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Abstract: In this paper, hydrochars and pyrochars were produced at 260 °C under different
residence times (2 and 4 h) using anaerobic digested sewage sludge (SSL) as initial feedstock. The
effect of reaction time on the fuel properties of hydrochars and pyrochars was evaluated. Moreover,
the combustion kinetics of raw SSL and the derived pyrochars and hydrochars without coal
blending were determined at two different air flows (20 and 90 mL/min) and compared. In the same
conditions, the yield of hydrochar was significantly lower than that of pyrochar, confirming the
different reaction pathways followed in each process. The results showed hydrochars have lower
carbon recovery and energy yield than pyrochars, making the latter more suitable for energy
purposes. The thermogravimetric combustion study showed that both thermochemical treatments
increased the ignition temperature but decreased the burnout temperature, which results in higher
stability during handling and storage. However, raw SSL is better for combustion than hydrochar
according to the combustibility index. In addition, the kinetic study showed that the activation
energy of the combustion of biochars, especially pyrochar, is lower than that of raw SSL, which is
advantageous for their combustion.
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1. Introduction

The production of sewage sludge (SSL) as a by-product in wastewater treatment plants is still
increasing due to human and industrial activity. More than 8 million tons (dry basis) of sewage
sludge from urban wastewater are generated annually in the 27 European Union (EU) countries, of
which approximately 20% corresponds to Germany [1]. Moreover, the huge volume of SSL might
contain high levels of pollutants (i.e., heavy metals, hormones) [2,3], so it is necessary to find an
environmentally sustainable solution to this increasing social problem. Furthermore, the current
environmental legislation in the EU applicable to SSL is becoming increasingly strict regarding its
land application, which has so far been the most common disposal method for this residue. The
organic matter present in SSL makes it suitable as an energy resource [4]. One of the technologies for
the treatment of SSL is anaerobic digestion (AD), which is considered as a biological treatment. In
recent years (2011 to 2018), Germany has promoted the construction of biogas plants for AD treatment
with the construction of 3212 plants bearing an electric capacity of 2937 MW [5]. During AD, parts of
the organic matter present in SSL are degraded by microorganisms in the absence of oxygen.



However, the residue after AD, usually referred to as digestate, presents similar problems to SSL
itself for its proper management.

Therefore, the treatment of digested SSL by thermochemical treatment, such as mono-
incineration at high temperatures, has been considered suitable due to the short treatment times and
the small volume of the final product. However, the low caloric value of SSL and its high water and
ash content entail difficulties, such as low temperature and flame stability, sintering, agglomeration
or slugging, amongst others. In order to overcome these issues, co-combustion with higher heating
value fuels, such as coal, has been proposed at an industrial scale [6]. On the other hand, renewable
thermochemical treatments (hydrothermal carbonization and pyrolysis) are presented as a
pretreatment before the mono-incineration [7,8]. Moreover, it has been reported that the
thermochemical pretreatment of SSL leads to a more stable co-combustion behavior [9]. Pyrolysis
involves heating organic materials under a non-oxidizing atmosphere at moderate temperatures [10].
When performed at temperatures below 300 °C, it is also usually referred to as torrefaction and yields
a carbonaceous solid with improved fuel properties as the main product, called pyrochar. The initial
high moisture content in digested SSL entails an unavoidable drying step prior to pyrolysis which,
in turn, results in high energy consumption with the associated substantial economic costs. However,
this high moisture content can be harnessed for emerging technologies, such as hydrothermal
carbonization (HTC) [11]. HTC is a wet thermochemical process carried out at temperatures from 180
°C to 260 °C and at autogenous pressure. Water, under subcritical conditions, promotes certain
chemical reactions, such as ionic reactions [12,13]. The main product of HTC is a lignite-like
carbonaceous solid, referred to as hydrochar. After both treatments (pyrolysis and HTC), the final
product is biologically sterilized due to the temperatures applied and it shows a hydrophobic
character. Regarding the operating temperature, a compromise between the yield of biochar and its
fuel properties must be reached.

