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ABSTRACT: The transition from mild to harsh hydrothermal 2 40 4 HTC/L Temp
conditions involves the passage from progressive hydrothermal 2 . , . Egigzg
carbonization (HTC) to liquefaction (HTL) of biomass, shifting & ™ MR 8 B 280°C
products from solid to oily phases. Understanding the reaction £ 2 2 imec g7 =§‘2’ng
pathways biomass undergoes during hydrothermal processing can % E M 2 16+

help researchers tune operating conditions according to the desired .‘é 10 - s

products. This work investigates the transition from HTC to HTL E $9 2 J ] ‘
of two model and one heterogeneous biomass: cellulose, lignin, and " o o s T~ 0 '

wood chips. The experimental method approaches a “real-time” Reaction Time (hr) SHMF g ¢ ey
study by sampling the reaction slurry during hydrothermal

operation. Analyses were performed on the solid and liquid

(aqueous and oily) products obtained from processing over a

range of temperatures (220—320 °C) and residence times (0—2 h).

Hydrochars’ thermal stability and carbon content increase with process severity (time and temperature). For all the substrates,
thermogravimetric analyses show that volatile, thermally unstable compounds form at moderate temperatures. Samples drawn during
the reaction with immediate liquid analysis enabled us to follow the evolution of organics, mainly carboxylic acids, furans, and phenol
derivatives, providing an insight into hydrothermal reaction pathways. Overall, as temperature increases, organic acids and furans
progressively transform to ketones and phenol-derivatives, while 5-hydroxymethylfurfural yield reaches a maximum at 30 min at 250
and 280 °C.

KEYWORDS: hydrochar, biocrude, hydrothermal process, process severity

1. INTRODUCTION biomass into hydrochar, which may find applications as a solid
biofuel and feedstock for producing advanced carbon
materials.” The harsher conditions of HTL (250—370 °C
and up to 220 bar) favor the formation of a liquid biocrude,
which can be further converted into transportation fuels or
platform chemicals.” HTL biocrude often has a lower oxygen
content and is less viscous than bio-oil produced through other
thermochemical processes like pyrolysis.® Over the past
decade, growing recognition of the potential of HP to valorize
wet waste led to the creation of companies like TerraNova,”
Ingelia,” and Carborem’ for HTC (mainly operating in the
waste treatment field) and the first HTL pilot plants. "'
Significant research exists on both HTC and HTL, spanning
process chemistry, influence of operating parameters on
product distribution and quality, process, and reactor

The impacts of and role of fossil fuels in anthropogenic climate
change are well-recognized and wide-reaching." Most carbon-
based compounds used to produce chemicals are derived from
petroleum,” and around 80% of the global energy demand is
met by fossil fuels.” Hydrothermal processes (HPs) could
support a shift from a fossil-based to a zero-carbon economy
by converting waste biomass into renewable solid and liquid
fuels.

HPs exploit the unique properties of liquid water under high
temperature and pressure to decompose biomass into a solid
hydrochar, an oily biocrude phase, an aqueous process water
containing dissolved organics, and a gas phase comprised
predominantly of CO,.* Hydrothermal processing is well
suited to the conversion of wet substrates as the substrate’s
moisture content serves as the reaction medium. As such, these —
processes are potential waste management strategies to treat Received: November 25, 2023 §g§,€?!{;§£!§
heterogeneous organic wastes, manures, and sludges. Within Revised:  February 17, 2024 R T
the hydrothermal processing realm, we commonly think of Accepted:  February 21, 2024
hydrothermal carbonization (HTC) and liquefaction (HTL) as Published: March 1, 2024
separate processes. HTC (roughly) occurs at mild conditions
(180—250 °C and 10—50 bar) and predominantly converts
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modeling, and upgrading of products.”'* While many reviews
provide a holistic view of both HTC and HTL (e.g.,6'l3’14),
experimental research often focuses on the two HPs
separately,"* This approach can be explained by the inherent
complexity of each conversion, their chemical end points, and
the different product aims of the two processes.'”'® Pecchi et
al. recently demonstrated the existence of a discontinuity in the
enthalpy of reaction that occurs around 250 °C for cellulose,
supporting the idea that HTC and HTL are disparate
processes at least in a thermodynamic sense.'” However, the
chemical products’ transition is not discrete but rather involves
a progressive shift from the carbonization to liquefaction of the
biomass. As temperature increases, the properties of the
reaction environment change due to the variation of
thermophysical properties of liquid water—for example, its
density and relative dielectric constant decrease (the latter
from 78.5 to 20 moving from 20 to 300 °C)—affecting the
yields and properties of the products.'®'? Disparate papers
across the literature unravel the main reaction pathways of
model biomasses, although the exact reactions are still unclear
due to their complexity.”

