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Abstract: With increasing coffee production and consumption, the amount of coffee by-product
is also increasing. Therefore, there is growing worldwide interest in using these by-products as
a renewable energy source. In this study, hydrothermal carbonization was conducted with subcritical
water to improve the fuel characteristics of spent coffee grounds. The water content was varied,
with the mass ratio between the dry sample and water set to 1:1.5 and 1:4. The reaction temperature
was increased by 10 °C from 180 to 250 °C. The fuel and thermal characteristics of the reaction
products were investigated through mass and energy yields, elemental, proximate, and heating
value analysis. In analysis results, as the reaction temperature increased, carbon and fixed carbon
content increased, and oxygen and volatile matter content decreased, resulting in an increase in
calorific value. Thermogravimetric analysis, derivative thermogravimetry, and Fourier transform
infrared spectroscopy were also conducted on the reaction products. To investigate their storage
characteristics, chemical oxygen demand analysis was conducted. The results showed that with
increasing reaction temperature, the fixed carbon content and heating value increased; also, the fuel
characteristics became similar to those of coal. In addition, the reaction products became more
hydrophobic as the reaction temperature increased.

Keywords: hydrothermal; spent coffee grounds; biomass; subcritical water

1. Introduction

The production and consumption of coffee is increasing worldwide. Since the 2000s,
the popularization of coffee-drinking culture has contributed to the significant growth
of the coffee shop market, and there has been a growing demand for various types of
coffee products. As shown in Figure 1, the annual coffee imports of South Korea have
tended to increase each year, with a total of more than 700,000 tons imported over the last
five years [1]. Accordingly, the amount of spent coffee grounds (SCGs), the by-products
generated after coffee extraction, has also continuously increased. Although some SCGs
are used as compost, most are disposed of through incineration and landfills [2]. Therefore,
there has been a growing interest in technologies that use SCGs as a renewable energy
source [3].

In particular, the high lipid content and heating value of SCGs have attracted attention
in the field of pyrolysis. Thus, studies have been conducted on converting SCGs into fuel,
through biodiesel extraction using transesterification, as well as torrefaction, hydrothermal
carbonization, and pelletizing [4-6]. Among them, the biodiesel extraction process re-
quires various pretreatment steps, such as sample homogenization, drying, and extraction,
and the typical carbonization method has a low yield of high-efficiency fuel because of
the time and energy required for the drying process. To overcome these shortcomings,
there is growing interest in wet processes, that do not require a separate pre-drying process,
and hydrothermal carbonization, which is performed at lower temperatures than the typical
carbonization process [7-9]. Hydrothermal reactions use the strong dissolution property of
subcritical water in a high-pressure reactor to produce finer particles by converting organic
polymers into low-molecular-weight compounds [10,11]. Subcritical water, in particular,
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has stronger dissolution characteristics than typical solvents due to the increased ionization
of H* and OH™ [12]. In addition, to enhance fuel characteristics, the reaction in which the
physical properties of subcritical water depolymerize organic polymers and refine particles
by breaking the bonds of elements other than carbon is referred to as a hydrothermal
carbonization [8]. The experimental conditions that determine the reaction mechanism
include the sample type, reaction temperature, and water content. In particular, the reac-
tion temperature determines the main reaction atmosphere, and hydrothermal reactions
are known to be the most active at reaction temperatures between 180 and 250 °C [8,13].
The water content is known to affect the determination of the main reaction among various
hydrothermal reactions, such as decomposition and polycondensation reactions, but it is
not exactly known which reaction mechanisms are formed by quantitative factors [14-16].
According to previous studies, however, sufficient water to submerge samples must be
added for the uniform hydrothermal reaction of biomass inside a reactor [8]. As such,
in this study, experiments were performed in the 180-250 °C temperature range with only
the undried raw material and sufficient water to submerge the sample added to the reactor.
These experiments were conducted to compare and investigate the fuel and material char-
acteristics of the hydrothermal carbonization reaction products of SCGs, and their variation
with temperature and water content. In addition, elemental analysis, proximate analysis,
heating value analysis, thermogravimetric analysis (TGA), derivative thermogravimetry
(DTG), and Fourier transform infrared spectroscopy (FI-IR) were conducted. To investigate
their storage characteristics, the reaction products were steeped in water for a period of
time. The resulting solution was sampled and subjected to chemical oxygen demand
(COD) analysis.
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Figure 1. Coffee imports from 2015 to 2020 in South Korea.