Several studies reported the co-combustion of SSL with coal or other fuels, focusing on different
aspects, since it constitutes a promising management method for wastes such as SSL. Fu et al. [14]
studied the termochemical, kinetic and heavy metals emission behavior during the co-combustion of
different blends of SSL with coal slurry. These authors observed synergetic effects during the co-
combustion at a low temperature, which improved the ignition performance and lowered the
activation energy for the combustion of coal slurry. The presence of SSL increased the volatilization
ratios of heavy metals. Kumar et al. [15] reported the effect of burning municipal SSL with different
crop residues in a combustor under air-fired and oxygen-enriched conditions. This study concluded
that using 25% SSL as a co-fuel leads to controlled combustion, while using 50% SSL is still
challenging due to the formation of agglomerates. Gao et al. [17] studied the co-firing of different
blends of SSL and hydrochar with coal. Hydrothermal carbonization was carried out for converting
wet SSL into a carbon-like material. The formation of two different chars was observed, and it was
necessary to remove the secondary char (higher oxidative reactivity) to reduce the segregation of the
fuel blends. Thus, the present study addresses the determination and comparison of the fuel
properties and combustion kinetics of pyrochar and hydrochar without coal blending produced from
digested SSL in comparable conditions (260 °C) and under different residence times. The results are
also compared to those obtained directly for the combustion characteristics of raw SSL.

2. Materials and Methods

2.1. Raw Material

Sewage sludge (SSL) was collected from a municipal wastewater treatment plant located in
Stuttgart, Germany. SSL was generated from the treatment of household wastewater followed by an
anaerobic digestion and dewatering process to ~80 wt.% moisture content. The SSL was stored at —24
°C.

2.2. Hydrochar and Pyrochar Production



Hydrochars were produced in an experimental setup previously described by Arauzo et al. [16].
The batch reactor (250 mL volume) was fed with 140 g of raw SSL with ~80 wt.% water content. HTC
was performed at 260 °C with two different residence times (2 and 4 h). The selection of only 260 °C
was due to the facts that 260 °C is the limit between HTC and hydrothermal liquefaction and the
produced hydrochar has higher hydrophobicity than that produced at lower temperatures [13]. The
experiments were terminated by quenching the reactor in a bucket with cold water for 30 min and
the obtained slurry was filtered at room temperature. Hydrochars were dried at 105 °C and the
process waters were frozen at 24 °C. The produced dry hydrochars were ground and sieved to
particle sizes ranging between 150 um and 250 pum. All sieved samples were labeled with the
abbreviation Hc, followed by the residence time (e.g., Hc-2).

Pyrochars were produced in a previously described muffle furnace [18]. The crucible was filled
with 100 g of raw SSL with ~80 wt.% water content. Pyrolysis was performed at 260 °C with two
different residence times (2 and 4 h). Once the reaction time was accomplished, the samples were
cooled down under a nitrogen flow of 20 mL/min. The produced pyrochar was then treated according
to the procedure for the hydrochars. Pyrochar samples were labeled by the abbreviation Pc followed
by the residence time (e.g., Pc-2). All experiments of hydrothermal carbonization and pyrolysis were
performed in triplicate.

2.3. Physical and Chemical Characterization of Raw SSL, Hydrochar and Pyrochar

The characterization of SSL, hydrochars and pyrochars are shown in Tables 1 and 2. The
moisture (M) and volatile matter (VM) contents of raw SSL, hydrochars and pyrochars were
determined following the standards DIN EN 14774-3 and DIN EN 51720:1978-06. The ash content of
raw SSL was determined according to DIN EN 14775:2010-04, while the ash contents of the hydrochar
and pyrochar were determined according to DIN 51719. Fixed carbon (FC) content was calculated
according to Equation (1). Elemental analysis (C, H, N, S) was conducted by an elemental analyzer
(Eurovector S.P.A, Milano, Italy), while the determination of O (wt.%) content was calculated by
difference using Equation (2). The yield of hydrochar/pyrochar, fuel ratio (FR), and higher heating
value (HHV, MJ/kg) [19] were calculated by Equations (3)—(5), respectively.

FC (wt. %) = 100% - M (wt.%) - VM (wt.%) - Ash (wt.%) (1)
0 (Wwt.%) =100 % - N (wt.%) - C(wt.%) - H(wt.%) -S (wt.%) - Ash (wt.%) 2)

mass of dried biochar

M biochar (%) = mass of total dried feedstock ®)
FC
FR= = (4)
HHV ({1) =336+ C+1418 - H-153-0 + 0.72 - 0? )

where C, H, N, O and S are the dry basis weight percentages of carbon, hydrogen, nitrogen, oxygen
and sulfur in the solid samples, respectively.

The energy densification (Ed), energy yield (Ey), C recovery (dried ash free) and ash recovery of
the biochars were calculated according to Equations (6) — (9):

Ed = (HHV of dried biochar) /(HHV of dried feedstock) 6)
Ey (%)= n biochar(%) -Ed (7)
C recovery (%): N biochar(%) * Chiochar -100% (8)
CFeedstock
i %) - Ashy;
Ash recovery (%) — n blochar( 0) biochar 100% (9)
AShFeedstock

Solid and liquid products of the obtained suspensions were separated by decantation prior to
the measurements. The pH of the solids was measured in mixtures of each solid with deionized water
in a ratio of 1 g: 20 mL that were agitated for 2 h. Measurements were executed by an HACH HQ40d
multi-parameter pH-meter equipped with an Intellical™ PHC101 pH probe.