Hydrothermal reactions are of both a heterogeneous and
homogeneous nature, depending on the substrate. Typical
reactions include hydrolysis, decomposition, recombination,
and aromatization.”’ Hydrolysis is generally the first step
occurring in a low temperature range (below 200 °C) and
consists of the partial depolymerization of biomass macro-
molecules into their monomers.””** For example, carbohy-
drates hydrolyze to monosaccharides (pentoses and hexoses),
lignin to monolignols, lipids to fatty acids and glycerol, and
proteins to amino acids.”® As temperature increases,
monosaccharides decompose to alcohols, furanic acids, and
short-chain fatty acids; lignin monomers rehydrate into acids,
furans, and aldehydes and can further form alcohols and
ketones; proteins decompose to amines, short-chain fatty acids,
and aldehydes; and fatty acids undergo esterification.”
Dissolved compounds (like HMF or phenol fragments)
condense onto the solid phase often, as nano/micro spheres
(often referred to as secondary char).” By increasing
temperature (above 280—300 °C) into the HTL range,
reactive fragments may recombine and other larger molecules
(for example, long-chain fatty acids) are dissolved into the
liquid phase to form a biocrude. Over the HTL range, the
biomass composition is crucial in determining the resulting
biocrude properties. For example, the presence of amino acids
activates Maillard reactions that inhibit the formation of
repolymerized solids and favor biocrude formation.””** Finally,
reaction pathways are affected by parameters like residence
time, heating and cooling rates, and pH. For example, longer
residence times (particularly at lower temperatures) favor solid
phase production while fast heating/cooling rates enhance
biocrude yield.”

The heterogeneous nature of biomass limits our ability to
understand the reaction pathways that biomass follows from
HTC through HTL. Despite this complexity, a general
approach to understand the overall reaction pathway can
assist with process optimization; tailoring process conditions
can maximize the production of target compounds and
minimize energy inputs to the process.24 Data on the products
along the hydrothermal spectrum as a function of time are
missing from the literature yet are critical components to
optimize HP conditions.
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Therefore, this work explores the transition from carbon-
ization to liquefaction of two model biomasses (cellulose and
lignin) and willow wood chips. Cellulose and lignin are among
the building blocks of lignocellulosic feedstocks and are
representative of two very different chemistries: cellulose is a
carbohydrate composed of glucose units that easily hydrolyze
and dissolve into saccharides that further undergo degradation,
while lignin is a recalcitrant aromatic heteropolymer whose
decomposition produces phenols and methoxy phenols.”
Willow wood (in the form of chips) is used as a representative
of lignocellulosic biomass and contains approximately equal
proportion of cellulose, lignin and hemicellulose,””*° enabling
the observation of their combined effects. Data are discussed
alongside literature on hemicellulose conversion (commonly
represented by xylan)*’—*° to enrich our understanding of the
data presented. The experimental method adopted here
approaches a “real-time” study by sampling the reaction slurry
during hydrothermal operation over a wide range of operating
conditions. Runs were performed in a lab scale batch system
and the residence time was measured once the reactor reached
the operating temperature (after heating). Therefore, the study
does not address the search for optimal process setup nor
accounts for the technicalities of the apparatus (e.g., reactor
size, continuous/discontinuous operations, or heating time),
yet provides insights into the evolution of compounds along
the broad hydrothermal spectrum to inform process design.

2. MATERIAL AND METHODS

To trace the chemical pathways from HTC to HTL of biomasses, we
examine the solid (hydrochar) and liquid (biocrude and aqueous
phases) of reaction HP products across time and temperature.

