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Analysis of Carbonization Behavior of Hydrochar Produced by
Hydrothermal Carbonization of Lignin and Development of a Prediction

Model for Carbonization Degree Using Near-Infrared Spectroscopy'@
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ABSTRACT

In this paper, we investigated the carbonization characteristics of lignin hydrochar prepared by hydrothermal
carbonization and established a model for predicting the carbonization degree using near-infrared spectroscopy and partial
least squares regression. The carbon content of the hydrothermally carbonized lignin at the temperature of 200 “C was
higher by approximately 3 wt% than that of the untreated sample, and the carbon content tended to gradually increase
as the heating time increased. Hydrothermal carbonization made lignin more carbon-intensive and more homogeneous
by eliminating the microparticles. The discriminant and predictive models using near-infrared spectroscopy and partial
least squares regression approppriately determined whether hydrothermal carbonization has been applied and predicted
the carbon content of hydrothermal carbonized lignin with high accuracy. In this study, we confirmed that we can
quickly and nondestructively predict the carbonization characteristics of lignin hydrochar manufactured by hydrothermal
carbonization using a partial least squares regression model combined with near-infrared spectroscopy.
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1. INTRODUCTION of the agricultural and forest industries are utilized,

cellulose and hemicellulose were mainly used and lig-

Wood-based biomass consists of cellulose, hemi- nin was treated as low-cost fuels. Recently, however,
cellulose, and lignin. With growing interest in bio- there has been growing interest in utilizing lignin in
energy, measures to utilize wood-based biomass have phenolic compounds, carbon filters, hydrocarbons, and
been steadily studied (Ju et al, 2020; Oh et al, 2019). syngases (Park et al, 2020; Kim et al., 2011; Kim
In the biorefinery process where biomass by-products et al, 2019; Lee et al, 2019, Luo and Abu-Omar,
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2017; Agrawal et al., 2014).

Lignin is one of important materials belonging to
lignocellulosic biomass and natural phenolic polymers
and is a high-carbon substance with 60-65 wt% carbon
content. Over 70 million tons of lignin is produced
annually as a byproduct of the paper making and pulp-
ing process (Kumar et al., 2009). Wood components,
including lignin, decompose during heat treatment,
forming new chemical bonds (Yang et al, 2020;
Cahyono et al, 2020; Kim and Kim, 2019). The meth-
od of converting biomass through this process is large-
ly divided into high-temperature pyrolysis and hydro-
thermal carbonization (HTC). HTC is the process of
treating biomass in a thermochemical process to pro-
duce solid carbides (Wang et al., 2008). This is a proc-
ess where both oxygen and hydrogen content are low-
ered by dehydration and decarboxylation at 180 to 360
T, a lower temperature compared to high-temperature
pyrolysis. Coal is less energy efficient than gas or lig-
uid fuels, so previously it was not much researched.
However, it has the advantage of being stable and non-
toxic as the process is performed on it at a low
temperature. Its process is also valuable as a pre-treat-
ment process for the production of functional materials
(Lynam et al, 2011; Hoekman et al., 2011).

An elemental analysis is typically performed to
measure the degree of carbonization of lignin samples
produced in HTC (Kang et al, 2012). However, ele-
mental analysis requires a process of separating gases
generated by burning organic samples at a high tem-
perature with gas chromatography, which makes re-
al-time nondestructive testing impossible. To address
this problem, near-infrared spectroscopy (NIRS) has
been recently applied (Yeon et al., 2019). NIRS can
quickly and non-destructively measure the key compo-
nents of the sample and wood extracts have different
optical absorption patterns which enable to predict
their chemical properties (Schwanninger et al., 2011).

Results have been reported from a number of studies

that use NIRS to identify species and to predict phys-
ical characteristics (Hwang et al., 2016; Park et al.,
2017; Yang et al, 2017).

In this study, we conducted HTC of Kraft lignin
as a pre-treatment step for the development of a lig-
nin-based high-performance adsorbent. We inves-
tigated change in the carbon content of lignin due to
HTC and developed a model to non-destructively pre-
dict the carbonization behavior of lignin using NIRS

and the least partial squares regression.

2. MATERIALS and METHODS

2.1. Testing Materials

The lignin used in HTC is a Kraft lignin powder
produced as a byproduct of the pulping process and
was provided by MOORIM P&P Co., Ltd. The pulp-
ing process is intended to produce bleached hardwood
pulp, in the cooking process of which they use a
strong alkaline white liquor consisting of sodium hy-
droxide (NaOH) and sodium sulfide (Na,S) and in the
bleaching process of which they use chlorine dioxide
(ClOy).

In order to investigate the difference in the carbon-
ization behavior of lignin sample depending on the in-
put in the HTC process, 140ml of distilled water was
mixed with 2.8g, 5.6g and 8.4g of lignin sample,
respectively. In other words, HTC was run on the lig-
nin suspensions of solid-to-liquid ratio (S/L) 1/50,
2/50, and 3/50, respectively.