Fourier transform infrared spectroscopy (FTIR) was used to characterize the functional groups
on the surface of the raw SSL, hydrochars and pyrochars. The spectra were recorded in the range of
4000 to 400 cm™ by averaging 24 scans. All IR data were acquired using a Bruker ALPHA II
PLATINUM-ATR.

2.4. Thermogravimetric Analysis

The combustion behavior of raw SSL, hydrochar and pyrochar was studied in a Netzsch STA
449 Jupiter® F5 thermogravimetric analyzer (TGA). Around 9 mg of each sample were placed into an
AlO:s crucible. Then, it was heated up from 105 °C to 950 °C, at four different heating rates (p = dT/dt
=10, 20, 30 and 40 °C/min) in synthetic air (flow rate of 20 and 90 mL (STP)/min). The TGA
experiments were done in duplicate for each solid to ensure the reliability of the measurement.

2.4.1. Calculation of Combustion Parameters

Three combustion temperatures of raw SSL, pyrochar and hydrochar were determined by
thermogravimetry (TG) and derivative thermogravimetry (DTG): ignition temperature (Ti),
maximum temperature (Tm) and burnout temperature (Tb). Ti is the temperature at which fuels start
to burn and is defined as the temperature at which DTG rises by 1 wt.%/min. Tm is the temperature
at which the maximum weight loss rate due to volatilization is observed. Tb is the temperature
associated with a complete oxidation reaction corresponding to a DTG decrease of 1 wt.%/min at the
end of the combustion profile [9,20].

2.4.2. Calculation of Comprehensive Combustibility Index (S)

The comprehensive combustibility index (S), related to ignition and burn-out, was determined
according to Equation (10) to evaluate the combustion reactivity of the samples [21].

S = (dw/dt)max(@w/dt)mean
T?Tp

(10)

where
(dw/dt) max = maximum rate of weight loss (wt.%/min)
(dw/dt) mean = mean rate of weight loss (wt.%/min)

2.4.3. Calculation of Kinetic Parameters

TGA studies can be conducted in order to determine the combustion kinetics of raw SSL,
hydrochar and pyrochar. The reaction kinetics of heterogeneous solid-state reactions may be
described by expressions Equations (11) and (12):

da
Pt (a) (11)

fla) = Q@ - o7 (12)

where

f (a) = general expression of the reaction mechanism
n = order of reaction

a = thermal conversion fraction (Equation (13))

mi_mt

a=

- mi — mf (13)

where mi, m and mf refer to the initial, instantaneous and final mass of the samples, respectively.
The rate constant k follows the Arrhenius equation (Equation (13)):

K (T)=A exp (_%) (14)

where
A = pre-exponential factor (min-1)



Ea = activation energy of the reaction (kJ/mol)

R = gas constant (8.314 J/(mol K))

T = temperature (K)

The combination and rearrangement of Equations (11)—(14) can be expressed in an integral form as
Equation (15):

g(@) = f o ﬁj exp Il:T)dT (15)

where g (@) is the integral function of conversion and g is the heating rate expressed as (%).
The Kissenger—Akahira—Sunose method (KAS) is an isoconversional method based on the following
equation (Equation (15)):
In [ ] In [ -
T? Ejg(a) RT
The activation temperature (Ta, K) was calculated according to the equation used previously by
Olszewski et al. [22] (Equation (17)).

(16)

1= 17)

3. Results and Discussion

3.1. Yield of Biochar and Higher Heating Value

The yields of biochar are shown in Table 1. In both thermochemical processes (HTC and
pyrolysis), the degradation of the main components of the biomass (hemicellulose, cellulose and
lignin) takes place. However, at the same temperature, the yield of hydrochar (c.a. 71 wt.%) is lower
than that of pyrochar (c.a. 88 wt.%). While in HTC the conversion of the raw SSL into hydrochar is
caused by complex reaction mechanisms (hydrolysis, dehydration, decarboxylation, polymerization)
[13,23,24], the conversion of SSL to pyrochar in a fixed bed reactor is limited by the particle size and
consequently by the diffusion mechanism [25]. Table 1 shows that the residence time has no effect on
the solid yield, regardless of the thermochemical process applied.

Table 1. Yield of biochar and fuel characteristics. Values are expressed as mean (n = 3), with the
standard deviation in brackets.

