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Abstract

The potential of hydrothermal carbonization (HTC) as a novel choice for treating
microalgal biomass (MAB) was assessed. The hydrochar obtained at 210 °C had a carbon
content and a higher heating value (HHV) 1.09 and 1.1 times greater, respectively, than
that of the feedstock. Also, washing the hydrochar with HCI efficiently removed ash and
increased its carbon content 1.40-fold. Energy recovery in the liquid fraction from the
hydrothermal treatment (LF) by anaerobic digestion (AD) allowed methane yields of
188-356 mL STP CHs g VSadded, to be obtained. As a result, the amount of energy
recovered from MAB was increased from about 4 MJ kg! (20% in terms of HHV) to
15.4, 12.1 and 10.4 MJ kg! by combining HTC at 180, 210 and 240 °C, respectively,
with AD. Therefore, HTC at 180 °C in combination with AD seemingly provides an

effective method for valorizing MAB.

Keywords: anaerobic digestion; energy recovery; hydrochar; hydrothermal

carbonization; microalgae.
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1. Introduction

Microalgal biomass (MAB) is widely accepted as a competitive feedstock for biofuel
production on the grounds of its high growth rate (biomass doubling time < 3.5 h), high
productivity (up to 26 300 t km2 yr! on a dry basis, and high content in valuable
compounds such as carbohydrates (7-69%), proteins (15-84%) and lipids (1-63%) (Xia
et al., 2013; Barbera et al., 2018). Although MAB has a highly promising potential as a
renewable energy source, developing an efficient microalgal biofuel production process
remains a tough challenge owing to the high cost of biomass production in terms of supply
of nutrients (especially nitrogen and phosphorus) and auxiliary energy inputs in
downstream processes (Fasaei et al., 2018). Integrating microalgal cultivation systems
based mainly on pound raceways and photobioreactors with wastewater treatments has
become a promising choice to reduce nutrient requirements for biomass production
(Gouveia et al., 2016). In fact, microalgae can recover 82-92% of nitrogen and 58-98%
of phosphorus, and remove up to 62% of chemical oxygen demand (COD), from
wastewater (Hernandez et al., 2013; Lee et al., 2016). Even though using wastewater as
a culture medium has boosted the economic viability of microalgal biofuels, mass
balances and resource assessments have shown that wastewater cannot fulfil by itself the
nutrient requirements for large-scale production (Shurtz et al., 2017). Producing nutrient
recycling streams during downstream processing of microalgal biomass is in fact crucial
to develop a cost-effective, environmentally sustainable route for its production (Barbera

etal., 2018).

Downstream processing of microalgal biomass for biofuel production remains a
bottleneck because valuable compounds contained in the biomass (particularly
carbohydrates, lipids, and proteins) are located inside cells (Ho et al., 2013). Indeed, cell
walls in microalgae contain non-hydrolysable biopolymers termed “algeanans” that have
often been deemed refractory to biological degradation (Ras et al., 2011). Research in this
area has thus focused on valorizing microalgal biomass by extracting valuable

compounds to increase biofuel conversion yields and then subjecting extracted microalgal
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residues to anaerobic digestion (AD) in order to cycle nutrients and recover additional
energy from biogas (Ayala-Parra et al., 2017; Delrue et al., 2012; Guldhe et al., 2014).
However, this valorization route is of limited efficiency because MAB contains more than
80% moisture and thus requires drying to enable extraction (Chiaramonti et al., 2017).
The target final moisture content of most applications, 10%, requires using too much
energy with conventional drying methods (Hosseinizand et al., 2017). A conversion
process directly converting wet microalgal biomass into refinery intermediates for

subsequent upgrading to commercial fuels is therefore needed (Costanzo et al., 2015).

