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Abstract. Coffee is one of the most tradable commodities worldwide with the current global
consumption of over 10 billion kilograms of coffee beans annually. At the same time, a significant
amount of solid residues, which are known as spent coffee grounds (SCG), is generated during
instant coffee manufacturing and coffee brewing. Those residues have a high potential in various
applications, yet they remain mostly unutilized. The current work presents the experimental
comparison of two pretreatment technologies - hydrothermal carbonization (HTC) and
torrefaction - for converting SCG into a valuable char. The results showed that low-temperature
torrefaction (< 250 °C) has a negligible effect on feedstock properties due to initial pre-processing
of coffee beans. However, the energy conversion efficiency of torrefaction at higher temperatures
is comparable with that of HTC. The average energy yields for high-temperature torrefaction
(> 250 °C) and HTC were on the level of 88%. Devolatilization and depolymerization reactions
reduce oxygen and increase carbon contents during both processes: chars after torrefaction at
300 °C and HTC at 240 °C had 23-28% more carbon and 43-46% less oxygen than the feedstock.
Both pretreatment methods led to a comparable increase in energy density: the highest HHV of
31.03 MJ kg'! for torrefaction at 300 °C and 32.33 MJ kg! for HTC at 240 °C, which is similar
to HHV of anthracite. The results showed that both processes can be effectively used to convert
SCG into energy-dense char, even though HTC led to slightly higher energy densification rates.

Key words: biomass pretreatment, hydrothermal carbonization, torrefaction, spent coffee grounds.
INTRODUCTION

In recent years, various organic waste and by-products have been attracting
increased attention as feedstock materials for chemicals, materials, or energy carriers.
Meanwhile, the principles of the circular economy are gaining acceptance worldwide by
providing a sustainable development pathway through optimized resource utilization
(Chen et al., 2021). It is generally accepted that by implementing recycling and recovery
operations, waste can be converted into valuable products, thus reducing the depletion
of virgin resources and the amount of land required for landfills.
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Coffee is one of the most widely consumed beverages globally with the total
consumption of 10 Mt of coffee beans in 2020 (ICO, 2020). Instant coffee
manufacturing, as well as coffee brewing, generates a large amount of solid residues -
spent coffee grounds (SCG) - that mostly remain unused due to their high moisture
content and the phytotoxic nature of some of its components, such as caffeine, tannins
and polyphenols (Fornes et al., 2017). The economically feasible energy generation from
a moist product is generally challenging and expensive, thus SCGs are often landfilled.
However, landfilling of biodegradable waste results in its anaerobic decomposition and
strongly contributes to climate change and groundwater pollution due to the generation
of landfill gas and leachate. Moreover, the direct application of SCG in large amounts
towards biochemical application can be problematic and harmful due to the components’
toxicity for many life processes (Vitézova et al., 2019).

SCG are rich in polysaccharides, lignin, proteins, and fatty acids (Murthy & Naidu,
2012; Kwon et al., 2013). Various utilization pathways can be used to convert this
low-value feedstock into different value-added products. Recent studies highlight a
significant potential of SCG for the production of biodiesel (Haile et al., 2013; Atabani
et al., 2018) and bioethanol (Choi et al., 2012), as a feedstock for adsorbents (Felber et
al., 2012; Kante et al., 2012), antioxidants (Yen et al., 2005), and fertilizers (Kasongo et
al., 2011; Yamane et al., 2014). Hydrothermal carbonization (HTC) and torrefaction are
two distinct options to upgrade the thermochemical properties of SCG (Moustafa et al.,
2017; Kimetal., 2017). These processes produce solid products with improved handling
characteristics and increased energy content. Besides, additional benefits may be found
for different other application of the produced chars, e.g. SCG-derived hydrochar
showed beneficial properties as a substrate for anaerobic digestion (Codignole Luz et al.,
2018).

During HTC, the feedstock is mixed with water and is then heated at moderate
temperatures for several hours (Tamelov4 et al., 2019; Partridge et al., 2020; Sermyagina
et al.,, 2020). HTC is beneficial for wet feedstock eliminating the need for its
energy-intensive drying (Zhuang et al., 2019). The temperatures of HTC range between
180-250 °C, while self-generated pressure leads to the transformation of the biomass
into a carbonaceous char (or hydrochar). By-products of the process include both
aqueous compounds (HTC liquor) and gaseous streams (contain approx. 90% CO,)
(Funke & Ziegler, 2010; Kambo & Dutta, 2014). The HTC liquor has the potential to
produce high-value chemicals (furfurals, fatty acids, etc.) and their utilization can
improve the overall performance of the process (Fuente-Herndndez et al., 2017).