Material 1 Biochar (wt.%) Ed FR HHV (MJ/kg) HHV (MJ/kg, daf 1)
Raw SSL - - 0.07 (0.01)  13.7(0.2) 25.9 (0.2)
Hc-2 71.2 (0.5) 09(0.1) 0.34(0.02)  12.4(0.2) 30.8 (0.2)
Hc-4 71.8 (0.3) 0.9 (0.1) 0.36 (0.03) 12.6 (0.3) 31.1(0.3)
Pc-2 88.1 (0.3) 09(0.1) 021(0.02)  12.9(0.2) 24.1(0.2)
Pc-4 88.0 (0.7) 09(0.1) 025(0.03)  12.9(0.2) 25.0 (0.24)

! daf = dry ash free basis.

The HHV (MJ/kg) is one of the most characteristic parameters to evaluate the solid fuel
properties. As mentioned before, the HHV was calculated according to Equation (5), considering the
ultimate analysis in Table 2. The HHV of chars is slightly lower than that of raw SSL. This trend is
similar to the HHYV typically found after carbonization processes using different types of biomass
[11,26,27]. A possible explanation might be that the ash content in carbonized materials is
substantially higher than in the raw materials (Table 2). The HHV calculations on a dry and ash free
basis (daf) are also shown in Table 1 and support this hypothesis. The HHV values of pyrochar are
in the same range as those reported by a previous study of Atienza et al. [28]. In their study, they
torrefied anaerobically digested and thermally dried SSL at temperatures between 250 °C and 300 °C
and obtained char with an HHV between 19.5 and 32.8 MJ/kg, while the HHV of the raw SSL was
23.5 MJ/kg.



Table 1 also shows that the HHV (daf) of hydrochar is around 22% higher than that of the raw
SSL. However, pyrochar shows a slightly lower HHV (daf) (c.a. 1%) than the raw SSL. One of the
possibilities that explains this higher HHV (daf) of hydrochar is that, during HTC, one of the main
organic compounds formed in the liquid phase, as a consequence of the degradation of cellulose and
hemicellulose, is 5-Hydroxymethylfurfural (22.06 MJ/kg). Hydrochar is formed by a core with similar
properties to pyrochar but the outer layer has a (pseudo-) aromatic structure [22] which might explain
the difference in the HHV. On the other hand, the higher amount of ash in the hydrochar compared
to the pyrochar (Table 2) forces this increment in the HHV (daf). Furthermore, the lower HHV per
volume of chars compared to the raw SSL is also reflected in the Ed (Table 1), which, for both, is lower
than 1.

Table 2. Proximate and ultimate analyses and pH of solid raw sewage sludge (SSL) and biochar.
Values are expressed as mean (n = 3), with the standard deviation in brackets.

Proximate Analysis (wt.% db) Ultimate Analysis (wt.% db)
VM Ash FC N% C% H % S% 0%

Material pH

Raw SSL  50.0 (2.1) 465(2.0) 3.5(1.9) 39(0.1) 279(0.1) 47(0.1) 0.8(0.1) 163 (0.1) 7.5(0.1)
He2  29.7(1.3) 60.4(14) 100(L7) 26(02) 256(04) 35(0.3) 07(0.1) 7.27(0.1) 67(0.1)
He-4  293(0.6) 60.1(08) 10.6(0.9) 26(0.1) 256(0.2) 35(02) 07(0.1) 71(0.1) 65(0.1)
Pc2  423(0.1) 49.0(0.1) 87(0.1) 3.7(0.1) 27.7(02) 41(0.1) 07(0.1) 155(0.1) 6.9 (0.1)
Pc-4  408(17) 49.1(14) 10.1(1.4) 3.8(02) 285(0.1) 3.8(0.1) 07(02) 148(0.1) 6.8(0.1)

VM: volatile matter; FC: fixed carbon; db : dry basis.

3.2. Carbon (daf) and Ash Recovery, Energy Yield

The carbon recovery (daf) in the produced chars is shown in Figure 1. As displayed, pyrochars
have a higher carbon recovery (91.7% and 94.5%) than hydrochars (88.2% and 89.6%) because more
aromatic structures are formed during pyrolysis [29]. This agrees with the values of Table 2, which
shows that the C content in pyrochars is higher than in hydrochars. In any case, a great amount of
carbon is retained in the solid after both thermochemical treatments. Similar carbon recovery yields
were obtained in a previous study carried out by Lin et al. [30].
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Figure 1. Ash recovery, C recovery (daf) and Ey of produced hydrochar and pyrochar. Values are
expressed as mean (n = 3), with the standard deviation.