2.1. Hydrothermal Processing. Hydrothermal runs were
performed on microcrystalline cellulose powder (Alfa Aesar,
minimum 97% purity), lignin (Sigma-Aldrich low sulfonate content
alkali), and willow wood chips sourced from Cornell University in
Ithaca, NY. All biomass samples were dried before each run and mixed
with distilled water at a fixed biomass-to-water mass ratio of 0.2 to
ensure a constant baseline for all experiments. For each hydrothermal
run, 30 g of biomass plus water was charged into a Parr Hydrothermal
Reactor (stirred, 300 mL, 350 °C, S000 psi). Before every test, the
reactor was flushed three times with pure nitrogen to establish an
inert environment. The reactor was stirred at 300 rpm to promote
heat and mass transfer and ensure a homogeneous mixture. The
reactor was heated to 190, 220, 250, 280, 300, and 320 °C, with each
final temperature held for a total residence time of 2 h. To mimic a
real-time analysis, during every run, around 4 mL of slurry were
sampled at different time intervals of 0, 0.25, 0.5, and 1 h using a dip
pipe positioned approximately 1/5 of the height from the bottom of
the reactor. The reaction time commenced after the heating time; the
reactor heats at approximately 6 °C/min. The hydrochar was
separated from the liquid phase using a qualitative filter with a pore
size of 2.5 pum, dried overnight at 105 °C, and then weighed. The solid
yield is calculated as the ratio between the mass of hydrochar and the
initial biomass mass, based on a dry basis.

2.2. Hydrochar Characterization. Proximate analysis was
performed on a TA Instruments Thermogravimetric Analyzer 5500.
Between 2 and 8 mg of dry sample were placed into a 70 L alumina
crucible, heated in high-purity nitrogen at 10 °C/min up to 110 °C
and held for 30 min to remove moisture, then at 10 °C/min from 110
to 900 °C and held for 30 min to determine volatile matter (VM).
Then, samples were heated from 900 to 950 °C under dry air and held
for 30 min, with the loss attributed to fixed oxidizable carbon (FC).
Residual mass is referred to as “ash”. The extent of sample converted
during pyrolysis at any time t, x(t), was computed as
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Figure 1. (a) Effect of temperature on fixed carbon content of HCs at 2 h; (b) effect of residence time on carbon content of selected HCs (C =
cellulose, L = lignin, W = willow chips); (c) van Krevelen diagram of hydrochars; (d) effect of SF on the carbon content of HCs (0 corresponds to

the untreated biomasses). Error bars represent the standard one deviation.
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where mg,, is the dry mass after the sample is held at 110 °C, m, is the
mass at any time ¢, and m,, is the residual mass left at the end of the
pyrolytic step. Derivative conversion curves (DTG) were constructed
by plotting dx/dt versus temperature.

Ultimate analyses were performed using a CE-440 Elemental
Analyzer (Exeter Analytical) to determine carbon (C), hydrogen (H),
and nitrogen (N) contents. Oxygen (O) was computed by difference.
Tests were performed at least in triplicate. Fourier transform infrared
(FTIR) spectra were recorded through a Thermo Fisher FTIR using
the KBr pellet technique over a wavenumber range 4000—600 cm ™.

To observe the effects of both temperature and time, the severity
factor (SF)>*! was introduced as a function of the residence time (in
s) and the reaction temperature T (in K) as

SF = 509%o(T°) ()

SF has the advantage of providing a “condensed” view of the effects of
reaction severity since it accounts simultaneously for the effects of
temperature and time, both crucial drivers for hydrothermal
conversion. It has limits, like not accounting for the heterogeneous
properties of biomass (as it was developed based on cellulose only)
and not reflecting HTC mechanisms for various compounds.
However, it provides a relative benchmark of the effects of time
and temperature used across the literature.

2.3. Characterization of the Liquid Phase. The liquid phase
comprises compounds dissolved into the aqueous phase (mainly
polar) and a biocrude, conventionally identified as formed by
dichloromethane (DCM)-soluble compounds (mainly nonpolar).
The separate liquid analyses are intended to provide a wide view of
the liquid products’ composition, but we note that the distinction
between polar and nonpolar compounds is not sharp; compounds
may be identified both in the aqueous phase and the biocrude.

The liquid phase was characterized in terms of total organic carbon
(TOC), which was measured using an automated Shimdazu TOC-L
CSH (with TNM-L unit addition) according to the ASTM D7573
standard. The composition of the aqueous phase was measured using
Shimadzu High-Performance Liquid Chromatography (HPLC),
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operating with an Ultra Aqueous C18 Column at 30 °C and at a
total flow rate of 1.5 mL/min. The mobile phase consists of a 10 mM
solution of phosphoric acid and acetonitrile, with a volume ratio of
90/10 for the first 10 min and a ratio of 70/30 from 10 to SO min of
the HPLC program. The detection was performed through a UV—vis
detector (SPD-20A) set at a wavelength of 210 nm. HPLC was
calibrated using 14 HPLC-grade compounds: glycolic acid (1.256
min), formic acid (1.370 min), lactic acid (1.370 min), propionic acid
(1.370 min), levulinic acid (2.470 min), acetic acid (2.741 min),
2(5H) furanone (2.357 min), S-HMF (3.329 min), furfural (5.418
min), S-methylfurfural (11.479 min), 1,3 cyclopentanedione (2.575
min), 2-cyclopenten-1-one (4.215 min), phenol (11.980 min), and 2,6
dimethoxyphenol (18.157 min). Then, the sum of the carbon content
(in g/L) of all HPLC-detected compounds was referred to as
TOCprc.