Torrefaction is an alternative to mild pyrolysis treatment. The process takes place
at temperatures of 200-300 °C under an inert atmosphere (Velebil, 2018; Urbancl et al.,
2019). During this treatment, the biomass components degrade releasing condensable
and non-condensable gases, while the carbon-rich solid residue (char) is obtained
(Tamelova et al., 2019). Both HTC and torrefaction lead to certain structural changes in
the biomass components producing the homogeneous solid material with higher
grindability, hydrophobicity and energy density in comparison with feedstock
(Tamelova et al., 2019).

The impact of different pretreatments on biomass properties have been actively
investigated recently (Liu & Balasubramanian, 2014; Paneque et al., 2017; Nizamuddin
etal., 2018; Rodriguez Correa et al., 2019). The results of the comparative investigation
of HTC and torrefaction have been reported in the recent years for various wastes and
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by-products (e.g. olive tree trimmings residue (Volpe et al., 2016; Duman et al., 2020),
grape pomace (Pala et al., 2014), and azolla biomass (Babinszki et al., 2020). However,
the comparison of these treatment processes on SCG has not yet been addressed
properly. In this work, the impact of the reaction conditions during HTC and torrefaction
on the energy properties of SCG was analysed. This work expands the available
knowledge of the thermo-chemical properties of SCG and derived chars. The obtained
information can be effectively utilized for modelling purposes and promoting more
effective valorisation of this waste stream.

MATERIALS AND METHODS

Materials

SCG were obtained after brewing the finely ground dark roast Arabica coffee beans
(Wanyama blend by Arvid Nordquist) in a drip coffee maker. SCG were dried overnight
in an oven at the temperature of 105 + 2 °C and kept in plastic bags for further processing
and analysis.

HTC reactor and procedure

The experiments were carried out in a batch reactor. The stainless steel tube reactor
(1 L volume, 705 8mm height, 42 mm inner diameter) had a flange connection at the top
and a screw cap at the bottom (Fig. 1). Two type K thermocouples were used to monitor
the internal temperature (submerged 245 mm and 645 mm from the top respectively),
while an additional thermocouple was used to monitor the outer surface temperature of
the reactor. The permitted deviation of the measurement was + 1.5 °C max according to
the standard DIN EN 60 584-2. The pressure inside the reactor was measured with the
pressure transmitter (WIKA, model A-10, 0—40 bar gauge) with the accuracy of + 0.5%
of span. For safety purposes, a pressure relief valve was installed in the unit (setpoint
pressure 40 bar, maximum temperature of 300 °C). The reactor was heated by a
controllable electric resistance heating jacket and protected by a thick insulation layer
and an outer steel sheet. The required temperature level inside the reactor was maintained
with a PID controller by varying the heat supply to the reactor based on the signals from
the lower thermocouple. Data from the temperature and pressure sensors was recorded
automatically every 3 s.

In current HTC experiments, three sets of experimental conditions were used
following the methodology reported elsewhere (Sermyagina et al., 2015). The
temperature was set to 200 °C, 220 °C and 240 °C. The residence time was held constant
at 3 h and the water-to-biomass ratio was maintained at 6:1 (30 g of dry feedstock and
180 mL of water). At the start of each experiment, the SCG sample and water were
mixed, stirred manually and then loaded into the reactor. The temperature setpoint was
reached in about 30 min. After the HTC treatment, the reactor was allowed to cool down
naturally to room temperature. The hydrochar and liquid product were collected and
separated by vacuum filtration using Biichner funnel with Whatman glass microfiber
filter paper (grade GF/A). The solid product was subsequently dried overnight in the
oven at the temperature of 105 + 2 °C and kept in plastic bags for further analysis. Each
test was conducted in replicates. Mass and energy yields were calculated using the
average values of the results. The analysis of the liquid and gaseous products was outside
the scope of the current work and thus was not performed.
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Figure 1. HTC experimental unit and experimental procedure.