2. Materials and Methods
2.1. Experimental Apparatus

Figure 2 shows the reactor used in this study. The reaction temperature was controlled
using a PID controller (Parr Instrument Co., Moline, IL, USA), and stirring was performed
using a stirrer at the top of the reactor. In addition, a coolant circulation device was installed
at the rear end of the reactor to prevent motor overheating during the stirring process.
The reactor was a high-pressure reactor (Parr Instrument Co., Moline, IL, USA) with
a capacity of 500 mL, maximum temperature of 350 °C, maximum pressure of 20,340 kPa,
and maximum stirring speed of 1700 rpm.
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Figure 2. Schematic diagram of the hydrothermal carbonization experimental apparatus used in

this study.

2.2. Materials

Table 1 shows the results of proximate analysis, elemental analysis, and heating value
analysis for the dry SCG samples used in this study. As shown in Table 1, SCGs were mainly
composed of carbon and oxygen, and no sulfur component was detected. This appears
to be because SCGs are lignocellulosic biomass. In addition, the proportion of “other”
elements, which were mostly interpreted as inorganic components, was low compared to
other types of biomass [7,17]. The proximate analysis results confirmed that the ash content
was also low. Moreover, the volatile matter (VM) content was very high compared to that
of fixed carbon (FC), and the higher heating value (HHV) was found to be 22.6 MJ/kg.

Table 1. Characteristics of dry spent coffee grounds used in this study.

Element Analysis [wt.%] Proximate Analysis [wt.%] Higher Heating Value [M]/kg]
C H N (0] S Others VM FC Ash
50.8 6.9 2.5 35.5 ) 4.3 80.4 18.1 15 22,6 (0.22)
(0.35)  (0.06)  (0.07) (0.30) (0.33) (1.86) (1.71) (0.13) T

VM: volatile matter; FC: fixed carbon; HHV: higher heating value; moisture of raw SCGs: 62%; ( ): standard deviation.

2.3. Experimental Methods

In hydrothermal reactions, the fuel and material characteristics of the reaction prod-
ucts vary depending on the experimental conditions, such as the sample type, reaction
temperature, pressure, and water content [8]. Therefore, in this study, the reaction temper-
ature was increased by 10 °C in the 180-250 °C range, in which hydrothermal reactions
are generally known to exhibit high efficiency. For the water content, experiments were
performed with only the raw SCGs (40 g) with a water content of 60% (mass ratio between
the dry sample and water = 1:1.5) and 40 g of additional water, to sufficiently submerge
the sample (mass ratio between the dry sample and water = 1:4). For the reaction pressure,
the internal pressure of the high-pressure reactor was measured as the temperature varied.

In addition, to ensure sufficient stirring and reaction time, a residence time of 30 min
was provided after each target temperature was reached, and the stirring speed was set to
180 rpm. Each experiment was repeated three times to ensure the reliability of the experi-
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mental results. Upon completion of each experiment, the pressure was released through the
shut-off valve, and for the reactor was cooled for ten min using the water tank to prevent
further reactions. The reaction products were then collected to investigate the changes
in the characteristics of SCGs under each experimental conditions. These products were
dried at 105 °C for 24 h before elemental analysis, proximate analysis, heating value analy-
sis, TGA, DTG, COD, and FT-IR analysis was conducted. For the heating value analysis,
the HHV was measured using a bomb calorimeter (6100 Compensated Jacket Calorimeter,
Parr Instrument Co., Moline, IL, USA). Proximate analysis was conducted using an electric
furnace in accordance with ASTM D 3175-89 and ASTM 3174-89 [18]. For elemental anal-
ysis, C, H, N, O, and S were analyzed using an elemental analyzer (Flash 2000, Thermo
Fisher Scientific K.K, Waltham, MA, USA). IR analysis was conducted at room temperature
in the 500-4000 cm ! range at 2 cm~! intervals using an FI-IR analyzer (Spectrum 100,
PerkinElmer, Buckinghamshire, UK) to investigate changes in the chemical structure of
the reaction products under each experimental condition. In addition, to investigate the
thermal characteristics the thermal characteristics of the reaction products under each
experimental condition, TGA /DTG analysis was then conducted with a thermogravimetric
analyzer (Pyris 1 TGA, PerkinElmer, Buckinghamshire, UK). The reactor was heated from
room temperature to 700 °C at a rate of 5 °C/min in a nitrogen atmosphere, with a flow rate
of 20 mL/min. To investigate changes in the storage characteristics of the SCGs’ reaction
products under each hydrothermal carbonization condition, the reaction products gener-
ated under each experimental condition were steeped in water for approximately 10 min,
after which the resulting solution was collected and subjected to COD analysis. After the
hydrothermal reactions, the mass and energy yields of the reactant were calculated using
the following equations [19]:

weight of Hydrothermally Carbonized SCG y

Mass Yield (Ya) = weight of Raw SCG

100 1)