One such conversion technology is hydrothermal carbonization (HTC), which uses milder
temperatures (around 200 °C) than other hydrothermal processes such as hydrothermal
liquefaction (280-370 °C) or hydrothermal gasification (400—700 °C) (Yao et al., 2016).
During HTC, wet biomass provides both the reactant and the medium for a complex series
of reactions including dehydration, decarboxylation and demethanation that lower O/C
and H/C atomic ratios in the feedstock, thereby resulting in a more energy-dense slurry
(Smith et al., 2018; Yu et al., 2014) consisting of a solid fraction and a liquid fraction.
The solid fraction is a hydrochar (HC), some properties of which such as higher heating
value (HHV) and fuel ratio can be improved to obtain a valuable material for co-firing
with coal or for safe disposal as a soil amendment on agricultural land (Santos and Pires,
2018). The liquid fraction (LF) contains large concentrations of COD (90-100 g L") and
TKN (8.7 g N L) derived from refractory compounds produced in the HTC reaction
(e.g., oxygen-containing aromatic compounds such as phenols and furans, and nitrogen-
containing compounds such as pyrazines and aromatic amines) (Villamil et al., 2018).
Although the methane yields obtained by anaerobic digestion of the liquid fraction can be
influenced by the presence of nitrogen-containing species, the treatment usually allows
almost complete removal of furan and partial removal of phenol species to an extent
depending on the origin of the material and the inoculum concentration (De la Rubia et

al., 2018a).
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Although the optimal configuration for a microalgal biorefinery based on a hydrothermal
treatment has been widely discussed, no consensus has to date been reached (Lopez
Barreiro et al., 2014). HTC processing of microalgae can be approached mainly in three
different ways. One involves directly using raw microalgal biomass of, for example,
Chlorella vulgaris or Chlamydomonas reinhardtii for HTC to assess hydrochar mass
yield, chemical composition and solid-fuel properties at different temperatures and
reaction times (Heilmann et al., 2010; Park et al., 2018). Another approach previously
extracts lipids from microalgal cells (e.g., C. vulgaris, Spirulina spp.) and then converts
lipid-extracted microalgae into hydrochar at different temperatures in order to obtain solid
fuel with the best possible properties (Lee et al., 2018). The liquid fractions provided by
the previous two approaches have been assessed for recovery of highly valuable
chemicals such as sugars, alcohols and volatile fatty acids (Broch et al., 2014), and for
nutrient (N and P) recycling with a view to producing microalgal biomass (Yao et al.,
2016). The third approach involves a post-treatment scenario where anaerobic digestion
(AD) i1s directly used as the primary treatment to remove the biodegradable fraction from
microalgal biomass (Scenedesmus spp.), whereas the resulting digestate is
hydrothermally treated to degrade particulate organic fraction by recycling the liquid

fraction through the digester (Nuchdang et al., 2018).

In this work, we used the first approach to assess the influence of temperature on HTC
byproducts (hydrochar and liquid fraction) of microalgal biomass. Despite the potential
of HTC for valorizing microalgae, the fundamental energy balances of integrated HTC—
AD processing remain unknown. A sound knowledge of the balances is crucial with a
view to assessing the potential sustainability of the overall biofuel production process.
This led us to conduct batch AD tests on the liquid fraction from the hydrothermal
treatment of microalgal biomass in order assess methane yields and biodegradability of

refractory compounds.



110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

2. Materials and Methods

2.1. Hydrochar production

HTC tests were performed at 180, 210 and 240 °C in an electrically heated 4 L
ZipperClave® pressure vessel. The vessel was loaded with 2 kg on wet basis (98%) of
microalgal biomass containing (65.9 £ 3.5) g L ! total solids (TS), (57.9 £ 2.5) g L!
volatile solids (VS) and (109.0 + 5.7) g L™! total chemical oxygen demand (TCOD). This
feedstock was obtained from the Food Innovation and Sustainability Center in Almeria,
Spain, and cultured outdoors in a thin-layer photobioreactor (1200 L working volume, 33
m? surface area) that was fed with 10% diluted centrifuged pig manure (PM) at a hydraulic
retention time (HRT) of 0.3 d and discretely centrifuged on a GEA centrifuge
(Westphalia, Germany) (Hernandez et al., 2018). The operating temperature for the HTC
runs was reached by heating at a rate of 3 °C min! and then held for 1 h. The reaction
was stopped by cooling with an internal heat exchanger using tap water. The slurry thus
obtained (hydrochar and liquid fraction) was centrifuged on a SIGMA 3-16L centrifuge
equipped with a fixed angle rotor (cod. 12159). The hydrochar was obtained by oven-
drying the solid fraction overnight at 105 °C, and then ground and sieved. A Filtra No.
38373 sieve was used to shred the hydrochar into three particle size ranges, namely: @ >
0.5 mm; 0.25 < @ < 0.5 mm and @ < 0.25 mm, the last fraction being used for
characterization. The liquid fraction was recovered by passage through a 0.45 um filter

and stored at 4 °C for use as substrate in the anaerobic digestion tests.