Hydrochar samples were named following the process temperature as HTC-t,
where t denotes the reaction temperature in °C.
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For each torrefaction test, about 9 g of SCG were introduced into the reactor and
the nitrogen was used to purge the air from the system for several minutes before the
start of the heating. The temperature setpoints varied between 200 °C and 300 °C with
20 °C incremental steps. The heating rate was set on the level 10 °C min™'. The residence
time was held constant at 60 min. After each test, the reactor and the samples were
allowed to cool down naturally to room temperature. The char was then collected and
kept in plastic bags for further analysis. Torrefied char samples were named according
to the process parameters as Torre-t, where t denotes the reaction temperature in °C. The
analysis of the gaseous products was outside the scope of the current work.

Analytical methods

Both the SCG and the produced char samples were characterized using the standard
procedures. Characterization was performed at least twice for each reaction condition,
and the average value was reported.

For the proximate analysis, the samples were first dried in a laboratory oven at the
temperature of 105 + 2 °C until a constant mass was reached to determine the moisture
content with the simplified oven-dry method EN 14774-2 (SFS, 2009a). The ash content
was determined according to EN 14775 (SFS, 2009b) by gradually heating the sample
to 550 °C and maintaining it at a constant temperature for at least 2 h. The volatile matter
was measured by calculating the mass lost at the temperature of 900 £+ 10 °C after 7 min
without contact with air as described by EN 15148 (SFS, 2012). Fixed carbon content
was determined by reducing the mass of ash and volatiles from the initial mass of the
dry sample.

The elemental composition, i.e. carbon, hydrogen, nitrogen, oxygen, and sulphur,
of the samples was determined following ISO 16948 (SFS, 2015) and ISO 16994 (SFS,
2016). The elemental analysis was performed with a LECO CHN628 Series Elemental
Determinator coupled with a 628S Sulphur Add-On Module. Prior to the analysis, the
standard samples (ethylenediaminetetraacetic acid for CHN and coal for S
measurements) were first analysed to verify the experimental error within + 1% for the
elements. For CHN analysis, approximately 30 mg of oven-dry material were fed in the
combustion chamber. The sulphur content was determined by using approximately
50 mg of dried material which was combusted in the sulphur module at 1,350 °C. The
results are presented on a dry basis as the mean of replicates. The oxygen content was
approximated as the difference between 100% and the weight percentages of the major
elements and ash on a dry basis.

Thermogravimetric analysis (TGA) was performed with STA 449C
thermogravimetric analyzer (Netzsch Instruments, Germany). About 10 mg of the
sample were placed inside A1203 sample holder. The furnace was sealed and purged
with high purity (99.9995 %) nitrogen flow to remove air. The sample was heated from
room temperature to 900 °C at rate of 20 °C min™'. Two different gas atmospheres were
applied: high purity nitrogen for pyrolysis conditions and compressed air for combustion
conditions. In both cases, a constant gas flow rate of 250 mL min'! was maintained.

The morphology of the samples was examined by scanning electron microscopy
(SEM) using a Hitachi SU3500 microscope.
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The mass yield (MY, %) was calculated on a dry basis (d.b.) as follows:
My =9 1009 (1)

Min
where mj, — the initial mass of feedstock (d.b.), g; mou — the solid mass output (d.b.), g.
The energy densification ratio (ER) was calculated as follows:

_ HHVyyq

ER =— "V, 2)
The energy yield (EY, %), was calculated as follows:

EY = MY - ER 3)

The higher heating values on dry basis (HHV, d.b.) of the samples were calculated

with Eq. (4) from Reed & Gaur (1994):
HHV,d.b.= 0.3491 - X, + 1.1783 - X, + 0.1005 - X; — 0.0151 @
- Xy — 0.1034 - X, — 0.0211 - X,

where HHV in MJ kg! (d.b.); X; - concentrations of carbon (C), hydrogen (H), oxygen
(O), sulphur (S), nitrogen (N) and ash content in wt.% (d.b.). HHV 4 is higher heating
value of the product char, MJkg! and HHVy is higher heating value of the
feedstock, MJ kg™