HHYV of Hydrothermally Carbonized SCG «

Energy Yield (Yg) = HHV of Raw SCG

100 @)

3. Results and Discussion
3.1. Mass and Energy Yields

Figure 3 shows the mass and energy yields of SCGs subjected to hydrothermal reac-
tions with varying reaction temperatures and water contents. These values were calculated
using Equations (1) and (2) and the heating value analysis results. For both water content
conditions, the mass yield decreased as the reaction temperature increased, while the HHV
increased. This appears to be because the volatile organic components contained in the
SCGs were decomposed in stages as the reaction temperature increased. The energy yield
decreased as the reaction temperature increased, because the rate of decrease in mass yield
was higher than the rate of increase in HHV, as shown in Figure 3. In particular, changes in
mass yield, energy yield, and HHYV at a reaction temperature of 250 °C were larger than
those at 220-240 °C. This appears to be because the hydrothermal carbonization reaction
occurred more rapidly near 250 °C. Because a sharp reduction in mass and energy yields
may not be desirable in terms of energy recovery, a reaction temperature between 220 and
240 °C is considered desirable for SCGs” hydrothermal carbonization.

Figure 3 also shows that slightly higher HHVs and lower mass yield values were
obtained with an SCG-water ratio of 1:1.5 than with a ratio of 1:4. The changes in HHV and
mass yield indicate changes in the material properties of the sample due to the hydrother-
mal carbonization reaction. Therefore, the hydrothermal carbonization reaction was judged
as more active with a ratio of 1:1.5 than with a ratio of 1:4. However, this is likely due to
the temperature control of the reactor rather than the gap of water content. Figure 4 shows
the variation in the maximum temperature and pressure with the reaction temperature
under each water content condition. Different maximum reaction temperatures and pres-
sures occurred with each water content condition, even though the same stirrer and PID
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controller were used to maintain a constant temperature in this study. This is likely due
to the influence of stirring under each water content condition. In other words, the water
content was sufficient for uniform stirring when the SCG-water ratio was 1:4, whereas
uniform stirring could not be achieved with a ratio of 1:1.5, owing to the insufficient water
content. This caused the actual reaction temperature to be higher than the target value PID
controller that was unable to control the temperature sufficiently. Therefore, it appears that
with ratio of 1:1.5, the sharp increase in heating value and decrease in mass yield around
250 °C resulted from insufficient temperature control during the reaction.

1.0 45
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Figure 3. Variation of mass yield (MY), energy yield (EY), and higher heating value (HHV) of solid
coffee grounds (SCGs) with different reaction temperatures and water contents.
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Figure 4. Change in pressure with reaction temperature for different water contents.

3.2. Fuel Characteristics

To investigate fuel characteristic changes in hydrothermal carbonized samples [11,20],
Figures 5 and 6 and Tables 2 and 3 show the results of elemental and proximate analysis of
the SCGs raw material and reaction products under different conditions. While the carbon
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and FC contents increased as the reaction temperature increased, as shown in Figure 4,
the oxygen and VM contents decreased (Figure 5). This confirmed that the decomposition
of volatile oxygen-bearing components during the hydrothermal carbonization of SCGs
led to a relative increase in the carbon content. On the other hand, Tables 2 and 3 show that
there was almost no change (less than 1%) in the amount of nitrogen and ash components.
The products obtained with a 1:1.5 water content exhibited higher carbon and FC contents
than those obtained with the 1:4 condition, but showed lower oxygen and VM contents.
In particular, when the SCG-water ratio was 1:1.5, the VM content decreased sharply,
while the amount of FC was significantly higher at 250 °C compared to when the ratio
was 1:4. This is likely because the maximum reaction temperature was more influenced by
the reaction temperature control process rather than by the water content, as mentioned
previously. Tables 2 and 3 show that similar to the reaction temperature, the water content
had no effect on the nitrogen and ash contents.