2.2. Hydrothermal Carbonization (HTC)

In order to identify the difference in the carbon-
ization behavior of the lignin samples depending on
the input, the lignin-and-distilled-water suspensions of
solid-to-liquid ratio (S/L) 1/50, 2/50, and 3/50 were
put in a reaction vessel and heated to 200 C in a heat-

ing mantle. The heating rate was 3.6 C/min and main-
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tained the temperature for 3, 5 and 10 hours after it
reached 200 T. At the end of heating, the reaction
vessel was put in ice water to quickly cool. Then the
HTC lignin was filtered and dried for 48 hours in a
60 T oven. The dried samples were pulverized and
then humidified at 25 C and 60% relative humidity,
and decided the S/L ratio condition to investigate the
effect of HTC time by doing elemental analysis of the
conditioned lignin sample.

In order to observe the change in the carbonization
behavior depending on the change in HTC time, HTC
was performed on the lignin suspensions with the S/L
ratio decided through the lignin input experiment at
200 ¢ for 1, 2, 3, 5 and 10 hours, respectively. The HTC
lignin was cooled, filtered, and humidified in the same
way as described before. Elemental analysis, scanning
electron microscope (SEM) analysis, near-infrared (NIR)
spectral measurement, and predictive model construction

using the humidified samples were carried out.

2.3. Elemental analysis

The contents of C, H, and N were determined using
an elemental analyzer (Flash 2000, Thermo Fisher
Scientific, USA) to look into the carbonization behav-
ior of lignin samples according to the HTC conditions
(Hwang and Choi, 2018).

2.4. Surface Analysis

The HTC lignin and untreated samples were imaged
at x10,000 magnification using a scanning electron
microscope (JEOL JSM-5300, JAPAN), and the sur-
face changes in lignin samples caused by HTC were

visually analyzed.

2.5. Development of Carbonization
Behavior Prediction Model using
NIRS and PLS Regression

The NIR spectra were acquired from HTC lignin

using an NIR spectrometer (NIR Quest, Ocean Optics,
USA). The wavelength range of the spectrometer was
8692515 nm with an optical resolution of 6.6 nm.
The measured NIR spectra were pre-processed by the
second derivative using the Savitzky-Golay algorithm
(Savitzky and Golay, 1964).

A model for predicting carbonization characteristics
was developed using PLS regression (Yang ef al., 2017).
The model that outputs the carbon content (C wt%)
using the second derivative NIR spectral data as input
variables (256-dimensional vectors) was designed.
Furthermore, a partial least squares discriminant analy-
sis (PLS-DA) was performed to determine whether lig-
nin was HTC treated (Hwang et al., 2016). In PLS-DA,
the class values of the untreated and HTC lignin sam-
ples are assigned as -1 and 1, respectively, so that neg-
ative numbers are classified as untreated samples and
positive numbers as HTC lignin relative to the refer-
ence class value of 0. PLS regression and PLS-DA
models were validated by leave-one-out cross-vali-
dation (Stone, 1974).

3. RESULTS and DISCUSSION

3.1. HTC Process Analysis

The temperature-time curve during the HTC process

is shown in Fig. 1. It took about 50 minutes to reach
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Fig. 1. Time-temperature curves of the hydrothermal
carbonization of lignin.
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Table 1. Element composition of HTC lignin with different solid-liquid ratios

Elemental content (wt%)

Temp. (°C) / Time (h)  Solid-liquid ratio C oD q o/C H/C
Control 1 - 62.86 30.84 5.94 0.37 1.13
Control 2 - 61.97 31.69 5.98 0.38 1.16
Control 3 - 60.67 33.50 5.83 0.41 1.15

1/50 64.81 29.73 5.45 0.34 1.01
200 °C / 3h 2/50 65.61 28.79 5.59 0.33 1.02
3/50 64.74 29.77 5.49 0.34 1.02
1/50 64.73 29.85 5.41 0.35 1.00
200 °C / 5h 2/50 64.39 30.10 5.51 0.35 1.03
3/50 65.90 28.52 5.58 0.32 1.02
1/50 65.09 29.53 5.37 0.34 0.99
200 °C / 10h 2/50 65.46 28.97 5.56 0.33 1.02
3/50 65.59 28.87 5.53 0.33 1.01

D0 wt%) = 100 — (C + H + N wt%)

200 T at room temperature, and we maintained the
temperature within the variation of about 3 T after
reaching 200 C. The effect of residual heat was elimi-
nated because the temperature was rapidly lowered by

quick cooling at the end of the set heating time.

3.2. Elemental Analysis

3.2.1. Effect of S/L ratio on Carbon Content

The results of elemental analysis of HTC lignin
manufactured with different S/L ratios is shown in
Table 1. Under the S/L ratio conditions (1/50, 2/50,
3/50) investigated in this study, it is shown that the
carbon content of lignin is independent of the S/L
ratio. The carbon content increased slightly with in-
crease in the heating time, but the difference in carbon
content by the S/L ratio did not show a clear tendency
to increase or decrease.

The average carbon content was 61.8 wt% with the
untreated (control) sample and it gradually increased
with HTC, reaching 65.4 wt% after 10 hours of treat-
ment (Fig. 2). With an increase in the average carbon

content, the standard deviation decreased from 0.81 to
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Fig. 2. Change in average carbon content with increasing
heating time. *Standard deviation.

0.04 (Fig. 2), which means the samples were homo-
genized by the HTC process.

The S/L ratio of 2/50 with the smallest standard de-
viation of the carbon content among the investigated
ratios was selected as the optimal condition and based
on this condition, and the change in the carbon content

with increasing HTC time was investigated.