RESULTS AND DISCUSSION

Mass and energy yields

The mass yield was calculated with Eq. (1). Fig.3 presents the results of
torrefaction and HTC together with the correlation curves for the char mass yield. The
equations for the correlations are given between reaction temperature, T, in °C, and the
mass yield values in the percentage points. The solid yield decreased with the reaction
temperature for both treatment methods. In the case of torrefaction, low-degree
processing (< 250 °C) had a limited effect on the SCG decomposition which can be seen
from the negligible mass loss. This result could be attributed to the structural
modifications that have already happened during initial roasting of coffee beans. The
typical roasting temperatures are in the range of 220-240 °C, the roasting process can
be compared to a low-temperature torrefaction that results limited devolatilization of
SCG components. Such pre-processing explains the limited changes in the feedstock
during low-degree torrefaction. At the same time, higher temperatures led to the mass
loss intensification with the maximum value of 32% at 300 °C. Overall, the obtained
values fit well with the polynomial correlation (R* = 0.999). As for the HTC tests, the
reaction temperature increase led to a steady decrease in the mass yield from 81% at
200 °C to 72% at 240 °C. The HTC conditions resulted in a higher mass loss at the lower
temperature limit in comparison with torrefaction. Water during this treatment acts as a
catalyst and a reactant for organic compounds of the feedstock, thus making them more
reactive (Romadn et al., 2012). Linear regression was fitted to the individual HTC runs
with an R? value of 0.961.

The higher heating values were calculated with Eq. (4). The impact of the reaction
temperature on the HHV of the products is presented in Fig. 4. The values for the coal
grades are from (Donahue & Rais, 2009).The rapid increase of the heating values can be
seen for the torrefied samples treated at 260 °C and higher, while low temperatures result
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only in limited changes. In the case of HTC, there is a notable increase in HHV within
the whole investigated range. Both treatment methods converted SCG into carbonaceous
chars with heating values comparable to hard coal: 31.03 MJ kg™! for Torre-300 and
32.33 MJ kg'! for HTC-240. The increase in the energy content is associated with the
decrease in atomic O:C and H:C ratios resulting from the decomposition reactions (Libra
etal., 2011). The obtained values are reasonably similar to the previously published ones.
The torrefied SCG are reported to have the HHV in the range of 26.6-29.5 MJ kg! after
torrefaction at 260-275 °C and 29.8 MJ kg™! at 300 °C (Zhang et al., 2018; Barbanera &
Muguerza, 2020). As for the HTC, the hydrochar HHV are varying between
26.5-27.5 MJ kg! for 210-240 °C processing during 1 h (Kim et al., 2017) and between
25.5-31.2MJ kg! after treatment during 3.5 h at 190 and 246 °C correspondingly
(Massaya et al., 2021).
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Figure 4. Higher heating values of SCG and chars produced by torrefaction and HTC.
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To assess the conversion efficiency, the energy yield for each test was calculated
on a dry basis with Eq. (3). This parameter indicates how much of the total energy
content of the feedstock is converted to the energy content of the produced char. The
energy densification ratio is another important parameter for comparing different
pretreatment processes as it evaluates the upgrade in energy density from the raw
feedstock. The energy densification ratio as a function of reaction temperature for
torrefaction and HTC is presented in Fig. 5 along with the energy yield. The energy yield
is influenced by two factors acting inversely with temperature growth: decreasing mass
yield and simultaneously increasing energy densification ratio. Within HTC conditions,
the mass yield of hydrochar decreased slightly with the temperature, while the increase
of energy content was more pronounced. As a result, the energy yield increased along
with the HTC temperature. The effect of torrefaction was notably different within the
studied process parameters. At low temperatures (< 250 °C), the mass loss was small
and there was no gain in the energy content. However at higher temperatures, the
changes in the mass yield were more rapid, thus exceeding the gain in the heating value
and resulting in a descending trend for the energy yield. Overall, the average energy
yield for high-temperature torrefaction (Torre-260, Torre-280 and Torre-300) was
similar to the average energy yield of the HTC tests: 88.4% and 88.1% correspondingly.
Similar values were reported previously for SCG (Buratti et al., 2018; Afolabi et al.,
2020; Massaya et al., 2021).