The three hydrochars obtained were labelled HC180, HC210, and HC240. Inorganic
compounds on the surface of HC210 were removed by washing with three different
solvents, namely: 96% ethanol (4 mL g hydrochar), 1 M HCI (50 mL g ! hydrochar)
and 3% (v/v) H202 (50 mL g ! hydrochar). Extraction was performed with each of the
three solvents for 2 h in a Soxhlet extractor (total extraction time, 6 h), the resulting

extracts being dried in an oven at 105 °C for 24 h.
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2.2. Anaerobic digestion inoculum

The inoculum used in the anaerobic batch tests was granular anaerobic sludge from an
industrial digester processing brewery wastewater under mesophilic conditions (35 °C).
The inoculum characteristics were as follows: pH 7.6 £ 0.1, 57.5+ 1.4 g TS L', 46.3 +
1.7gVSL! 70.7+1.7 g O, L! of total COD (TCOD) and 0.3 £ 0.1 g O> L ™! of soluble
COD (SCOD).

2.3. Batch anaerobic tests

Anaerobic digestion runs were carried out in 120 mL glass serum vials. The initial
inoculum concentration was set at 15 g VS L™! and the inoculum-to-substrate ratio (ISR)
at 2:1 on a VS basis. A basal medium containing macro- and micronutrients that was
prepared and dosed as described elsewhere (Villamil et al., 2018) was added, after which
the vial was made to volume (60 mL) with distilled water. The reaction medium was
flushed with N> for 3 min in order to ensure anaecrobic conditions. Then, the vials were
sealed with rubber stoppers and metallic crimps, and held in a thermostated water bath at

mesophilic temperature [(35 + 1) °C] with shaking at 80 rpm.

The time course of anaerobic digestion was followed by using 10 vials at each
temperature studied. Seven of them were sacrificed: two during the first three days and
then every week. The remaining three vials were used for biogas analysis (volume and
composition) only. Triplicate blank samples containing no substrate were also used to
establish the background biogas level from the inoculum, and so were triplicate starch
positive controls (Panreac) that yielded (341 + 10) mL STP CHs g! CODadded
[approximately 97% of the theoretical specific yield (350 mL CHs g! CODadded)] to
confirm that the inoculum was active. Specific methane production (SMP) was calculated
by subtracting the amount of methane produced by the blanks from the amount of
methane production exceeding the initial VSaqded value for each substrate in each batch

reactor.
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2.4. Analytical methods

The elemental composition of the solid samples (C, H, N and S) was determined on a
CHNS analyzer (LECO CHNS-932, Model601-800-500), using the manufacturer’s
standard procedures. A proximate analysis was done by thermogravimetric analysis
(TGA) according to ASTM D7582 in order to determine moisture, ash and volatile matter
(VM). Elements were quantified by inductively coupled plasma atomic emission
spectroscopy (ICP-MS) on an Elan 6000 Sciex instrument from Perkin Elmer. The HHV
of dried solid samples were determined by using an IKA C2000 calorimetric bomb
according to technical specification UNE-EN 5400. Table 1 summarizes the

characteristics of the MAB and hydrochars.

The raw feedstock (MAB) and the inoculum were characterized by measuring pH with a
Crison 20 Basic pH-meter, TS and VS according to standard method 2540B and 2540E,
respectively (APHA, 1998), and TCOD according to Raposo et al. (2008). As regards
soluble samples, MAB and sacrificed samples from the anaerobic digestion tests were
centrifuged and passed through a filter of 0.45 um pore size, whereas the initial liquid
fractions (LF180, LF210 and LF240) were analyzed for SCOD by using standard method
5220D (APHA, 1998); total organic carbon (TOC) on a Shimadzu TOC-VCPN
autoanalyser; carbohydrates according to Dubois et al. (1956); proteins with the Lowry
method (Randall and Lewis, 1951); pH and total alkalinity by titration to pH 4.3 with 0.02
N H2SOg4; and total ammonia nitrogen (TAN) by distillation and titration according to
standard method 4500E (APHA, 1998). The concentrations of individual volatile fatty
acids (VFAs) from acetic to heptanoic, iso-forms included, were determined by gas
chromatography (GC) on a Varian 430-GC instrument equipped with a flame ionization
detector (FID) and a capillary column filled with Nukol (nitroterephthalic acid-modified
polyethylene glycol). Chemical species were identified by GCy/ion trap mass
spectrometry (GC-MS) on a CP-3800/Saturn 2200 instrument equipped with a Varian
CP-8200 autosampler injector and a Carbowax/Divinyl benzene Yellow Green solid-