The ash recovery from both processes keeps constant for the produced biochars. It is proved that
even though the yield of pyrochar is higher than that of hydrochar, a lower ash content is found in
the final carbonaceous material. In addition, the Ey (%), which evaluates the HHV of biochar and the



HHYV of raw SSL with the yield of biochar (Equation (7)), is higher for pyrochar compared to
hydrochar. Consequently, the higher Ey (%) of pyrochar implies that it is more suitable for energy
purposes than hydrochar.

3.3. Proximate and Ultimate Analyses

The reduction of the solid mass is mainly a consequence of the reduction of the VM content of
the produced hydrochar and pyrochar (Table 2) compared to the raw SSL. Comparing both chars, the
reduction in the VM is higher in the produced hydrochar (ca. 40.7%) than in pyrochar (ca. 18.4%). An
explanation for the low VM content in hydrochar is that VM, which consists of aliphatic
hydrocarbons, carboxylic groups and carbohydrates [31], migrates to the liquid and gas phases
(mainly as CO2) because of the aforementioned reaction mechanism, whereas, in the pyrolysis, the
diffusion of the VM is limited by operating in a fixed bed (batch) reactor. Another possibility for the
lower VM content of hydrochar is, that, during the HTC, the degradation of hemicellulose and
cellulose occurs at lower temperatures (160-180 °C) than during the pyrolysis because of the presence
of subcritical water [32,33]. Such a reduction in the VM content increases the FC associated to the
carbonization process [16,34,35]. The FC found in the produced chars is similar due to being three
times bigger than in raw SSL (Table 2). Residence time does not show any effect on the ultimate and
proximate analyses of hydrochar. However, a longer residence time is associated with a slight
increase in the FC of pyrochar (Table 2), which was also found in previous studies [11]. This reduction
of the VM content and increase in the FC content implies the improvement of the FR for energy
purposes (Table 1).

Table 2 shows the high ash content in the raw SSL (46.7 wt.%). The ash content increases after
both thermochemical processes due to no degradation of the mineral matter at these conditions [4].
In the case of hydrochar, the mentioned increase in ash content is associated with the destruction of
the VM and migration to the liquid phase (e.g., organic acids, furans) [36]. Additionally, the changes
in pH during the HTC lead to the precipitation of inorganic compounds as salts on the surface of the
hydrochar [27,37]. This is also in agreement with a previous study from Ovsyannikova et al. [38] that
shows that digested SSL contains many different salts, which usually precipitate in HTC conditions.
The C content does not change significantly, despite the increment of the FC of the produced chars
(Table 2). It is observed that the C content in the produced hydrochar is lower than in the initial SSL
(Table 2). The high operating temperature of the HTC leads to the migration of the initial C to the
liquid and/or gas phase as hydrocarbons [39].

Table 2 shows that the only effect of increasing the residence time is observed for pyrochars,
with the decrement of the VM and the increase in the FC. The hydrochar contains 55.3% less oxygen
than the initial SSL (Table 2). This reduction of the oxygen content and, to a lesser extent, of the
hydrogen content is related to the degradation of the VM. The higher reduction of the oxygen content
of hydrochar in comparison to pyrochar is also due to the fact that, during HTC, oxygen and
hydrogen are removed by dehydration and decarboxylation reactions [13]. By the decomposition and
cracking of raw SSL, the oxygen and hydrogen compounds are removed during pyrolysis [40]. It can
be seen in Table 2 that the initial nitrogen content (N wt.%) is reduced by 32% after HTC, but the N
content in the produced pyrochar is similar to that in the raw SSL. This is in contrast to a previous
study [41], which states that raw SSL usually contains high organic N amounts in the form of proteins,
which start to decompose at 160 °C. During HTC, proteins are hydrolyzed and dissolved in the liquid
(NOz~ NOs7) and gas phase (NHs). The sulfur (S) content also decreases after both thermochemical
treatments, but in two different pathways. In the case of HTC, the S content decreases because of the
leaching effect of the subcritical conditions to the water phase. On the other hand, S migrates to the
gas phase as H2S during pyrolysis [,28, 42]. The reduction of the N content, especially after HTC, and
the S content, especially after pyrolysis, implies the reduction of the formation of NOx and SOx
during the further combustion of the produced chars.

