid and Total Organic Carbon Analyses

Acetic and formic acid were detected using organic acid analysis via HPLC. Xylose
accounts for approximately 20-30% by weigh of lignocellulosic biomass, and d-xylose
(wood sugar) is the main structure of hemicellulose [20]. The monosaccharides in cellulose
and hemicellulose are released through hydrolysis [21]. Therefore, the detected acids
could be generated via the hydrolysis of hemicellulose, and the dehydration reactions of
d-xylose [22,23] or lignin side chains [6,24]. In particular, they could be produced by the
degradation of C5 and C6 sugars [25].

The concentration of acetic acid increased from 11.6 g/L to 35.1 g/L, rising sharply
until L6 (Figure 1). After this, the increase was insignificant; however, all subsequent
concentrations were higher than that of L1. Formic acid levels rose sharply to 4.1 g/L in
L5 before decreasing to 4.0 g/L in L6. However, it increased significantly to 4.5 g/Lin L7,
showing a similar trend to that of acetic acid. Therefore, the changes in concentration of
acetic and formic acid were similar, and the pH of each sample of bioliquid was affected
by organic acid levels. This acidic condition can produce water-soluble intermediates by
promoting the degradation of biomass into monosaccharides [26,27].

The TOC, in particular, increased sharply to 30 g/L in L6, where five cycles of recircu-
lation had occurred, indicating that this metric was affected by increasing levels of acetic
acid (Figure 1). Furthermore, H;O was generated by the decomposition of formic acid
under hydrothermal conditions [6,28] (see also [29]) suggesting that a relatively constant
amount of bioliquid was generated at all steps of the process.

3.1.3. Intermediate Analysis of Bioliquid

In this example, 5-HMF and furfural were identified as intermediate products in the
bioliquid. These are production of dehydration of hexoses [20] and xylose into pentose
sugar by acid-catalyzed [30,31]. Organic acids from lignocellulosic biomass decomposition,
which accumulated in the bioliquid, could act as homogeneous catalysts when hexoses and
pentoses are hydrolyzed to 5-HMF and furfural [16,32,33]. Therefore, it can be considered
that the generation of 5-HMF and furfural was influenced by the organic acids analyzed
previously. In addition, 5-HMF and furfural can catalyze the condensation reaction of
lignin [34,35].

The levels of the intermediate products decreased with the progression of bioliquid
recirculation, showing a trend opposite to those of the organic acid levels (Figure 2). The
5-HMF decreased from 1.5 g/L to 0.9 g/L, while furfural decreased from 0.7 g/L to 0.2 g/L,
likely as a result of their condensation reactions. Furthermore, the yellowish-brown color
of every bioliquid was likely the result of furfural oxidization after contact with air as the
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furfural formed a yellowish-brown synthetic resin. It can also be the result of decomposition
and dissolution of organic matter [24,36].
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Figure 1. Concentration of organic acids and TOC in bioliquid.
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3.2. Characteristics of Hydrochar
3.2.1. Fourier Transform Infrared Analysis of Hydrochar

FT-IR analysis was performed to examine the effects of bioliquid recirculation on
the characteristics of hydrochar (Figure 3). A peak at 1160 cm ™! signified the vibration
characteristics of cellulose and hemicellulose in all hydrochar. This indicated the presence
of undecomposed crystalline cellulose and hemicellulose. A peak at 3700 cm ™! that was
only observed in WW indicated the presence of alcohol (O-H), implying that this was
what was decomposed by HTC. A peak from 3600-3200 cm ™!, which indicated an O-H
bond, was discovered in every sample; however, it tended to decrease gradually with the
recirculation of bioliquid. This indicated that bioliquid recirculation accelerated hydrolysis
by HTC. We hypothesize that the amount of bioliquid produced remained constant because
of this phenomenon. The peak decreased significantly after H6 because hydrolysis had
been promoted by organic acids in the bioliquid, which were more scarce following this
cycle. Due to the acidity of the initial environment, the degradation response strengthened,
leading to the further decomposition of glucose. A peak at 3300 cm~!, indicating a car-
boxylic acid compound, was caused by the oxidation of alcohol and the hydrolysis of ester.
This peak showed a trend similar to previous peaks, decreasing significantly at Heé.