phase micro-extractor, and furnished with a Factor Four VF-5 MS capillary column (30
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m long, 0.25 mm i.d.) (de la Rubia et al., 2018b). Compounds were identified against the
NIST 2008 Library. Biogas production was assessed manometrically (Rozzi and Remigi,
2004) by measuring the pressure increase in each vial with an electronic pressure monitor
(ifm, PN7097). The amount of biogas was expressed under standard temperature and
pressure conditions (273 K and 1 bar). Finally, the gas composition (H>, CO2 and CH4)

was determined on a Thermo Scientific Trace 177 1310 GC (de la Rubia et al., 2018b).

2.5. Data processing and analysis

2.5.1. Product yield

Product mass yields were calculated from Eq. (1). Hydrochar mass yield (Yyc) was
defined as the weight ratio of recovered hydrochar (Wnc) to microalgal feedstock (W)
on a dry basis. Similarly, the liquid-fraction mass yield (Y. f) was taken to be the weight
ratio of recovered liquid fraction (W1F) to microalgal biomass fed (Wuu4z), also on a dry

basis.

YHC,LF(%) = (WHC,LF/WMAB) -100 (1)

2.5.2. Higher heating value of the liquid fraction
The specific methane yields obtained in the batch anaerobic tests were converted into
HHYV values by using the following equation:

HHV,z(M]/kg) = 39.8-1073 - SMY - (VS/TS) (2)
where SMY denotes specific methane yield and VS/TS the ratio of VS to TS added to the
anaerobic reactors with each substrate. The coefficient 39.8:107 is the lower heating

value for pure methane in MJ N-'m™.

2.5.3. Energy recovery
The energy yield of the hydrochars and methane were calculated from the following
equation:

Energy yieldHC,LF(%) = (HHVHC,LF/HHVMAB) “YueLr 3)



225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

where HHVice (MJ kg™') is HHV for each hydrochar, HHV r that for each liquid fraction
as calculated from eq. (2) and HHVuug that for the microalgal biomass. Yy r denotes
the mass yield of each hydrochar (Yyc) or that of the liquid fraction (Y. g). The net energy

recovery was assumed to be the combination of Yy and Y.

3. Results and Discussion

3.1. Hydrochar properties

Hydrochar yield (eq. 1) decreased slightly with increasing temperature and was close to
37% for all HCs. A representative analysis of MAB and hydrochars is shown in Table 1.
Carbon content was similar for HC180 and HC210, but somewhat lower for HC240 as a
result of carbon bond breakage on the surface of the material, and of the release of carbon
as CO and CO», at relatively high temperatures (Lee et al., 2018). Therefore, a large
fraction of carbon in the feedstock was transferred to the aqueous phase under severe
reaction conditions. The hydrogen and oxygen contents decreased with increasing HTC
temperature through chemical dehydration and decarboxylation. Likewise, the nitrogen
content decreased with increasing severity of the hydrothermal treatment (to 2.3% at the
highest temperature studied). On the other hand, the sulfur content was similar and close
to 0.1% for all hydrochars. Also, as previously found by Park et al. (2018) in Chlorella
vulgaris and Heillman et al. (2010) in various microalgal species, the nitrogen and sulfur
contents of the hydrochars were lower than those of the feedstock. Therefore, low sulfur
and nitrogen contents may result in scant formation of SOx and NOx species through

hydrochar combustion (Engin et al., 2018).