100
—8— C (SCG : Water=1:1.5)
—a— FC (SCG : Water=1: 1.5)
—@— C (SCG : Water=1:4)
80 7 --m- FC (SCG:Water=1:4)
60 -

Content (%dry)

0 T T T T T T T
180 190 200 210 220 230 240 250

Temperature (°C)

Figure 5. Amount of carbon and fixed carbon compounds in SCGs produced with different reaction
temperatures and water contents.

Table 2. Elemental and proximate analysis of SCGs hydrothermally carbonized with different reaction temperatures (SGC:

water = 1:1.5).
Elemental Analysis (wt.%, dry) Proximate Analysis (wt.%, dry)
Temperature
C H (0] N S Others VM FC Ash
180 °C 60.1+17 73=£01 26209 27+02 0 3610 686+22 296=+18 1.8+ 04
190 °C 625+14 7.+£02 241+£03 32£03 0 33+£14 674+£23 306+12 17+08
200 °C 6414+03 73+£01 226+01 3.0=£01 0 31+£04 660+16 323+16 1.7+£02
210 °C 649 £ 0.5 73+£04 213£09 30+04 0 3510 648=+£29 332+21 1.9+0.8
220°C 654+£08 73+01 210+13 32+£05 0 31+07 645+06 33.7+05 1.8+03
230 °C 662+05 70+£01 195+£13 33+04 0 40+£07 619+£37 357+30 24+£07
240 °C 670+£03 70+02 185+11 35£02 0 40+£09 613+21 363+19 24+02
250 °C 685+£05 68+01 166+04 37£00 0 45+01 564+17 411+14 25+£03
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Figure 6. Oxygen and volatile organic compound (VOC) contents of SCGs produced with different
reaction temperatures and water contents.

Table 3. Elemental and proximate analysis of SCGs hydrothermally carbonized with different reaction temperatures (SGC:

water = 1:4).
Elemental Analysis (wt.%, dry) Proximate Analysis (wt.%, dry)
Temperature
C H (0] N S Others VM FC Ash
180 °C 542 +£07 68401 318+£15 26%01 0 47+23 752+14 233+15 15+£01
190 °C 561+£20 67+01 295+09 27£02 0 49+13 734+33 249427 17+£06
200 °C 595£09 67+01 262+11 3.0£01 0 46+04 709+30 270+36 22+£06
210°C 61.0£13 66401 247+£08 3.0%£02 0 47+13 691+£30 291431 1.8+01
220 °C 619+13 67+01 242+12 31401 0 41+11 683+17 299+17 18+£01
230 °C 633+14 67+01 224+06 32+01 0 444+07 672+45 31.0+42 17+£03
240 °C 640+15 67+£01 214+08 34+£01 0 45+19 675+07 3044+08 19+01
250 °C 65607 66+01 192+03 36+01 0 50+10 698+14 283+13 19+04

To investigate changes in the fuel characteristics of the SCGs reaction products sub-
jected to hydrothermal reactions, the O/C and H/C ratios were determined for the reaction
products produced with different reaction temperatures and water content (Figure 7).
At both water contents, the O/C and H/C ratios decreased as the reaction temperature
increased, with the 1:1.5 condition resulting in lower values than the 1:4 condition under
most temperature conditions. In particular, the O/C ratio was more affected by the water
content than the H/C ratio. This is likely, as the elemental analysis results in Tables 2 and 3
show, because there was hardly any change in the hydrogen content with increasing reac-
tion temperature, at both water content conditions, while the increase in carbon content
and the decrease in oxygen content.

Figure 8 shows the Van Krevelen diagram [21], in which the properties of H/C
and O/C ratios of the raw material used in this study were compared with those of the
hydrothermally carbonized reaction products and coal that the properties of the SCGs reac-
tion products gradually became more similar to those of coal as the reaction temperature
increased, owing to a reduction in both the O/C and H/C ratios. Figure 9 shows the corre-
lations between the carbon and hydrogen contents and the HHV of the hydrothermally
carbonized SCGs reaction products. From Figure 9, the coefficient of determination (R?) for
the linear regression analysis of the correlations between the carbon and hydrogen contents
and HHV was found to be 0.6356 for carbon and 0.2396 for hydrogen at an SCG—water
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ratio of 1:1.5, and 0.8025 for carbon and 0.1466 for hydrogen at a ratio of 1:4. This indicates
that the HHV of the reaction product is more affected by the carbon content than by the
hydrogen content [22].