In the presence of a peak from 1750-1700 cm ™!, an additional peak in the 1200~1100 cm !
range indicates the presence of an ester compound, which is generated by condensation
polymerization after water is decomposed in acid and alcohol. The peak observed in this
range showed the greatest and most distinct vibration characteristics in H1. This suggested
that the ester bond was broken due to active hydrolysis during bioliquid recirculation.
We thus concluded that alcohol was decomposed by HTC and that the recirculation of
bioliquid accelerated the HTC mechanism.

WwW

~~d HI

s
H4
HS
Hé
H7

| H8
HY

A HI0

3000 2500 2000 1500 1000
-1
Wavenumbers (cm )

Figure 3. FT-IR result of biomass and hydrochar.

3.2.2. Mass Yield of Hydrochar

Figure 4 shows the mass yield of hydrochar. The mass yield increased the most in
the first step of bioliquid recirculation, from 65% in H1 to 69% in H2, and reached its
highest, 70% in H6. The increase in mass yield in H1 to H2 is more pronounced than that
in the other stages. This is because H1 is a hydrochar produced using biomass and water,
whereas H2 is hydrochar produced by recirculation bioliquid. In other words, there is no
material catalyzing the HTC mechanism when H1 was produced. However, when H2 is
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generated, the HTC mechanism is promoted by organic acids and intermediates in the
bioliquid; therefore, it shows a rapid increase rate compared with other steps. The mass
yield of hydrochar was lower than that of biomass because cellulose and hemicellulose are
decomposed to form by-products in gaseous and liquid states [37].

The hydrochar yield did not increase consistently with the progress of recirculation,
but all the values from H2-H10 were higher than the value in H1. This increase was the
result of organic molecules in the bioliquid forming additional solid materials [17]. In
particular, the HMF decomposed from cellulose and lignin formed a precipitate called
HTC-coal via continuous polymerization and condensation reactions [6]. Therefore, the
recirculation of bioliquid increased the production of hydrochar.

70

69 r

68

67 |

66

Mass Yield [%]

65

64

H1 H2 H3 H4 HS H6 H7 HS8 H9 HI10
Figure 4. Mass yield of hydrochar.

3.2.3. Proximate Analysis of Hydrochar

Table 1 shows the results of the proximate analysis of biomass and hydrochar. The
ash content of hydrochar generated through bioliquid recirculation increased, whereas
the content of volatiles decreased. The increase in ash content can be attributed to the
accumulation of inorganic components [9,38]. The fixed carbon content did not increase
regularly with the progression of bioliquid recirculation, but it was higher than H1 in all
other samples. In addition, H2, where bioliquid recirculation was first applied, showed the
highest increase rate compared with the previous stage. This shows a similar trend to the
result of the mass yield.

3.2.4. Changes in the Properties of Hydrochar Fuel

Table 2 shows the result of the ultimate analysis of biomass and hydrochar. The carbon
content presented the largest rate of increase, rising from 55.7% in H1 to 58.4% in H2. This
is similar to the result of mass yield and proximate analysis. This indicates that some of
the additional solids produced by bioliquid recirculation are carbon. Additionally, all the
carbon content in samples H2-H10 were higher than that in H1, reaching the highest value
of 59.7% in H5. In H6, which showed the highest yield, the carbon content was 59.1%,
having decreased minutely after H5.
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Table 1. Proximate analysis of biomass and hydrochar.