Table 1 also shows the amounts of volatile matter (VM) and fixed carbon (FC) present in
the hydrochars, and their HHVs. A high VM content in solid fuel may result in flame
instability during combustion and hence in excessive heat loss. In addition, a high FC
content increases the firing temperature and can thus help to maintain a steady, less
violent flame. The fuel ratio (FC/VM) has been used to rank hydrochars as effective

alternative coal-based fuels (He et al., 2013). In our hydrochars, FC/VM increased
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gradually from 0.2 to 0.4 by effect of FC increasing and VM decreasing with increasing
HTC temperature. HHV for the feedstock was 16.9 MJ kg™!, which is similar to the value
reported by Park et al. (2018) for Chlorella vulgaris (16.5 MJ kg!). HHV increased with
increasing temperature except at 240 °C, which is consistent with the carbon loss observed
at a relatively high HTC temperature. Consequently, raising the HTC temperature
affected energy production —and fuel properties as a result. The HHVs for the hydrochars
obtained from MAB are comparable to those for lignite (Engin et al., 2018). Park et al.
(2018) obtained greater HHVs for hydrochars from the hydrothermal treatment of
Chlorella vulgaris at temperatures similar to ours (180—240 °C), 24.8-29.8 MJ kg™!, and
Heilmann et al. (2010) reported HHVs of 30.5 and 31.6 MJ kg ! for Dunaliella salina and
Chlamydomonas reinhardtii, respectively, hydrothermally treated at 200 °C for 2 h. It
should be noted that the physicochemical properties of hydrochars are strongly dependent
on the composition of the raw material. Most reported results were obtained with pure
microalgal cultures that have not been used in wastewater treatments. Moreover, our HTC

treatment was intended for use as a valorization method.

Figure 1 shows a van Krevelen diagram. The variation of the O/C and H/C atomic ratios
allows estimating the degree of deoxygenation of biomass by decarboxylation or
dehydration. Low O/C and H/C ratios are needed to avoid energy losses in combustion
fumes and steam (Missaoui et al., 2017). The degree of carbonization resulting from the
HTC treatment was similar at 210 and 240 °C. Figure 1 includes the typical zones for
biomass, peat, lignite, sub-bituminous and bituminous materials, and anthracite. As can
be seen, the O/C and H/C ratios for raw MAB decreased to levels typical of lignite as the
HTC temperature was raised. As previously found by Park et al. (2018) in the HTC of
Chlorella vulgaris microalgae over the temperature range 150-270 °C, MAB conversion
in this work occurred essentially through dehydration. This conclusion was confirmed by
the proximate analysis (Table 1), which revealed that the fuel properties of the resulting
hydrochars were consistent with those of low-grade lignite as reported by Engin et al.

(2018).
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In an attempt to increase the C content, various solvents to remove ash and byproducts
from their surface were tested (Table 2). Whereas ethanol and H>O; failed to improve the
elemental composition of the hydrochars, HCIl efficiently removed ash and soluble
compounds, thereby increasing their HHVs by a factor of 1.37 and making them usable
as solid fuels. The high complexity of the chemical routes involved will require further

research to identify the particular species removed in the process.

Figure 2 shows the distribution of elements in the feedstock and hydrochars. Except for
Na and K, the element contents of the hydrochars increased with increasing temperature.
Ekpo et al. (2016) previously observed a similar trend with increasing reaction severity
in the HTC treatment of Chlorella vulgaris; however, Na and K contents also increased
with increase in reaction temperature. The Ca content of our hydrochars, (54.0 + 1.2) mg
g !, is much higher than that reported by Ekpo et al. (2016): 16.8 mg g '. The difference
can ascribed to the origin of our MAB, which was fed with pig manure rich in mineral
matter (Herndndez et al., 2018); also, the difference reflected in a high ash content in the
hydrochars (Table 1). Phosphorus content, which is a highly valuable byproduct for use
in a number of fertilizers, increased by a factor of 1.8 upon hydrothermal treatment at 240

°C, but remained at its initial level with the treatment at 180 °C.

3.2. Characterization of the liquid fraction from hydrothermal carbonization

Increasing the HTC temperature slightly reduced the concentrations of total and volatile
solids from the raw MAB to the liquid fractions. Thus, 52.8 and 58.3% of the initial
amount of TS and VS, respectively, remained in LF180 (Table 3). By contrast,
temperatures above 180 °C considerably reduced TS and VS (to 38.1 and 39.9%,
respectively, in LF240). An increase in SCOD was also observed. In fact, SCOD in MAB
accounted for only 2.5% of TCOD but increased eight-fold upon hydrothermal treatment
(from 2.5 g L' to 22.3-26.8 g L™! in the liquid fractions). This result can be ascribed to

(a) disruption or hydrolysis of the microalgal cell envelope during the hydrothermal

11
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treatment increasing the concentrations of intracellular soluble compounds such as
carbohydrates and proteins (Wang et al., 2018); and (b) reaction of soluble compounds
with intermediates formed during the HTC process (Funke and Ziegler, 2010). pH and
total alkalinity related to TVFA and ammonia nitrogen were also influenced by increased
HTC temperatures (Aragon-Bricefio et al., 2017). A similar trend was observed in TOC,
which increased 5 times with respect to the initial concentration in the soluble fraction of

MAB.