3.2.2. Analysis of Carbonization Behavior by
HTC Time

The elemental analysis of HTC lignin with different
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Table 2. Element composition of HTC lignin (S/L ratio of 2/50) with different heating time

Elemental content (wt%)

Temp. (°C) / Time (h) o H N o/C H/C
Control 61.96 30.34 5.69 0.25 0.37 1.10
200 °C/lh 63.92 28.93 5.47 0.27 0.34 1.03
200 °C/2h 64.10 28.81 5.36 0.27 0.34 1.00
200 °C/3h 64.38 28.50 543 0.26 0.33 1.01
200 °C/5h 64.34 28.38 5.45 0.30 0.33 1.02
200 °C/10h 64.96 28.05 5.40 0.26 0.32 1.00
a % nificant difference, and it was found to increase and
gss | ? converge in logarithmic form with increasing time in
g“ 1 the HTC process. In the van Krevelen diagram pre-
g & sented in Fig. 3b, there was a tendency to move down
gﬁl 9 to the left with increasing HTC heating time. From
Sa these results, it was shown that the HTC process trans-
60 . ; T ; v 0 forms the lignin into a carbon-intensive structure and
Heating time (h) produces a more intensive structure as the heating time
increases.
el - From Kraft lignin, chemically bound water and hy-
110 | ;: o droxyl groups break away at 105210 C. Lignin, which
9:h went through the HTC process, showed a tendency of
Y105 | ®sh
= ®10h overall reduction in hydrogen and oxygen content and
Loo 4 ® 2 increase in carbon content, which is believed to be due
to the drop-out of phenol groups and acetyl groups
0'950.30 032 034 036 0.38 (Titirici er al., 2007).
o/C

Fig. 3. Carbonization behavior of HTC lignin. (a)
Changes in carbon content of lignin with increasing
heating time and (b) their van Krevelen diagram.

HTC times is shown in Table 2. The carbon content
of the untreated sample was 61.96 wt% and the carbon
content of lignin increased to 64.96 wt% after 10
hours of HTC treatment. With increase in HTC time,
the carbon content also increased (Fig. 3a). Compared
to untreated samples, carbon content increased by ap-
proximately 2 wt% after 1 hour treatment and 3 wt%
after 10 hours treatment (Table 2). The carbon content

of HTC lignin and untreated lignin showed a sig-

3.3. Analysis of Degree of Heat Treatment

Ruyter (1982) presented the thermochemical con-
version model (/) of HTC relative to heating time ¢ and

temperature 7 using the Arrhenius equation as follows.

F=50 "2« T

where, f: hydrothermal carbonization (coalification)
factor, #: time (sec), and T: temperature (K).
The HTC temperature of 200 C and heating times

set in this study were substituted in the above equation
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to calculate the value of /. A linear relationship with
the coefficient of determination (R?) value 0.917 from
the plot of carbon content relative to /* values was ob-
served, confirming a possibility that carbon content
can be estimated using the degree of heat treatment

values in the f-value range of 0.15 to 0.30 (Fig. 4).

3.4. Surface Analysis

SEM imaging was conducted to investigate surface
shape changes before and after the HTC process.
Although the untreated sample surface was covered
with a large amount of microparticles (Fig. 5a), a smooth
surface with microparticles removed in HTC lignin
was observed. These results visually support the ho-

mogenization of samples by HTC mentioned in Fig. 2.

R2=0917

Carbon content (wt%)

0.10 0.15 0.20 0.25 0.30
Hydrothermal carbonizaton factor (f)

Fig. 4. Relationship between conversion value f of
hydrothermal carbonization and carbon content of HTC
lignin.

3.5. Prediction of Carbonization Degree
using NIRS

3.5.1. NIR Spectrum of HTC Lignin
Fig. 6 showed that the NIR spectrum of lignin sam-
ples varies significantly due to the difference in heat-

ing time in the HTC process. In the original NIR spec-
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Fig. 6. Raw NIR spectra of lignin samples (a) and their
second derivative NIR spectra (b).

Fig. 5. SEM images of untreated lignin (a) and HTC lignin heated for 3 hours (b) and 10 hours (c). Scale

bars = 5 ym
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trum (Fig. 6a), the difference in spectral properties be-
tween samples depending on heating time was ob-
served, but direct comparison was somewhat difficult
due to different baseline of the spectrum. On the other
hand, in the NIR spectra when pretreated with second
derivative, the difference in the baseline was elimi-
nated, the peak was amplified and definite spectral dif-
ferences between the samples were observed (Fig. 6b).

Carbon content was shown to increase with decreas-
ing peaks in the 1400 nm to 1500 nm wavelength
range as in Fig. 6b. In particular, heat treated lignin
samples showed a very distinct difference compared
to untreated samples. This NIR spectral range is as-
signed to the phenolic OH group and phenolic group
(Schwanninger et al., 2011). As the heating time in-
creases, the phenolic group decreases, which appears
to have had the carbon content increase. Other studies
have reported about the phenomenon that aromatic
structures decrease with increasing carbonization de-
gree in natural coal or HTC coal (Sugimoto et al.,
1997).