The evolution of the degree of coalification is represented in the van Krevelen diagram (Figure
2), where the O/C and H/C atomic ratios of raw SSL, the produced hydrochar and pyrochar are
compared with those of typical coals (i.e., anthracite, bituminous, lignite and peat). As expected [35],



the highest O/C and H/C atomic ratios are found for raw SSL. During the HTC and pyrolysis
processes, the initial carbohydrates are converted into carbon-rich material via dehydration and
decarboxylation pathways. The H/C atomic ratio of produced hydrochar and pyrochar at 260 °C for
2 and 4 h are in a range of values similar to those reported in previous studies [43]. On the other hand,
there is a notable difference between the O/C atomic ratios of produced hydrochar and pyrochar.
This implies that pyrochar formation is mainly influenced by dehydration reactions, while hydrochar
formation proceeds by both dehydration and decarboxylation [44]. Consequently, the atomic ratios
of hydrochars are close to those of lignite, while those of pyrochar are within the peat region.
According to Hammes et al. [45], char with dominant aromatic carbon has low H/C and O/C atomic
ratios, 0.7 and 0.3, respectively. Then, as expected, hydrochar is not within this range of values
because during HTC hydrochar tends to form mainly aliphatic compounds [46]. Additionally, the
low temperatures applied for pyrolysis in this study are not high enough to increase the aromatic
structure of the pyrochars [47].
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Figure 2. Van Krevelen diagram for raw SSL, hydrochar and pyrochar.

3.4. The pH of Biochars

The pH of the aqueous solution of the different solid materials indicates that the effect of each
thermochemical treatment on the pH was found to be similar (Table 2). All solids showed a pH close
to 7. While the pH of produced biochars is slightly acidic, the initial SSL exhibits a slightly basic pH.
This decrement of the pH can be associated with the formation of organic acids during the hydrolysis
of the biomass. In particular, the increment of the reaction time produced a decrement of pH since
hydrolysis is the first reaction mechanism [48].

3.5. FTIR Analysis

Figure 3 shows the FTIR spectra for raw SSL, hydrochar and pyrochar obtained at the same
temperature but different residence times. The transmittance peak at wavenumber 3420 cm™ is
usually associated with the O-H stretching vibration in the hydroxyl and carboxyl groups [49] of
cellulose present in the raw SSL. As shown in Figure 3, for Hc-4, this peak has a lower intensity than
that in the raw SSL and the other produced chars, which could be due to the dehydration mechanism
reaction that takes place mainly in these operating treatment conditions. Moreover, this low peak
intensity implies that hydrochar produced in the longest residence time has hydrophobic properties
due to the loss of -OH functional groups. On the other hand, the hydrolysis of proteins in the raw
SSL and the consequent formation of amides during pyrolysis and HTC are the reasons that this peak
is also associated with the N-H stretching vibrations [50]. The band between 3000 cm™! and 2800 cm™



is ascribed to asymmetric -CHx (2925 cm™) and symmetric -C-H (2850 cm™) aliphatic carbons in
methylene groups [51]. There are no obvious differences between the aliphatic groups present after
both thermochemical processes and the originals found in the raw SSL. This is corroborated by the
peak at a wavelength of 1432 cm™ associated with the scissoring vibrations of CH2 [52]. The intensity
of the band between 1645 cm™ and 1120 cm™ is reduced in the biochars. The peak observed at 1645
cm! was ascribed to the stretching vibration of the carbonyl group in ketones and amides, whereas
the peak at 1514 cm™ describes the asymmetric stretching mode. Here, the asymmetric stretching
mode for carbonyls decreases, especially for hydrochars, because of the decarboxylation reactions
and the production of COz. The transformation of some nitrogen-containing functional groups from
the raw SSL to the final biochars is shown in the region between 1575 cm= and 1525 cm. Those peaks
are reduced in the produced hydrochar and pyrochar because of the deamination of proteins [53] and
the release of inorganic-N from the raw SSL to the process water [54]. The high initial ash content and
the even higher ash content in the biochars (Table 2) are reflected in the FTIR peak at around 1000
cm. This peak may be attributed to the Si-O vibration, which reveals the presence of 5iOz, usually
found in the ash [55].
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Figure 3. FTIR spectra of raw SSL, hydrochar and pyrochar produced at different residence times.