3.3. Anaerobic digestion of the liquid fraction

pH, TA and TAN (results not shown) in anaerobic digestion processes are closely related.
The initial pH in the batch tests on MAB and the liquid fractions obtained by HTC at 180,
210 and 240 °C ranged from 8.2 to 8.5; also, pH remained at 7.5—7.8 during the anaerobic
process. TA was initially less than 2500 mg CaCO3; L™! but increased to 34505800 mg
CaCOs L' in all runs. pH and TA were more than adequate for buffering purposes and
hence for anaerobic digestion (Appels et al., 2008; de la Rubia et al., 2018a). The initial
TAN value increased with increasing temperature because of total nitrogen being
redistributed into various byproducts during the HTC treatment (Wang et al. 2018). Thus,
the lowest initial TAN value, (308 £ 1 mg L™!), was obtained with raw MAB, whereas
the highest, (672 £ 2 mg L"), was provided by LF240. The final TAN value ranged from
630 = 2 to 1456 £ 5 mg L"!, and was thus below the ammonia inhibition threshold: 1.7 g
L' (Villamil et al., 2019). Therefore, no ammonia toxicity, which is one of the limiting
factors for anaerobic digestion of MAB (Ras et al., 2011), was observed; also, only LF240

approached the inhibiting value.

Methanogenic microorganisms use SCOD (Fig. 3a) in the form of VFA (Fig. 3b) for
methane production (Fig. 3c). Therefore, the time course of SCOD and VFA can provide
useful information about the performance of the different stages of anaerobic digestion,
namely: hydrolysis and acidogenesis from SCOD, and acidogenesis and methanogenesis

through TVFA. Fig. 3a illustrates the effect of the HTC temperature on SCOD removal

12
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from the liquid fractions (LFs). SCOD was removed by 51 and 44% from LF180 and
LF210, respectively, but only by 36% from LF240. The fraction of SCOD not removed
from LFs can be assigned to refractory compounds formed during the hydrothermal
treatment as previously found by Villamil et al. (2018) in the anaerobic digestion of LF
from sewage sludge. SCOD removed from MAB corresponded to extracellular SCOD
available in the reaction medium. However, the fact that no increase in SCOD
concentration was observed during digestion suggests that no MAB was hydrolyzed. As
can be seen from Fig. 3b, the TVFA concentration increased over the first few days by
effect of the hydrolytic—acidogenic stage in all runs. Then, the concentration decreased
by up to 53 and 32% with LF180 and LF210, respectively. On the other hand, the TVFA
concentration in LF240 increased gradually to approximately 780 mg COD L!. These
results are consistent with the trends in SCOD removal. VFA accumulation in the digester
is an indicator of instability resulting from the production and elimination reactions being
uncoupled. In this situation, methanogens are unable to remove volatile organic acids fast
enough and imbalances in biogas production result (Appels et al., 2008). On the other
hand, changes in the TVFA concentration were virtually negligible with MAB. A meager
VFA production/uptake ratio thus resulted that testifies to the resistance of the cell

envelope to biological degradation.

The anaerobic digestion of MAB produces biogas by degradation of organic matter in
cells as a result of solar energy being used for photosynthesis. The methane yield obtained
by AD of MAB in this work (Fig. 3c), 120 = 5 mL STP CH4 g VSadded, was much lower
than the theoretical value based on its composition (carbohydrates, lipids and proteins)
(Guiot and Frigon, 2012), but similar than that obtained by Passos et al. (2014) and Tran
et al. (2014) (100-130 mL STP CH4 g' VSadded) by digesting mixed cultures. The low
biodegradability of our material was a result of the structural integrity of cell walls, which
was in turn a function of the biochemical composition and/or physicochemical properties.
The high resistance of cell walls to disruption may somehow have hindered extraction of