3.5.2. Determining whether HTC has been
applied and predicting carbon content
using PLS regression model

In the PLS-DA model to check whether HTC has
been applied, the untreated sample and HTC lignin
could be clearly distinguished (Fig. 7a). In the dis-
criminant histogram of the PLS-DA model, the un-
treated materials all had negative values and the HTC
lignin all represented positive values, differentiating
them with 100% accuracy. As shown in Fig. 6b’s NIR
spectrum pretreated with second derivatives, the spec-
trum of untreated samples has a significantly higher
peak than that of HTC lignin not only in the 1400—
1500 nm region with phenolic groups assigned but al-
so in the range around 1700 nm with aromatic rings
and C-H bonding of lignin assigned. It was considered
that HTC is clearly verified in the PLS-DA model due

to these differences in the NIR spectrum.
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104 ™ Calibration HTC
O Validation_control
g | OValidation HTC
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Fig. 7. Histogram of class value computed by PLS-DA
model (a) and regression plot of PLS model for carbon
content prediction (b).

In the PLS regression model, A strong linear rela-
tionship was confirmed between a measured value of
carbon content and the predicted value from the estab-
lished model. The coefficient of determination (R?)
values of the calibration and validation sets were 0.984
and 0.910, respectively, precisely predicting the car-
bon content of lignin (Fig. 7b). Therefore, it was be-
lieved that the carbonization behavior of HTC lignin
can be quickly predicted in a non-destructive manner
using NIRS.

4, CONCLUSION

Using NIRS and PLS regression, a model to predict
the carbonization behavior of HTC lignin was established.
Depending on the application of the HTC process, the
carbon content of the samples differed significantly

and it was confirmed that lignin changed to a more
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carbon-intensive structure with the increase in heating
time. It was considered that the 1400-1500 nm NIR
spectral range with the phenolic group of lignin as-
signed to be an important range in explaining the car-
bonization behavior of lignin. The PLS-DA model per-
fectly identified whether lignin is HTC treated or not
and the PLS regression model predicted carbon con-
tent with high accuracy. The results of this study show
that the PLS regression model combined with NIRS
is a promising tool to quickly and nondestructively

predict the carbocation behavior of HTC lignin.

ACKNOWLEDGMENT

This study was supported by the R&D Program for
Forest Science Technology (Project No. 2020215D10-
2122-ACO01) provided by Korea Forest Service and the
BK21 FOUR (Fostering Outstanding Universities for
Research) funded by the Ministry of Education (MOE,

Korea) and National Research Foundation of Korea

(NRF)

REFERENCES

Agrawal, A., Kaushik, N., Biswas, S. 2014. Derivatives
and applications of lignin—an insight. The SciTech
Journal 1(7): 30-36.

Cahyono, T.D., Darmawan, W., Priadi, T., Iswanto, A.H.
2020. Flexural Properties of Heat-Treatment Samama
(Anthocephalus macrophyllus) Wood Impregnated
by Boron and Methyl Metacrylate. Journal of the
Korean Wood Science and Technology 48(1): 76-85.

Hoekman, S.K., Broch, A., Robbins, C., 2011.
Hydrothermal carbonization (HTC) of lignocellulosic
biomass. Energy Fuels 25: 1802-1810.

Hwang, H., Choi, J.W. 2018. Preparation of nanoporous
activated carbon with sulfuric acid lignin and its
application as a biosorbent. Journal of the Korean
Wood Science and Technology 46(1): 17-28.

Hwang, S.W., Horikawa, Y., Lee, W.H., Sugiyama, J.
2016. Identification of Pinus species related to
historic architecture in Korea using NIR chemometric
approaches. Journal of Wood Science 62(2): 156-167.

Ju, YM,, Lee, HW.,, Kim, AR, Jeong, H., Chae, K.S.,
Lee, J., Ahn, B.J., Lee, S.M. 2020. Characteristics
of Carbonized Biomass Produced in a Manufacturing
Process of Wood Charcoal Briquettes Using an
Open Hearth Kiln. Journal of the Korean Wood
Science and Technology 48(2): 181-195.

Kang, S., Li, X., Fan, J., Chang, J. 2012. Solid fuel
production by hydrothermal carbonization of black
liquor. Bioresource Technology 110: 715-718.

Kim, A.R., Kim, N.H. 2019. Effect of Heat Treatment
and Particle Size on the Crystalline Properties of
Wood Cellulose. Journal of the Korean Wood
Science and Technology 47(3): 299-310.

Kim, K.H., Kim, J.Y., Kim, C.S., Choi, J.W. 2019.
Pyrolysis of Lignin Obtained from Cinnamyl
Alcohol Dehydrogenase (CAD) Downregulated
Arabidopsis Thaliana. Journal of the Korean Wood
Science and Technology 47(4): 442-450.

Kim, K.H., Moon, S.J., Kim, T.S., Lee, S.M., Yeo,
H., Choi, 1.G., Choi, J.W. 2011. Characterization
of pyrolytic lignin in biooil produced with Yellow
poplar (Liriodendron tulipifera). Journal of the
Korean Wood Science and Technology 39(1): 86-94.

Kumar, S., Mohanty, A.K., Erickson, L., Misra, M.
2009. Lignin and its applications with polymers.
Journal of Biobased Materials and Bioenergy 3(1):
1-24.

Lee, H.W., Jeong, H., Ju, Y.M., Youe, W.J,, Lee, J.,
Lee, S.M. 2019. Pyrolysis Properties of Lignins
Extracted from Different Biorefinery Processes.
Journal of the Korean Wood Science and Technology
47(4): 486-497.