1.6

1.4 4

1.2

1.0
—&— H/C Ratio (SCG : Water =1 : 1.5)
—A— OJ/C Ratio (SCG : Water =1 : 1.5)
++®- H/C Ratio (SCG : Water =1: 4)
+«& - O/C Ratio (SCG : Water =1: 4)

0.8

Ratio

0.6

0.4 -

0.2 -

0-0 T T T T T T T T
180 190 200 210 220 230 240 250

Temperature (°C)

Figure 7. O/C and H/C ratios of SCGs hydrothermally carbonized with different reaction tempera-

tures and water contents.
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]
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Figure 8. Van Krevelen diagram of raw material, coal, and hydrothermally carbonized SCGs pro-

duced with different reaction temperatures and water contents.
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Figure 9. Correlations between carbon and hydrogen contents and the HHV of hydrothermally
carbonized SCGs produced with different reaction temperatures and water contents: (a) SCG:
water = 1:1.5; (b) 1:4.

3.3. TGA/DTG, FT-IR, and COD Analysis

To investigate how hydrothermal reactions change the thermal characteristics of
SCGs reaction products, TGA and DTG analysis was performed on the raw material
and hydrothermally carbonized reaction products. The results are shown in Figure 10.
The TGA results in Figure 10a,b show an increase in the amount of residue after analysis
with increasing reaction temperature. This appears to be because the components that
decompose at high temperatures became concentrated, as the components that decompose
at low temperatures were decomposed and removed by subcritical water. The DTG results
in Figure 10a,b, as well as TGA/DTG analysis of lignocellulosic biomass in previous
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studies, indicate that at both water content conditions, the DTG cellulose peak between
300 and 350 °C decreased as the temperature increased, while the hemicellulose peak
near 200 °C tended to increase [23,24]. Therefore, it was confirmed that as the reaction
temperature increased, the proportion of the hemicellulose component increased as the
cellulose component was decomposed.

100 - —— Spent coffee grounds raw r 14
— 180°C (SCG: Water) =1:1.5 15
80 - — 230°% (SCG : Water) =1:1.5 ’ —
250°C (SCG: Water)=1:1.5 | 49 é;’
TR
= .
S, 60 Fos 3
s o
= ©
] F 06 =
: 2
= 41 L o4 2
[2]
(7]
(1]
- 02 =
20
+ 0.0
0 T T T T T T '0.2
0 100 200 300 400 500 600 700
Temperature (°C)
(a)
100 + —— Spent coffee grounds raw [ 1.4
— 180°C (SCG : Water) =1:4
- 1.2
80 — 230°C (SCG : Water) =1: 4 _
—— 250°C (SCG: Waten) =1:4 | 4, o
TR
< )
° 60 - 08 E
B g
] F 06 =
g 2
= 407 - 04 2
[72]
(7]
[1+]
- 02 =
20 -
- 0.0
0 T T T T T T '0.2
0 100 200 300 400 500 600 700

Temperature (°C)
(b)

Figure 10. Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) curves of
raw and hydrothermally carbonized SCGs produced with different reaction temperatures and water
contents. (a) SCG: water = 1:1.5; (b) 1:4.

Figure 11 shows the FT-IR spectra of the raw materials and the hydrothermally
carbonized reaction products. In Figure 11a,b, the peak in the 3500-3200 cm ! range that
represents O-H bond stretching inside cellulose [25] tended to decrease as the reaction
temperature increased. This appears to be because the OH-containing components inside
the SCGs were decomposed and removed by subcritical water as the reaction temperature
increased. In particular, the peak representing OH was more clearly reduced when the SCG-
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water ratio was 1:1.5, probably because the decomposition of OH-containing components
increased as the maximum reaction temperature was significantly higher with the reduced
water content, due to the process insufficient reactor temperature control, as mentioned in
Section 2.1. The peaks in the 2900 and 2800 cm ! regions, which represent the stretching
of aliphatic C-H bonds in cellulose and hemicellulose, and the peaks in the 1700 and
1600 cm ! regions, which represent the C=C and C=0 stretching of lignin series, hardly
changed. This is because the hemicellulose content, which is the main component of
SCGs, was relatively increased due to the pyrolysis of cellulose, and the hydrothermal
carbonization temperature set in this study was too low for the sufficient pyrolysis of the
lignin component [4,26,27].