intracellular material, thereby also reducing the release of more easily degradable matter
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and leading to increased methane yields. The HTC process facilitates cell disruption and
hence the release of volatile matter for valorization by anaerobic digestion. A lag-phase
spanning the first 3—5 days in each run was observed in all substrates suggesting that the
inoculum required some time to adapt to the substrate. Thereafter, methane yield
increased exponentially as a result of VFA uptake by methanogenic Archaea. In general,
the liquid fractions exhibited greater anaerobic biodegradability than raw MAB. Thus,
the final methane yields obtained from LF180, LF210 and LF240 were 356 + 12, 226 +
3, and 188 +£ 8 mL STP CH4 g ! VSadded, and hence 1.5-3 times higher than MAB.

3.4. Analysis of refractory compounds

Figure 4 shows the semi-quantitative composition of LF180, LF210 and LF240 before
and after anaerobic digestion. The compounds studied clustered into chemical groups and
their composition was expressed in terms of % peak area. Raising the HTC temperature
reduced the diversity of oxygenated hydrocarbons species in LFs. Aldehydes (e.g., 2-
methyl pentanal, benzaldehyde and glutaraldehyde) and esters such as methylethyl
formate were detected in LF180 but not when the HTC temperature was raised above 210
°C. Rather, the concentrations of aromatic hydrocarbons increased with increasing
temperature from 180 to 210 °C and then decreased upon further raising to 240 °C. The
different HTC conditions resulted in an also different aromatic hydrocarbon composition.
Anaerobic digestion caused complete removal of aldehydes and esters from LF180, and
partial removal of aromatic hydrocarbons from LF210 and LF240. Villamil et al. (2018)
previously accomplished nearly complete removal of aldehydes produced by HTC of
sewage sludge at 210 °C with AD of the aqueous phase. However, some aromatic
compounds such as phenol, 2,3,5,6-tetramethyl benzene, 2-methylpropyl cyclohexane
were refractory to AD and accounted for 52% of the total composition of LF180 upon

digestion.

On the other hand, raising the HTC temperature expanded the diversity of nitrogenated

species in the liquid fractions. The nitrogen-containing species in LF180 were ring-type
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structures with two N heteroatoms such as pyrimidine and pyrazines that formed mainly
through hydrolysis of proteins (Costanzo et al., 2015). Increasing the HTC temperature
above 210 °C led to compounds with one or two N heteroatoms (e.g., pyrroles, indole,
amines) being present in LFs alongside other nitrogenated aromatic compounds formed
in Maillard-type reactions (Broch et al., 2014). The fact that LF240 contained indole,
which can be degraded by methanogens and sulfate-reductive microbial populations
(Fisher et al., 2017), suggests terminal process inhibition as a result of poor digestion.
Anaerobic digestion efficiently removed most of the pyrimidines formed at HTC
temperatures below 240 °C. Likewise, the nitrogenous species accounting for residual
SCOD in LF240 may have inhibited methanogens through accumulation of VFA

intermediates.

3.5. Energy recovery

Figure 5 shows the amount of energy produced per kg dry feedstock and the percent net
energy recovery for the valorization of MAB by conventional anaerobic digestion and the
HTC-AD combination. The energy produced from MAB by conventional AD is limited
owing to the low methane yield resulting from the also low degradability of the organic
fraction —usually less than 34-50% (Ras et al., 2011; Xia et al., 2013). Keymer et al.
(2013) found a high-pressure thermal hydrolysis pretreatment to increase methane yields
by up to 81% as a result of its increasing the SCOD fraction above 50%. HTC provides
an alternative for improved valorization of MAB by recovering energy through hydrochar

and methane formed by anaerobic digestion of the liquid fraction.

The HHV for MAB obtained in this work, 16.9 MJ kg!, was taken to be the total amount
of energy stored in the feedstock (see Table 1). Anaerobic digestion of raw MAB provided
4.0 M1 per kg dry feedstock, which was only 20% of the net amount stored in MAB. The
HTC180 treatment in combination with anaerobic digestion of LF180 provided the largest
amount of energy (15.4 MJ per kg dry feedstock, which accounted for 91% of the net
amount of energy stored in MAB). By contrast, HTC210 + AD of LF210 provided 12.1
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M per kg dry feedstock (viz., 72% of the total amount of energy), and HTC240 + AD of
LF240 provided 10.4 MJ per kg dry feedstock (62% of the total energy storage). An
increased HTC temperature therefore reduced net energy recovery, possibly because of
the low HHV of hydrochar and the poor biodegradability of the liquid fraction by effect
of carbon losses and formation of refractory compounds at relative high HTC
temperatures. Thus, using the lowest HTC temperature (180 °C) is recommended to

substantially improve the valorization of MAB by HTC-AD.