Luo, H., Abu-Omar, M.M. 2017. Chemicals from lignin.
Encyclopedia of Sustainable Technologies. Elsevier,
Amsterdam, pp. 573-585.

- 220 -



Analysis of Carbonization Behavior of Hydrochar Produced by Hydrothermal Carbonization of Lignin and
Development of a Prediction Model for Carbonization Degree Using Near-Infrared Spectroscopy

Lynam, J.G., Coronella, C.J., Yan, W., Reza, M.T.,
Vasquez, V.R., 2011. Acetic acid and lithium
chloride effects on hydrothermal carbonization of
lignocellulosic biomass. Bioresource Technology
102: 6192-6199.

Oh, S., Ahn, S.H., Choi, J.W. 2019. Effect of Different
Zeolite Supported Bifunctional Catalysts for
Hydrodeoxygenation of Waste Wood Bio-oil. Journal
of the Korean Wood Science and Technology 47(3):
344-359.

Park, S.Y., Kim, J.C., Kim, J.H., Yang, S.Y., Kwon,
0., Yeo, H., Cho, K.C., Choi, I.G. 2017. Possibility
of wood classification in Korean softwood species
using near-infrared spectroscopy based on their
chemical compositions. Journal of the Korean
Wood Science and Technology 45(2): 202-212.

Park, S.Y., Choi, J.H., Cho, S.M., Choi, J.W., Choi,
I.G. 2020. Structural Analysis of Open-Column
Fractionation of Peracetic Acid-Treated Kraft
Lignin. Journal of the Korean Wood Science and
Technology 48(6): 769-779.

Ragauskas, A.J., Beckham, G.T., Biddy, M.J., Chandra,
R., Chen, F., Davis, M.F., Davison, B.H., Dixon,
R.A., Gilna, P., Keller, M. 2014. Lignin valorization:
improving lignin processing in the biorefinery. Science
344(6185):1246843. doi:10.1126/science.1246843.

Ruyter, H.P. 1982. Coalification model. Fuel 61: 1182-1187.

Savitzky, A., Golay, M.J. 1964. Smoothing and
differentiation of data by simplified least squares
procedures. Analytical Chemistry 36(8): 1627-1639.

Schwanninger, M., Rodrigues, J.C., Fackler, K. 2011.
A review of band assignments in near infrared
spectra of wood and wood components. Journal
of Near Infrared Spectroscopy 19(5): 287-308.

Stone, M. 1974. Cross-validatory choice and assessment

of statistical predictions. Journal of the Royal
Statistical Society: Series B (Methodological) 36(2):
111-133.

Sugimoto, Y., Miki, Y. 1997. Chemical structure of
artificial coals obtained from cellulose, wood and
peat. In: Ziegler, A., van Heek, K.H., Klein, J.
Wanzl, W. Eds. Proceedings of the 9th International
Conference on Coal Science (ICCS ’97), pp.
187-190.

Titirici, M.M., Thomas, A., Antonietti, M. 2007. Back
in the black: hydrothermal carbonization of plant
material as an effcient chemical process to treat
the CO2 problem? New Journal of Chemistry 31:
787-789.

Wang, M.X., Wang, C.Y., Li, T.Q., Hu, Z.J. 2008.
Preparation of mesophase-pitch-based carbon
foams at low pressures. Carbon 46(1): 84-91.

Yang, S.M, Lee, H.J., Kang, S.G. 2020. Analysis of
Heat Transfer Characteristics by Materials in
Closed Conditions Using Acrylic Hemisphere (I ):
Comparison of Interior Finishing Materials. Journal
of the Korean Wood Science and Technology 48(2):
217-230.

Yang, S.Y., Park, Y., Chung, H., Kim, H., Park, S.Y.,
Choi, 1.G., Kwon, O., Cho, K.C., Yeo, H. 2017.
Partial least squares analysis on near-infrared
absorbance spectra by air-dried specific gravity of
major domestic softwood species. Journal of the
Korean Wood Science and Technology 45(4): 399-408.

Yeon, S., Park, S.Y., Kim, J.H., Kim J.C., Yang, S.Y.,
Yeo, H, Kwon, O., Choi, 1.G. 2019. Effect of
Organic Solvent Extractives on Korean Softwoods
Classification Using Near-infrared Spectroscopy.
Journal of the Korean Wood Science and Technology
47(4): 509-518.

- 221 -



Un Taek HWANG - Junsoo BAE - Tackyeong LEE * Sung-Yun HWANG - Jong-Chan KIM -
Jinseok PARK - In-Gyu CHOI - Hyo Won KWAK - Sung-Wook HWANG * Hwanmyeong YEO

APPENDIX

(Korean Version)

a4 wst

ofd

AL AR gayd slo]=FZ 2 (hydrochar) 2] &3} AF A3}
+H YA EFHS o8 dS 249 AL

28: 2 =Ho|AL g4 &3l (hydrothermal carbonization)o] &3] A| %% 214 dlo|E22}9] &3} EAL 2ASIY L,
TAYM BET BE 22 Al(partial least squares) 3|5 0]-8-5t0] ©E} AFS A58 99t RS skt