The biocrude was extracted by mixing the hydrothermal liquor with
DCM in a 1:1 (by volume) ratio. The dissolved fraction of oil inside
the DCM was recovered, and any excess water present in the DCM
was removed by mixing it with 0.1 g of anhydrous magnesium sulfate
(Fisher Scientific) in a 1.5 mL polypropylene centrifuge tube. Then,
the dried biocrude was analyzed via gas chromatography-mass
spectroscopy (GC-MS, Shimadzu GC-MS-QP2020 with an AOC-
20s auto- sampler). Samples were prepared by diluting 0.5 mL of the
dried biocrude with 0.5 mL DCM before injection. The GC-MS oven
temperature was set at 40 °C, and the sample was injected at 250 °C
onto a Shimadzu Crossbond 30 m long, 0.25 mm ID column, with a
flow of 1 mL/min helium and a split ratio of 15:1. The thermal
program of the oven consists of 5 min at 40 °C, ramp at 5 °C/min
from 40 to 150 °C, 5 min at 150 °C, ramp at 1.75 °C/min to 250 °C,
and 10 min at 250 °C. Interface and ion source temperatures were
250 and 230 °C, respectively. A solvent cut time of 6 min was set on
the mass spectrometer, and after 6 min, it was run in scan mode from
1S to 400 m/z using electron ionization. Only peaks with slopes
>1500 and durations >2 s were considered, while compounds were
identified by spectra through the internal NIST library (match >97%).

3. RESULTS AND DISCUSSION

Biomasses were subjected to hydrothermal treatment at 220,
250, 280, 300, and 320 °C and residence times ranging from 0

https://doi.org/10.1021/acssuschemeng.3c07731
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Figure 2. Effect of temperature on DTG curves under pyrolytic conditions (heating rate of 10 °C/min) of hydrochars obtained at 2 h from (a)

cellulose, (b) lignin, and (c) willow chips.

to 2 h (zero corresponds to the first moment when the final
temperature is reached after the heating phase). Analyses of
the hydrochar and the liquid phase drawn during the operation
were performed to approach a real-time study and provide as
broad and complete a picture as possible of the conversion.
3.1. Evolution of Hydrochar Composition. Biomasses
undergo progressive mass loss, VM loss, and aromatization as
the process severity, i.e., temperature and time, gets harsher
(Figure 1 and Tables S1 and S2, Supporting Information).
The progressive carbonization with severity is well-known in
the literature:”** severity intensifies gasification and lique-
faction reactions, and high temperatures and long residence
times favor the decomposition of hydrolyzed organics to CO
and CO,, the formation of nonpolar compounds with a low
oxygen content (that partition to the oily phase), and
aromatization of the solid phase."” The van Krevelen diagram
(Figure 1c) illustrates how higher temperatures and longer
residence times lead to hydrochars that span from the lignite to
the sub-bituminous regions. Severity enhances the thermal
stability of hydrochars, with DTG curves (Figure 2a—c)
showing a progressive shift of the main pyrolytic peak toward
higher temperatures and slower reaction rates. Among the
feedstocks, lignin reaches the highest level of carbonization in
terms of C (78.3%) and FC (70.8%) contents due to its nature
as an aromatic heteropolymer. The increase of FC carbon for
all the substrates (Figure 1a) highlights how the hydrothermal
conversion pushes VM into the liquid phase and enhances the
formation of a more stable carbon solid. A high FC can
improve the energy potential and energy density of the char, in
turn improving the efliciency of heat released during
combustion and the reactivity profile. For all the substrates
hydrothermally processed above 280 °C, the composition of
hydrochars varies slightly with severity due to the predom-
inance of slow bulk reactions in the solid phase and the
completion of main liquid reactions. In the HTL region,
residence time has a smaller effect on the hydrochar
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composition (Figure 1b) than it does over the HTC range,
suggesting that the main reactions that decompose the parent
feedstock occur during the heating phase and within the HTC
region. The slight decrease in solid yields above 280 °C can be
attributed more to intensified gasification reactions (favored at
higher temperatures) than to an enhanced dissolution process.
In this regard, the slow heating rate (6 °C/min) adopted is an
impactful process variable as it provides sufficient time for
reactions like hydrolysis to go to completion and higher
energy-requiring reactions like decarboxylation of the char, as
well as char-liquid heterogeneous reactions to occur.
Hydrochars from cellulose do not exhibit significant changes
in composition compared to cellulose before 220—250 °C. The
“late” start of the cellulose decomposition as compared to
other biomasses (especially those containing hemicellulose,
sugars, and other less recalcitrant compounds which begin to
hydrolyze around 160—170 °C) is known from the literature
and is due to the f-(1—4) glycosidic bonds between sugar
monomers that confer strong stability to cellulose.””** Around
220 °C, solid—liquid reactions (in particular the hydrolysis of
p-(1—4) glycosidic bond) start, followed by solid—solid
decomposition reactions and ultimately the back polymer-
ization of organics dissolved in the liquid phase onto the solid
hydrochar.>* Solid—solid reactions consist of bulk-decom-
position reactions, where the bulk part of cellulose undergoes
thermal degradation like pyrolysis, forming an aromatic
network.”® Intermediate products dissolved in the liquid
phase (like S-HMF deriving from the dehydration of
monomers) undergo repolymerization into the solid phase,
forming the secondary char.’* Therefore, the HTC range of
220—250 °C shows a coexistence of solid—liquid, solid—solid,
and liquid—solid reactions, with residence time highly affecting
the final composition (at 250 °C, FC passes from 46.7 to
53.1%, while C passes from 66.8 to 69.3% moving from 0 to 2
h). These data align with the composition ranges generally
measured in the HTC literature, which show values of FC in
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Figure 3. Trends of HPLC-detected compounds in the aqueous phase from HP of (a) cellulose at 250 °C, (b) lignin at 2 h, and (c) willow chips at