—— Spent coffee grounds raw

— 180°¢c (SCG: Water) =1:1.5
— 220°C (SCG: Water) =1:1.5
— 250°C (SCG: Water) =1:1.5

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

(a)

—— Spent coffee grounds raw
—— 180°C (SCG: Water) =1:4
—— 220°C (SCG: Water) =1:4
—— 250°C (SCG: Water) =1:4

r T T T T T T 1

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
(b)

Figure 11. Fourier transform infrared spectroscopy (FT-IR) spectra of raw and hydrothermally
carbonized SCGs produced with different reaction temperatures and water contents: (a) SCG:
water = 1:1.5; (b) 1:4.

In this study, COD analysis was performed to investigate changes in the storage char-
acteristics of the hydrothermally carbonized reaction products, and the results are shown
in Figure 12. Samples of the solution were recovered after steeping the reaction products in
water. With an SCG-water ratio of 1:1.5, this solution exhibited very low COD compared
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to the solution obtained with a ratio of 1:4. Thus, the reaction products hydrothermally
carbonized with the 1:1.5 ratio were less affected by the reaction temperature than those
produced with a ratio of 1:4 in terms of storage characteristics. From Figure 11, it was con-
firmed that the 1:1.5 condition resulted in a larger reduction in the OH component, which is
closely related to reactions involving water, than the 1:4 condition. In addition, the COD
decreased as the reaction temperature increased under the 1:4 condition. This confirmed
that under uniform stirring, the reaction products of hydrothermally carbonized SCGs
gradually changed from hydrophilic to hydrophobic, as the reaction temperature increased.
In addition, as with previous research results, this occurrence verified that slightly soluble
macromolecular organic matters in sludge gradually hydrolyzed micromolecular organic
matters with increasing temperature and pressure [28].
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Figure 12. Chemical oxygen demand of SCGs produced with different reaction temperatures and
water contents.

4. Conclusions

In this study, hydrothermal carbonization experiments were performed at various re-
action temperatures and with two different water contents, using SCGs as the raw material.
The reaction temperature was increased by 10 °C from 180 to 250 °C. An SCG to water
ratio of 1:1.5 was used in the first test, in which SCG with a water content of approximately
60% was used without being dried. A second water ratio of 1:4, in which samples were
sufficiently submerged, was also tested. As the reaction temperature increased, the mass
and energy yields decreased, but the HHV increased. This is probably because the volatile
organic components that constitute SCGs were decomposed in stages as the reaction tem-
perature increased. Reaction products produced with an SCG-water ratio of 1:1.5 exhibited
slightly higher HHVs and lower mass yields than those produced with a ratio of 1:4.
This indicates that the hydrothermal carbonization reaction was more active when the
SCG-water ratio was 1:1.5 than when the ratio was 1:4. However, this appears to be due
to the influence of the temperature control of the reactor rather than the influence of the
water content. In addition, the elemental and proximate analysis showed that the oxygen
and VM contents decreased, but the carbon and FC contents increased as the reaction
temperature increased, with both the 1:1.5 and 1:4 water contents. This confirmed that
the carbon content became concentrated, as volatile components containing oxygen were
decomposed first during the hydrothermal carbonization of SCGs. The O/C and H/C
ratios were examined to investigate changes in fuel characteristics under each condition.
With both water content ratios, the O/C and H/C ratios decreased as the reaction tempera-
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ture increased, indicating that the fuel characteristics were becoming similar to those of
coal. In addition, the carbon and hydrogen contents and heating values were found to be
more affected by the carbon content than by the hydrogen content. The results of TGA and
DTG analysis results showed that the high-temperature components in the SCGs became
concentrated as the low-temperature components were decomposed by hydrothermal
reactions and removed with the discharge of water vapor as the reaction temperature
increased. It was also confirmed that hemicellulose became concentrated as the cellulose
components decomposed. FT-IR and COD analysis confirmed that the properties of the
hydrothermally carbonized reaction products gradually changed from hydrophilic to hy-
drophobic as the reaction temperature increased, due to the decomposition and removal of
OH-containing components.
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SCGs Spent coffee grounds

TGA  Thermogravimetric analysis

DTG  Derivative thermogravimetry

FT-IR Fourier transform infrared spectroscopy
HHV  Higher heating value

VM Volatile matter

FC Fixed carbon

COD  Chemical oxygen demand
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