25 200CoIA] B4 Bhel 21U i FS FAE AR Bek oF 3w £5t0u] 19 Aol FUSE B g
AAS] Z7t5te Ao hebsieh. 94 BSHs 2 10S B e PP O R MBI T tolaR Sl S AASNe] e
FAT EHS Dolalgick. THM B BE Ao AF IUE o[8F W U oE nde 2o Bl A ofpE
s Yo £ HHEE 95 B 210 Hh G SNt £ ATERE 2HIN B 27
B8 22 AF ) wDS olgstol 94 vstel o) AZE oY So|=RAe) Bet EAS M vz o 5

EAA vlo] Quj A= AERZ @ A(cellulose), 39|AlE 2 2 2 (hemicellulose), 2] 1 (lignin) o2 FA & o] Qltk Hfo] 2 i
Aol thgt TAo] oA A HAA Hho] QA 2-g-617] 915k Weto] &S] AtE o] frkJu et al, 2020; Oh er al,
2019). 544 Hho] QA BAkge] E-8H= Hio] 2 guto|u 2|(biorefinery) FolA = T2 AER A0 FAER 2 A7}
o[- &AL 2L FAREE FHFESTh 12y A 5] HE I, B FH, B3 a4, FA4 7R syngas) 5 2l 1dS
-85 Hotof thst IAlo] F7)etal UtHPark ef al., 2020; Kim ef al., 2011; Kim et al., 2019; Lee et al., 2019, Luo
and Abu-Omar, 2017; Agrawal et al., 2014).

2]2d- lignocellulosic biomass®} A Hlzx 2™ FolA 23 &4 F shiolH, 60 - 65 wt% T g 2L
Q= uEkA: BAE AX 9 g3y 3AY BAEEA wfjd 70005 £ o|AF HAE Y JtiKumar ef al., 2009). 21dS
e HA RS FAY BYolA EaEUEA =S 3eF Ago] FAJHth(Yang ef al., 2020; Cahyono ef al., 2020;
Kim and Kim, 2019). o] 34 F3l| vfo] QujAS Hghst= WS 274 112 FE-3l|(pyrolysis)2t 4= T+3H(hydrothermal
carbonization, HTC)& L5 &1, HTC= Hlo| Luj A5 A3lehd $4 0= Hejsto] 1A ©dla-g AAdste 1ot Wang
et al., 2008). o= 312 FEao]| H]al] e 2wl 180 - 360 CoflA] 2= Wl 7F2E A7) o]=k(decarboxylation)o] ©Jaf 442}
o FFE BE U 382 Yuikith ofddle AgRrt 7Y AA ARoll Bl8) oluA] mfo] ot A7t & o]FeiA|
A gskoL) @e oA fEE 3G 54 A Aol FEAolgke olFo] Atk Ed Vs 28 AR {1
A HAS 2 71x]7} It Lynam et al., 2011; Hoekman et al., 2011).

HTCE Saf 44E gad ARy d3tes 457 flof gutder iAol £3wa gItkKang ef al., 2012).
I8y YABAL SI)E A RE 1202 AAAA HAE 7IAE 714 G 2utE T8 u)(gas chromatography) 2 £2]5h=
SRS Yl oF SR AAZE H|T I HATL E7Fsstc) o] gt EAE Aty o) 2A A E3EA H(near-infrared
spectroscopy, NIRS)o] = 24511 Ith(Yeon ef al., 2019). NIRS= A|722] £ AEL w21 vutz|gog =45}
g on B 2EEL AR o FH F4 ajds /AL §lo] 3y AL AST 4= ltk(Schwanninger ef al.,
2011). NIRSE ©]&ste] % A 4 52|13 54 dSo] 7tesithe Zilso] th49 At2RE EuEGciHwang e
al., 2016; Park et al., 2017; Yang et al., 2017).

2 AN glad 7R uAdT FEAIE Ak Qg AAe] dARA Az E 2T1dE HTCSHth HTCO
OJgh 21 ] gha B WSS 2AFEGl 2 H, NIRSOF 24> Fi A|(partial least squares, PLS) 3|71 ©]-§-3}o] 2]1d 9]
B3l AsS gy HoR d&s] §Igt Bds sustelck
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2 M= Y e

2.1, ZA A=
HTCo|| AMgH 2292 HY(pulping) 349 FAMEE AAE Euhito] F2t2E g (kraft lignin)o|w £ P&P
&) (MOORIM P&P Co., Ltd.)25-E ARSIt 3 B3 3742 S 29 g Qiksl] gt A0 & S3) 3ol =

A E H(sodium hydroxide, NaOH) ¥} 813}t E E(sodium sulfide, Na2S) 0 2 1A% 7habzha) A o] ulloll(white liquor)<
ARgSlal 39 FA o A= o]AkS} Ax(chlorine dioxide, ClIO2)E AR&-3HC).