3.6. Combustion Behavior of Raw SSL and Produced Biochars

3.6.1. Thermogravimetric Analysis

Figure 4 shows the thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of
raw SSL and the produced hydrochar and pyrochar for different air flows (20 and 90 mL/min). Each
solid shows different mass loss profiles because of their different reactivity and composition. The
increment of the air flow is negligible for hydrochars, however, leading to a bigger mass loss of the
pyrochars (Figure 4). In general, combustion is divided into three different stages associated with the
different mass loss peaks, which take place within different ranges of temperature. The first stage
occurs at temperatures lower than 160 °C and is associated with the dehydration reaction. Next, the
second stage comprises two sub-stages, of which the first occurs between 150 °C and 320 °C. This
sub-stage is associated with the devolatilization of the material, leading to the polymerization of the
carbonaceous material and the greatest weight loss in the case of the raw SSL and pyrochar (Figure
4). For both materials, this mass loss peak is associated with the combustion of cellulose and
hemicellulose [56]. The second sub-stage, occurring between 320 °C and 470 °C, is associated with the
oxidation of the carbonaceous material. In the case of hydrochar, it associated with some residual VM
that gets oxidized together with the carbonaceous material during the combustion step (Figure 4).
The hypothesis that the “residual/complex” VM is degraded at a high temperature was also
suggested by Folgueras et al. [57]. These authors mentioned that the VM, composed of polyaromatic
structures, is decomposed at temperatures around 462 °C. In the case of pyrochar, this mass loss is
associated with the complete combustion of the initial lignin, which is not transformed/degraded
during the pyrolysis treatment [20]. The third stage starts at a temperature of 470 °C and leads to the
complete burnout of the solid.

100 15
g 1t
R I 13 9
2 sof ] &
120
2 122

25| 11

- 0

100 900

100 ¢ 5
75 | 1 4;
ey I O
S5 [ 13°
2 50! X
0] [ —— Raw SSL 120
- (== -Pc-2 ] E

25 L. ... Pc-4 i
[——-Hc-2 ] 11
- —-Hc-4 k..
1 1 1 1 L " 1 1 1 L L n L L L X 1 1 Tty 0
100 300 500 700 900 100 300 500 700 900
Temperature [°C] Temperature [°C]

Figure 4. The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves for
combustion profiles of raw SSL and biochars with a heating rate of 10 °C/min, 20 mL/min air flow
(A,B) and 90 mL/min air flow (C,D).



3.6.2. Combustion Behavior and Thermal Characteristics

Table 3 shows a comparison of Ti, Tm and Tb, as well as combustibility index (S) values for the
raw SSL and the chars obtained for two different air flows (20 and 90 mL/min) and at a heating rate
of 10 °C/min. In both cases, the Ti of the raw SSL is lower than that of char. This means that the raw
SSL is easier to ignite than the produced chars, which is due to the fact that SSL usually contains
between 33.4 wt.% and 69.9 wt.% of organic matter [30,41,58]. Furthermore, the increment of the Ti
in the chars can be explained as being due to the reduction of VM and the subsequent increment of
FC (Table 2). This results in the increment of the energy required for the starting of the combustion
of the chars. A similar effect was observed by Biagini and Tognotti. [59] with coal and biomass. The
lower Tb found for chars compared to the raw SSL means that the complete conversion of biochar
inside the furnace requires shorter reaction times than the raw SSL. Despite of the variation of Ti and
Tb in the raw SSL and produced biochars, Tm keeps constant at around 300 °C.

The S values of raw SSL and biochars are shown in Table 3, while high values of S are considered
better for combustion [60]. Furthermore, a study carried by Ma et al. [61] considered S to be
appropriate for combustion when it is over 2 - 10-7. In this study, only pyrolysis with a flow of 90 mL
/min leads to a slight increase in this parameter compared to raw SSL. However, the produced
hydrochar shows S values three times lower than those of the raw SSL and pyrochar. Consequently,
the raw SSL and pyrochar can be considered more suitable materials for combustion. In this study
(Table 3), the S index of hydrochar was lower than that of the raw SSL because of the reduction of
VM by carbonization processes (Table 2). This is in good accordance with previous studies [30,41]. A
similar amount of VM and ash in raw SSL and pyrochars might be the reason for this effect. The
increment of the residence time during the HTC and pyrolysis does not have a significant effect on
the S index (Table 4).

Table 3. Combustion parameters and comprehensive combustibility index for raw SSL and biochars.

Air Flow

20 mL/min 90 mL/min
Rate

Material Ti(°C) Tm(°C) Tb(°C) S (wt. %¥(min?x°C3)) Ti(°C) Tm (°C) Tb»(°C) S (wt. %% (min?x °C3))

Raw

SoL 2223 3053 4673 9.22 - 10°(-08) 2233 3013 4653 9.24 - 10°(-08)
He-2 2680 2940  437.0 3.21 - 10°(-08) 2680 2950  430.0 3.38 - 10(-08)
He4 2695 2935 4355 3.14 - 10°(-08) 2675 2865 4305 3.53 - 10°(-08)
Pc2 2541 3041  445.1 8.41 - 10(-08) 2461 3001  440.1 9.77 - 10°(-08)
Pcd4 2466 3036 4456 9.12 - 10/(-08) 2446 2976 4376 1.06 - 10°(-07)