Energy Yield ® Energy Ratio «weee Poly. (Energy Ratio) = Energy Yield @ Energy Ratio «+««:«-« Linear (Energy Ratio)
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Figure S. Energy yields and energy densification ratios of torrefaction and HTC experiments as
a function of reaction temperature. Energy yield as bars is shown on left axis, while points and
trendline show energy densification on right axis.

The energy densification factor ranged from 1.00 to 1.23 for torrefaction and from
1.04 to 1.29 for HTC, strongly correlating with reaction temperature. The correlations
between temperatures and energy densification ratios are presented in Fig.5. The
polynomial correlation fits well the energy densification values for torrefaction tests
(0.998 R? value). In case of HTC experiments, the linear regression model appears to fit
data well by giving R*> = 0.987.

Proximate and ultimate analyses

The results of proximate and ultimate analyses, along with their standard
deviations, are given in Table 1. The proximate composition of the feedstock was nearly
identical to the samples Torre-200 and Torre-220, meaning that low-temperature
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torrefaction did not have a significant impact on the material characteristics. As the
temperature increased and the SCG components started to degrade, the volatile matter
decreased and the fixed carbon increased. In the case of HTC, the reaction temperature
increase had a similar effect. The samples Torre-300 and HTC-240 lost 12% and 18%
of volatiles, correspondingly, compared to the SCG. As a result of the volatilization of
lignocellulosic components during treatments, the fixed carbon content of these samples
increased 1.6 and almost 2 times in comparison with the feedstock. The tendencies are
consistent with other studies (Buratti et al., 2018; Afolabi et al., 2020).

Table 1. Proximate and ultimate compositions of the samples*

Torrefaction temperature [°C] HTC temperature [°C]

200 220 240 260 280 300 200 220 240
Proximate composition (wt%, db)

VM 82.67 8271 82.67 81.09 80.50 7496 7250 8283 81.03 67.84
(0.23) (0.19) (0.10) (0.12) (0.13) (0.31) (0.27) (0.21) (0.06) (0.29)

AC 1.13 1.14 1.21 1.23 1.35 1.53 1.89 0.57 0.28 0.19
(0.01) (0.06) (0.03) (0.06) (0.06) (0.03) (0.03) (0.02) (0.04) (0.01)

FC 1620 16.15 16.11 1768 18.15 2352 25.60 16.61 18.69 3197
(0.24) (0.25) (0.13) (0.18) (0.19) (0.34) (0.30) (0.23) (0.10) (0.30)
Ultimate composition (wt%, daf)

C 5574 5574 56.02 5622 58.84 6238 68.52 5753 6182 71.06
(0.05) (0.11) (0.01) (0.10) (0.23) (0.01) (0.12) (0.09) (0.03) (0.16)

H 7.75 7.76 7.51 7.80 7.74 7.73 7.74 8.03 8.39 7.98

N

SCG

(0.01) (0.002) (0.01) (0.02) (0.05) (0.02) (0.04) (0.02) (0.02) (0.06)
2.36 2.34 2.38 2.39 2.53 2.77 3.13 2.18 2.30 2.93
(0.04) (0.01) (0.03) (0.04) (0.01) (0.02) (0.01) (0.08) (0.05 (0.02)
S 0.127 0.117 0.110 0.098 0.097 0.091 0.100 0.116 0.125 0.200
(0.001) (0.001) (0.011) (0.001) (0.005) (0.004) (0.027) (0.013) (0.014) (0.04)
O 3289 3290 32.77 3226 2943 2551 18.61 31.58 27.08 17.65
(0.11) (0.19) (0.09) (0.23) (0.36) (0.07) (0.24) (0.22) (0.16) (0.29)
“ Number enclosed in the parenthesis are standard deviations calculated based on error propagation from
duplicate measurements.
VM - Volatile Matter; AC — Ash Content; FC — Fixed Carbon; C — Carbon; H — Hydrogen; N — Nitrogen;
O — Oxygen; S — Sulphur; db — dry basis; daf — dry ash free basis.