Proximate Analysis, wt%

Fixed Carbon, %

Moisture Content Ash Content Volatile Matter
WW 6.03 = 0.16 1.84 +£0.24 76.94 4+ 0.31 15.19 4+ 0.42
H1 2.68 £+ 0.04 2.35 +0.27 68.47 + 0.04 26.51 + 0.34
H2 2.54 +0.14 2.314+0.24 66.91 + 0.11 28.24 + 0.21
H3 2.00 + 0.07 2.37 +0.35 67.90 + 0.19 27.72 +0.13
H4 1.57 £0.04 2.89 4+ 0.03 67.46 +1.17 28.08 +1.10
H5 1.28 +0.05 3.09 + 0.06 66.76 + 0.09 28.86 £+ 0.11
Hé6 2.30 + 0.02 2.71£0.10 66.06 + 0.38 28.93 £+ 0.29
H7 1.98 £ 0.07 2.85 4+ 0.12 65.62 + 0.27 29.55 + 0.33
H8 2.21 +0.07 2.86 +0.18 65.18 + 0.25 29.74 + 0.19
H9 2.75 4+ 0.02 2.88 +0.01 66.32 + 0.45 28.05 £+ 0.46
H10 2.44 4+ 0.01 3.07 4+ 0.08 65.86 + 0.42 28.63 + 0.36
Table 2. Ultimate analysis of biomass and hydrochar.
Ultimate Analysis, wt%
C H N S (0]
WW 41.8 +£2.13 6.2 +£0.23 0.8 £ 0.02 0.05 4+ 0.00 49.3 + 0.06
H1 55.7 + 3.02 59+ 1.41 0.5 +0.03 0.05 + 0.00 35.5+0.07
H2 58.4 + 0.86 59+1.23 0.6 +£0.03 0.05 £+ 0.00 32.7 +0.03
H3 59.3 + 1.08 7.0 £ 1.80 0.6 +0.01 0.05 + 0.00 30.6 + 0.04
H4 59.2 +0.24 7.2 +0.87 0.6 + 0.02 0.05 4+ 0.00 30.1 +0.01
H5 59.7 + 0.18 6.9 + 0.95 0.6 = 0.01 0.05 + 0.00 29.7 £ 0.01
Heé 59.1 +£0.39 6.7 + 0.86 0.6 + 0.02 0.05 + 0.00 30.9 + 0.02
H7 58.7 + 0.68 6.5+ 1.11 0.6 £ 0.02 0.05 £+ 0.00 31.3 +0.02
HS8 59.1 +0.74 6.8 +0.91 0.6 +0.01 0.05 + 0.00 30.6 + 0.03
H9 59.0 +0.20 69 +1.11 0.6 +£0.03 0.05 4 0.00 30.6 + 0.02
H10 59.2 + 0.66 75+ 1.17 0.6 +0.01 0.05 + 0.00 29.7 +0.03

Table 3 shows the combustion characteristics. The HHV measurements increased
with bioliquid recirculation, reaching its highest value of 24.78 MJ/kg in H10. In contrast,
the highest value obtained from calculating the LHV through elemental analysis was
23.04 MJ/kg in H7 and H8. This indicates that bioliquid recirculation can improve the value
of hydrochar as fuel while increasing its pure carbon content. The energy densities of the
biomass and hydrochar, and their energy yield, tended to increase with the progression of
bioliquid recirculation. Moreover, this increase showed a similar trend to previous results.
The energy yield, which was 80%, was increased to 90% after the recirculation of bioliquid,
and increased continuously to 94% following the final reaction.

Overall, we found that some of the solid materials that were generated through
progressive water recirculation were carbon materials, meaning that bioliquid recirculation
can recover resources and increase energy recovery rates.

Table 3. The combustion characteristic of biomass and hydrochar.

HHYV,

LHYV,

MJ/kg MJ/kg ED EY, %

WWwW 18.02 £ 0.35 16.47 +0.47 - -

H1 22.67 +0.36 21.27 £0.16 1.26 £ 0.04 80.03 £+ 2.27
H2 23.24 +£0.54 21.84 +0.32 1.29 £+ 0.05 89.59 + 3.10
H3 23.49 +0.29 21.85 £+ 0.60 1.30 £ 0.02 88.78 = 1.34
H4 23.63 £0.17 21.96 + 0.06 1.31 £+ 0.03 88.56 + 2.28
H5 23.73 £ 0.07 2214 +0.23 1.32 £0.02 89.63 = 1.48
Hé6 24.52 £ 0.30 2294 +0.11 1.36 £ 0.03 92.81 +2.02
H7 2455+ 0.18 23.04 + 0.34 1.36 £ 0.02 92.26 +1.10
H8 24.63 + 0.08 23.04 £0.28 1.37 £0.03 9250 £1.72
H9 24.53 £0.01 22.90 + 0.26 1.36 £ 0.03 9292 +1.74
H10 24.78 + 0.06 23.03 £ 0.25 1.38 £ 0.02 94.38 £+ 1.68
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4. Conclusions

To conclude, we have investigated the impact of bioliquid recirculation on solid
hydrochar production by hydrothermal carbonization as a carbon-neutral wood waste
processing technique. Bioliquid was generated in a relatively constant quantity for every
recirculation step, and acetic acid, formic acid, 5-HMF, and furfural were generated as
intermediate products. Organic acids and intermediate products promoted the HTC
mechanism, thus increasing the mass yield, carbon content, heating value, and energy
density of hydrochar. Our findings have a wide range of applications in the field of wood
waste processing and any processing that involves hydrothermal carbonization. Therefore,
bioliquid recirculation can be proposed as a method for developing an eco-friendly HTC
process by recovering resources from wastewater and as a means of sustainable energy
production for carbon neutrality.
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