4. Conclusions

Hydrothermal carbonization of microalgal biomass provided hydrochars and a spent
liquor with a high content in organic matter that can be valorized by anaerobic digestion.
Processing microalgae at 180 °C provided a hydrochar with significantly lower H/C and
O/C atomic ratios than lignite in addition to a similar higher heating value. The energy
recovery obtained by anaerobic digestion of the liquid fraction, in combination with the
energy content of the hydrochar, allows the amount of energy produced by conventional
anaerobic digestion of microalgal biomass to be increased 3.85 times. Therefore, a
combined HTC-AD treatment provides a seemingly effective method for valorizing

microalgal biomass.
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Table 1. Representative analysis of microalgal biomass and hydrochars.

MAB HC180 HC210 HC240
C (%) 384403  40.7+0.3 41.8+09 38.8+03
H (%) 53+0.1 53+0.1 51+0.1 47+0.1
N (%) 5840.1  43+0.1 37403 23+0.1
S (%) 0.5+0.1 0.1£0.1 02+0.1 0.1+0.1
0 (%) 203+02  14.9+0.1 9.8 +0.2 8.3 +0.1

Volatile matter (%) 48302  45.9+0.1 40.4 +0.2 34.0 £0.1
Fixed carbon (%)  12.1+03  10.9+0.1 12.0 £0.2 13.4 +0.1
Ash (%) 297402 347402 39.5+0.2 45.7 £0.3

HHV (MJ kg) 16.9 £0.1 18.0 £0.1 18.6 £0.1 16.7 £0.1




Table 2. Effect of hydrochar treatment on elemental composition.

C (%) H (%) N (%) S (%)

HC 210 41809 51+0.1 3.7+0.3 0.2+0.1

HC 210 (H202) 26.0+0.5 43=+0.1 2.3+0.1 0.1+0.1
HC 210 (EtOH) 41.6+03 4.6+0.1 5.8+0.1 0.2+0.1
HC210 HC) 58.6+0.2 6.3+0.1 6.9+0.1 0.2+0.1




Table 3. Characterization of microalgal biomass (MAB) and liquid fractions (LFs)
obtained after HTC at 180, 210 and 240 °C.

MAB LF180 LF210 LF240
Total solids (g L) 659+3.5 348+0.7 26.5+0.6 25.1+0.8
Volatile solids (g L) 579+25 338+0.5 245+06 23.1+0.8
Soluble chemical oxygen demand (gL') 2.5+0.2 268+04 223+0.0 228+0.6
Soluble carbohydrates (g L) 0.6+ 0.0 3701 12+02 05%0.0
Soluble proteins (g L") 1.3+0.1 99+£03 84+01 75+0.7
pH 57+0.1 6.1£0.1 64+0.1 6.7+£0.1
Total alkalinity (g CaCOs L) 23+0.1 3.8£0.1 38+0.1 51+£0.1
Total volatile fatty acids (g COD L) 3.1+0.7 14+08 1501 29+03

Total organic carbon (TOC) (g L) 2.4+0.1 128+0.1 11.5+0.1 13.1+0.1




Figure captions

Figure 1. van Krevelen diagram for microalgal biomass and hydrochars obtained from MAB and
from activated sludge.

Figure 2. Elementary content in microalgal biomass and hydrochars.

Figure 3. Time-course of total soluble chemical oxygen demand (a), volatile fatty acids (b), and
cumulative methane yield (c) during anaerobic batch assays of MAB and LFs.

Figure 4. GC/MS analysis of chemical species in LF180 (a), LF210 (b), LF240 (c) samples,
before (fulfill) and after (strings) AD assay.

Figure 5. Energy produced and net energy recovery for the valorization of microalgal biomass
using conventional AD and HTC coupled with AD.
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Figure 1. van Krevelen diagram for microalgal biomass and hydrochars obtained from MAB and
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