HTC FAolA] 2l1d Algo] FQlgke] whE ©3} A9 jolg dotiy] 913 2.8g, 5.6g, 8.4¢9] g11d ARE 247
Z524 140 mlet 53519ty & N H|(solid-to-liquid ratio, S/L) 1/50, 2/50, 3/509] 2|1 &etol-e Z-zF HTCS} 3t

2.2, 94 B3} (HTC)

ﬂlHNEJEﬁ%ﬂﬂﬁﬂﬂﬂﬂﬂﬂﬁeﬁmﬁﬂﬂﬁ T 1/50, 2/50, 3/509] 8] 1T} Z=a0] et S
ZH7E Qg 8719 YL 3] WElA] 200C7HA] 7FEa9AT). 5 &k 3.6C /mino] 3l e, 200C =2 & 3, 5, 10 A7)
EoF §A3lt) 7Y 8 3 kS 275 d85f| Yol g4 YZskgth o]3 HTC 214 (hydrothermal lignin)& 719t
osl & 60C QB4 48A|17F B¢t Az AxE A]Eb Bupato g2 Bagt 5 25°C, At S 60%2] A A
zHoelen, 255 9ad AEE 94 245t HTC A7 93& 2ARH] 913 ndd] 2715 A8l

HTC A|7te] wiste] w2 gha} A% 4 HSE Ekel] flaf 2l 1d B AES Sal APE o)) 2jad ﬁ%%"é
200CelA] 1, 2, 3, 5, 10A]7F <t 242} HTCSIGIt. HTC 2|19 o] M} 5Ust W o2 y7h, ofnl, 253190tk 2459]
SaE AREE o]&ste] dA HA, /\]-7@2} & 1] 7Z(scanning electron microscope, SEM) 54, L4 9] A (near-infrared, NIR)
2HEY 34, S Bd F35o] fFESI

*’ g

2.3. Y4 BXA (Elemental analysis)
HTC ZAo] w2 21 A|79] &3} AZS A Y8 Y4 £417](Flash 2000, Thermo Fisher Scientific, Germany)S
o]£3sto] C, H, N J&29] ks 2AFIg th(Hwang and Choi, 2018).

2.4, ¥H BA
Z AP AR ) A(JEOL JSM-5300, JAPAN)S: o] -&5}0] HTC 2243} n]Hg] A|22 10,000 8|8 2eislgit). HTCO|
ofgt 2yl Almel mwl WslE Az oz BAssr.

2.5, NIRS ¢} PLS 3|HE o83t &3t AF o5 =4

NIR E337](NIR Quest, Ocean Optics, USA)E ©o]&3}o] HTC 21O 2HE] NIR A EHS 24319t} 2337]9
T F9L 869 - 2515 nmo| o FAEE 6.6 nmolth. =4 E NIR ABEH.L Savitzky-Golay gitg]So] 93 23}
u]E(second derivative) 2.2 7 iial 3} tH(Savitzky and Golay, 1964).

PLS 51712 ol §3le] thal A% ol217] 919 BS F55190rH Yang e al, 2017). 2% uE NIR AHES) do]els
U (25621 HE)R *F%OM B THRHC wt%)o] EeE= o] AAE Itk E3t 2|11 9] HTC o5& Al
Aol HE H4a AlF wH EA(partial least squares discriminant analysis, PLS-DA)¢| =8 &Itk Hwang et al., 2016).
PLS-DAO|A 42| A e} HTC 2]2d o] S22 Fh(class values)s 47} -1 12 FFsto] SHL gE 02 7|88 S5
2A2 AR, %= HTC glades &3ttt PLS 317 2 PLS-DA 2YE-2 leave-one-out cross-validation® 2 A%
(validation) =] 21 TH(Stone, 1974).

w

Zoh 3 nE

2-A|7F FAlo] Fig. 19 7‘1]/\]5101 ek Ad2ol4] 200C71A] =k g oF 50&-0] /\351213“4 200C
Col AZog 2wrt fAIEIE AAE 71 Azt 38 T F< Yol og) L= F435] TAE Q17| o]
Z+4(residual heat)o] 2Jgt FgS AA= et

aL
[€]
R
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3.2, ¥4 24

32.1. 247} g gl mjAle 9%

the Y2 A28 HTC 2]1d 9] ¢4 841 237} Table 1o AAE[o] ik & @At A Abd a1oin] 22(1/50,
2/50, 3/50) A= 2|1 9 B4 o] droiu|e} Fghe HojEth 7HE AR Sl wheh 'ha A2 2 SUIsHAINE
o] whE i FEFe| Alole AT T4 BFol e UehtA Gtk

Hat g o FA 2] Al E(control)9f 61.8 wt%ol A AlAtste HTCO ofs 12k F7kstol 10413t A 2] Fol= 65.4
wt%eo]| =St th(Fig. 2). Hat T FFe| St oA EE HAb= 0.8104] 0.04744] ZrasEof HTC 370l oJsf Al =7t
A= ik

EAbE LHHE T T o) E2F WAL 7MY A
HTC A7t F7tel] wh g 3heke] Waks zAabekglch

o

19 2050 U1&S A 2A0R JARYD, o] 24

7lRke =

322, HTC AJZto] whE &3} 75 &4

HTC A|7k& 223t HIC 2]71d 9] 14 4] A7} Table 20 A|AE|o] Qi F2]2] A=) ' 2 61.96 wt%eo| 1S
o 10417 52t =8 A2 & 2d ) g TR 64.96 wi%E S7HsHITE HTC AlZEe] 7ot 31 e g 31
S7Folth(Fig. 3a). FA2] Az} vlasto] 1AJZE 2] Al B I oF 2 wt% S718lem 10417 #]2] Aol 3
wit% Z7F8 K (Table 3). HTC 2|Z1da} A2 2|21d of 'k oFaf2 F51gh o7} Yeldal HTC 3704 9] A|3to]
7ol whet ' e 20 FEHE F7F pHshs Bge Bl Fig. 3bo] AlAE van Krevelen diagramof A=
HTC 718 AZto] S7hetes folafste 4ol Yebdth o=t 2o R HTC 340 ofsl 2ade g4 fofael
TFERE HebE 71E ARte] IMEeR G o Fxrh Addne Ae & 5 Al

AZE 2|Td2 105 - 210°Co A gfetA o Agte =3 a4 I(hydroxyl group)9] ofgho] ARtk HTC 574&
AR Bade AN o R i, 4ka FEFo] Fo1E AL Bar o] Sk FRe Hiled ol w7, oMIE7] SOl
ol Uzty] wjolet BeE T Titirici et al., 2007).