Of particular interest is the ash content observed in the produced chars, where the
opposite trends were found for torrefaction and HTC. Ash components were not affected
during torrefaction and this led to the continuous increase of ash content on a weight
basis in the produced chars: from 1.14 wt% for Torre-200 to 1.89 wt% for Torre-300.
Ash-forming minerals were partially dissolved in the liquid phase (Broch et al., 2014),
thus resulting in a notable reduction in hydrochar ash content: 50% decrease for
HTC-200 and 83% for HTC-240 compared to AC of SCG. The results presented in
(Afolabi et al., 2020) showed a similar decreasing tendency of ash content in hydrochar,
though not as significant as in the present study. The differences can be explained by the
variation in the amount of water used for the tests and affecting the extent of the
dissolution: 1:10 in (Afolabi et al., 2020) versus 1:6 in the current work.
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For all studied samples, carbon was the main constituent ranging 55.7 wt% for
feedstock to 68.5 wt% for Torre-300 and 71.1 wt% for HTC-240. Oxygen was the
second most abundant element, yet its content constantly decreased with temperature
increase during both treatments. Similar tendencies were reported in the literature
(Afolabi et al., 2020; Barbanera & Muguerza, 2020). There were no dramatic changes
in the hydrogen content of the chars during both methods. At the same time, nitrogen
content increased slowly but

steadily by approximately 30% & =
for Torre-300 and HTC-240 in 16 F— sgg oTorre 200
comparison with the feedstock. o & ' OTorre 220
. @
The sulphur content of all studied o121 ;12;2 ggg
samples was low. However, there i /‘a\u‘e e Torre 280
. . = - e

was a slight decrease in the case £ 08 o™ @ Torre 300

. . . g RO e AHTC 200
of torrefaction and an increase in Ol - o AHTG 220
the case of HTC with temperature AHTC 240
increase. 0.0 - : ‘ . .

0 02 0.4 0.6 0.8
The hydrogen-to-carbon TS el

(H:C) and the oxygen-to-carbon
(O:C) atomic ratios are Commoply Figure 6. Van Krevelen diagram for feedstock and
used for fuel characterization  chars after torrefaction and HTC.

with respect to the thermochemical

conversion. These ratios are illustrated with van Krevelen diagram presented in Fig. 6.
High values of the H:C ratio correspond to the volatile-rich samples, such as biomass
fuels in general and SCG in particular. During both treatments, the samples were shifting
towards lower H:C and O:C ratios with the temperature increase. Volatilization and
depolymerization during conversion processes reduced oxygen and increase carbon
contents. At the same time, both torrefaction and HTC had a negligible effect on the
samples during low-temperature tests due to limited devolatilization.

Thermogravimetric analysis

TGA results for SCG, Torre-300 and HTC-240 samples are presented in Fig. 7. The
untreated SCG indicated slight initial mass loss between 50 to 200 °C under both air and
N, atmospheres. This mass loss could be associated with moisture evaporation and
release of very light volatiles. Such peak is lacking for both char samples in N», since
pre-treatments already resulted in partial loss of the volatiles. The main degradation took
place at temperatures between 200 and 500 °C with a maximum weight loss rate at
313 °C in N; and between 200 and 620 °C with a peak at 310 °C in air for SCG. The
overlap of hemicellulose and cellulose decomposition results the shoulder around 380 °C
in inert conditions (Pala et al., 2014). In oxidizing conditions, two main stages of thermal
degradation can be identified besides the initial drying: an intensive and rapid release of
volatile compounds followed by higher molecular weight compounds release and char
oxidation (Miranda et al., 2011). Within the second stage, the maximum weight loss rate
is indicated with the DTG peaks at the 498 °C, 540 °C and 575 °C for Torre-300,
HTC-240 and SCG correspondingly.

From the obtained curves, it can be seen that the degradation behaviour of SCG
changed significantly after torrefaction and HTC. The main degradation peaks were
shifted towards higher temperatures in comparison with feedstock proving higher
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thermal stability of obtained chars. The observed peaks are significantly smaller for chars
due to lower volatiles content. Within N, atmosphere, there appears an additional peak
at 349 °C before the main devolatilization peak at 407 °C in case of Torre-300. As for
HTC-240, an additional shoulder at 276 °C before devolatilization peak around 376 °C
can be identified. The percentages of the residual weight left after the TGA for char
samples were almost identical: 29.9 wt% for Torre-300 and 33.2 wt% for HTC-240.
Under oxidizing conditions, the thermal degradation occurred over a wider temperature
range for hydrochar sample, which can be explained by degradation of repolymerization
products remained after the HTC treatment (Pala et al., 2014).
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Figure 7. TG/DTG profiles of SCG and derived chars under nitrogen and air atmospheres.