3.6.3. Combustion Kinetics

The combustion kinetic parameters of the raw SSL and the biochars were calculated according
to Equations (16) and (17) in the temperature range of 105 °C to 900 °C for four heating rates (10, 20,
30 and 40 °C/min). Their calculation was considered important as they give an approximate value of
the energy necessary to start the combustion reaction [54]. Table 4 shows the EA, A and TA. As
explained in the methodology section, the EA was calculated by plotting In ((3/T2) versus 1/T.
Considering that, during the combustion of the material, the main sections are devolatilization and
carbonization, every studied material was divided in two combustion stages. An increase in the air
flow rate from 20 to 90 mL/min implies an increase in the EA for the biochars (e.g., from 69.78 kJ/mol
to 112.31 kJ/mol in the case of Hc-6), however, raw SSL shows the opposite trend (Table 4). In the case
of raw SSL and hydrochar, the values of EA obtained are similar to those reported in previous studies
[21,41,54]. The EA for the raw SSL for both air flow rates is higher in the first stage than in the second
stage, which could be related to the high VM and low FC contents (Table 2). A similar effect was
observed for the produced pyrochars, of which the initial VM content is around 40 wt. %. This implies
that the devolatilization stage is the one which requires more energy to get started. The EA of the
second stage is lower for biochars than for the raw SSL. Generally, the pyrochars require a lower EA
than hydrochars, possibly due to the higher carbon recovery (daf) (Figure 1) and the higher amount
of ash found in the hydrochar (Table 2).



Table 4. Combustion kinetic parameters of initial SSL and produced biochars.

Air Flow Rate Temperature Range EA Ta
1 Rz A(s?
Sample (mL/min) (K) (kJ/mol) & (k109)
581-624 26628 00 8.37-10°47)  32.03
Raw 6
SSL 20 08  292E
624-731 8215 10714) 9.88
581-622 16792 08 LBE 20.20
Raw 90 5 107(34)
SSL 09  9.99E-
22-727 114.02 13.71
6 0 9  10M24) 3
0.9
617-660 69.78 7 9.68:10%12) 839
Hc-2 20 09
660733 7387 50 161:10%15) 889
0.9
600643 11231 0 1.27-10%25) 1351
Hc-2 90 08
643-718 13065 g7 124-10°32) 1571
0.9
619-661 6199 " 127-10%11) 746
Hc-4 20 08
661-733 6507 .0 295-10%12) 783
0.8
611-651 12968 o7 442:10'28)  15.60
Hc-4 90 08
651-722 14864 1 17E-10%37)  17.88
0.9
600638 67.89 [ 448-10%14) 817
Pc-2 20 08
638-722 4952 00 537:10°07) 596
0.9
593-628 §3.18  ° 123-10°17)  9.98
Pc-2 90 0.9
628-709 9417 " 666:10°22) 1130
597-635 g3pp 09 LUE 10.01
0  107(18)
Pc-4 20 0.9
635-720 6105 " 617-10°10) 734
0.8
589-623 11731 77 876:10M26) 1411
Pc-4 90 0.8
632-707 99.96 0 132:10°24) 1202

4. Conclusions

This study shows the conversion of digested SSL into biochar by two different thermochemical
treatments: HTC and pyrolysis. The produced hydrochar and pyrochar contain lower VM (29.31-
29.31 wt.% and 40.81-42.29 wt.%, respectively) and higher FC (9.98-10.57 wt.% and 8.72-10.13 wt.%,
respectively) contents than the initial SSL (50.01 wt.% (VM) and 3.52 wt.% (FC)). Hence, the fuel ratio
of the hydrochar is five times and that of the pyrochar three times greater than that found in the initial
SSL. Moreover, the van Krevelen diagram and the study of the functional groups on the surface by



FTIR reveals that the production of biochars was influenced by dehydration and decarboxylation
reaction mechanisms. Furthermore, the FTIR also shows a higher intensity of the transmittance peaks
associated with the aromatic functional groups of the biochars. The combustion behavior shows that
the lower VM and the higher FC contents in biochar than in raw SSL result in a higher ignition
temperature and lower burn-out temperature than for raw SSL. Thus, the biochars have a higher
stability during handling and storage compared to raw SSL. In addition, the comparison of the
combustion for two different air flows (20 and 90 mL/min) mostly results in lower EA (kJ/mol) for
hydrochar (61.99-148.64 kJ/mol) and pyrochar (49.52-117.31 kJ/mol) than for raw SSL (82.17-266.82
kJ/mol). Thus, the production of hydrochars and pyrochars with a higher fuel ratio and lower
activation energy than raw SSL might require less energy consumption during their combustion
treatment.
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