3.3. @AF= 24
Ruyter(1982)%= o}g| L] ¢~ Al(Arrhenius equation)2 ©]-&3}o] 7} A7k #(sec)Qt 2% T(K)ol| T3t HTCQ] ¥3}3HA
Ag RS Tt 2ol A s

F=50« "% ef(igo)

2 Aol A AAE HIC £ 200°Ce} 7kE Al §19] Aol thedste] fal& A=tk fgkoll thidh gha ek
ZZ 02 HE AA #4x(coefficient of determination, R?) g+ 0.9172 A3 4 A7} 2=} £z MY 0.150]4 0.30 Ato]d
o QA= e olgstel B Yk 24 4 Utk AHeAE SAsATHFi 4)

3.4. BY £4

HIC 374 Z$9] 19 e #isks Amu7] $j5) SEM #9& S=astglct. FA8] AlRe o] tfge] ulo] 3.2 g}e]Zo
olsfl @oi 9x|9i(Fig. 5a) HTC g 1do A= who] A2 mhe|Zo] AlAH et o] WA= 9ict. o|2st Aak= Fig. 20)A]
gE HTCO| o3t Az #d3tE AlZHE o2 Sukgls)ect

3.5. NIRSZ o]&3t &3} A% o

3.5.1. HTC 22499 NIR AHEH

HTC F4olA 718 Al7ke] zpolof| oJsf gl1d AlR2] NIR A8lERo] A getxli= 2% Fig 6014 & 4= 9lct. 222y
NIR ~BER(Fig. 6a)ol|l A= 7HE AlZbe]l wheh Al 2F A9 EY 49 Zjo|7t AT AT AHER Q] Hlo|Agjlo] BE
gat 21729l BlaE thh Zekskgic) v 22 njRo g Mgl NIR AHEH AL wojxakelo] ato]7} A7 % 1
A7t SEF o] MEF AHEY o7t W] AE|GICHFig. 6b).
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Fig. 6b2] 1400 nm - 1500 nm g J oA m] =7} ZAxho]| UJrF«} s Eko] bk ol ERIE It 53] FA g
Al g} Hluwste] GA2|E gid Alge g F3% ZJolE HolRSirh o] NIR 2HEF ¢ phenolic OH group ¥
phenolic group 2 2 &% o] QIth(Schwanninger ef al., 2011). 7} /\]7Po] Z713}o]| w2} phenolic group®| 7743} o] 2
Qs B Bragol S/ A0 Relck Aiaele] Atolut HTC Algolla] Biekes} Z7katol uoh was: 727} 2hash
FAL T2 AFoA = BE vl 9ltKSugimoto et al., 1997).

3.5.2. PLS 3|9 REg o]-83F HTC ojH Iy 9 g4 3k o=

HTC $-52 30la}7] 9]3F PLS-DA Rulo|A] Bajg] A|29} HTC 2142 uf$ mets] 22 QlckFig. 7a). PLS-DA
mao) o | AEIOA FAYE BF 34 gk 7HleH HTC 2|2de 25 oF% gk Uehfo] 100%2] o=z

2259k 19 6b9] 22} njiE o2 Mz NIR 2FEH A & 4= Ql%0] phenolic groupo] % 1400 - 1500 nm
gt obyet gl ] Wk 1] W C-H ZAgo] @dH 1700 nm £ Foo|Ae FAj2] AIFHY AHEFo] HTC
gade) AdEYED g '51 E2 92E 7Hth ol2gt NIR AHEF 9] Zjo] ufjZo] PLS-DA ZHof|x HTC o}¥7}
wele T2 Ao ek

PLS 3|7 EHelofAl= g Fge] 24 g g% w9 oS gk Atolo] At AF A7E E1=|9ict. 3K calibration)
7} H3(validation) AIEQ] A% A% (R2) gk 27 09842 091002 2]71d 9] &4 Tk AUsHA oS53l chFig.
7b). webx NIRSE o]85to] HTC 2]1d9] &3} Asg Blupyd B oz A&sH o 7Hed Aoz g

4. ZE2

NIRSS} PLS 8715 o] 8ol HTC 2l7410) g} 7|5-& o|3al7] Siah ue Paelsich HTC 349 44 ol
et RS B S SHets] Aol7t o el A Sl T AT U8 e Aok EE AsfEch
Aol ElE it gl2d 9] phenolic groupe] TE o] ¢l 1400 - 1500 nme] NIR *J_‘]EEU* goo] g1y ets}l A%
HHEHE S0 Yelolok BTASIC PLSDA RUL o T49) HIC o 9905 ER00, PLS 517 292 2
YRR S oS ASeI £ ol75] 231 NIRSS A% PLS 517 wulo] HIC ¢149) sis} A58 me
Mol HeR o2 4 ot fu BT HelR,
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