Morphological structure analysis

The effect of torrefaction and HTC on the SCG morphology is illustrated with SEM
images (Fig. 8). There were no visible changes between SCG and the char samples after
low-temperature torrefaction, so the micrographs of Torre-260 and Torre-300 were
chosen to show the effect of this conversion method. SCG prior the treatments exhibited
a rough and irregular surface morphology, consistent with those reported in a previous
studies (Yeung et al., 2014; Afolabi et al., 2020). While some porosity can be seen
already for the feedstock sample, the increase of reaction temperature led to the
considerable development of porous structures during both treatments.
High-temperature experiments resulted in a major transformation of surface
morphologies of the produced chars. The changes were associated with the reduction in
organic compounds and devolatilization. The sample HTC-240 was significantly
different from the others: high concentration of small particles of irregular shapes and
dimensions. Furthermore, the obtained porosity was more structural in case of
hydrochars than the torrefaction samples. The obtained results are consistent with the
previously published findings, proving that the HTC leads to more intense
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decomposition of feedstock (Kambo & Dutta, 2015; Babinszki et al., 2020) At higher
temperatures, the hydrothermal conditions result not only the depolymerization and
degradation of the primary biomass components, but in addition, the condensation of the
reaction products from the liquid phase onto the hydrochar matrix as a secondary char
(Lucian et al., 2018). A greater degree of polymerization via intermolecular dehydration
reactions may be one possible explanation to smaller particle sizes of hydrochar obtained
after HTC at 240 °C.

Figure 8. SEM images of spent coffee grounds and chars after torrefaction and HTC.
CONCLUSIONS

The current study investigated the effect of two thermal treatments methods,
namely torrefaction and HTC, on the energy-related characteristics of spent coffee
grounds. This valuable and currently underestimated feedstock has revealed a significant
energy potential that can be improved even further with various thermal pre-treatment
methods. The typical reaction temperatures of 200-300 °C for torrefaction and
200-240 °C for HTC were used. The feedstock decomposition intensified with
temperature increase during both methods: char mass yield varied between 97.5% and
68.1% for torrefaction and 80.5% and 72.3% for HTC. Both processes resulted in a
comparable relative increase of the heating value: 23% in the case of torrefaction at
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300 °C and 29% in the case of HTC at 240 °C. The energy yield of HTC increased with
temperature from 84.1% for HTC-200 to 93.0% for HTC-240. Alternatively, in the case
of torrefaction, higher mass losses resulted in a descending trend for energy yield with
temperature from 97.5% for Torre-200 to 84.1% for Torre-300. However, the energy
yields for HTC and high-temperature torrefaction (> 250 °C) averaged over the
temperature were 87.8% and 87.9% correspondingly. It means that both treatments had
relatively similar energy conversion efficiencies.

The release of the volatile compounds and increase of the fixed carbon of SCG
during both treatments intensified with temperature. The ash content of the chars
produced with torrefaction grew from 1.13 wt% (SCG) to 1.89% (Torre-300). An
opposite tendency was in the case of HT'C: hydrothermal conditions led to the dissolving
of ash forming minerals and ash content decreased to 0.19 wt% (HTC-240). As for the
elemental composition, devolatilization and depolymerization reduced oxygen and
increased carbon contents during both conversion processes. At the highest
temperatures, produced chars indicated 23—28% more carbon and 43-46% less oxygen
for torrefaction and HTC correspondingly. The untreated SCG sample was noticeably
more reactive during TGA analysis in comparison with the tested char samples. The
samples Torre-300 and HTC-240 were more stable under both inert and oxidizing
conditions.

The obtained results confirmed that both hydrothermal carbonization and
torrefaction could considerably increase the energy content of spent coffee grounds and
convert it to highly carbonaceous char with increased energy content. Within the limits
of selected reaction parameters, HTC showed slightly higher energy densification rates
and more intensive decomposition of feedstock in comparison with torrefaction. An
optimal selection of reaction settings affects the efficiency of the treatment and product
characteristics. The overall efficiency of the process will be influenced by the heat
supply method and subsequent utilization of the char and should be further investigated.
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