2 h. Error bars represent standard deviations.

the range of 42.0—45.7% and C in the range of 71.5—
75.5%.%%%° Figure 1b—d provides a condensed view of the
effects of severity, showing the passage from a steep to a stable
trend moving from low to high SF. Regarding hydrochar
thermal profiles (Figure 2a), these can be divided into two/
three stages: the first at 180—220 °C, a second at 345—350 °C
due to unreacted cellulose, and a third at 415—465 °C. Since
the cellulose main peak is centered at 345 °C, the first and
third stages derive from new structures formed during/after
HP. The first DTG stage (180—220 °C) is present for all the
hydrochars regardless of the HP severity and highlights the
presence of thermally unstable species, likely compounds
dissolved in the liquor that adsorbed onto the hydrochar
surface, as we recently demonstrated in another work.”” The
third DTG peak can be attributed to the solid hydrochar itself,
as also observed in prior studies.>® As the SF increases, the
third DTG peak position slightly shifts toward higher
temperatures and moves from around 415 to 465 °C along
the hydrothermal spectrum.

Lignin, like cellulose, undergoes both homogeneous and
bulk reactions. Lignin, as an amorphous polymer with a
complex aromatic structure and a h1§h initial FC and C
content (43.4 and 59.3%, respectively)*® begins to decompose
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at low temperatures, yet especially in its nonrefined form, it is
never fully decomposed. Its complex aromatic structure is
difficult to hydrolyze and requires harsh conditions to break
ether bonds (C—O-C) and carbon—carbon bonds (C—C)
between the monomers.”” Because of its recalcitrant nature,
the hydrochar proximate composition slightly varies between
220, 250, and 280 °C at 0 h (FC 45.9—47.7%); however, this
difference is not statistically significant (p > 0.0, two-tailed t-
test). Under these conditions, only longer residence times (>1
h) enable significant solid reduction. Solid yields transitioned
from 83.4 to 68.1% between 220 and 280 °C (Table S2),
accompanied by a concurrent migration of C from the solid to
the liquid phase, as discussed later. A harsher decomposition
occurs above 300 °C (at 2 h, FC is 63.8 at 300 °C and 70.8 at
320 °C; p < 0.05), and residence time significantly affects the
composition. At 320 °C, there is a highly statistically significant
enhancement in the C fraction (reaching 78.3 wt %, p < 0.05).
As temperature increases, a greater concentration of phenols
dissolves into the hquld and repolymerizes back, forming a
secondary char phase.”” Like cellulose, lignin DTG profiles
(Figure 2b) can be divided into two main stages: an early stage
at 180—250 °C, probably due to fragments of partially non
converted lignin and thermally unstable compounds deriving
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Table 1. TOC Measured, Percentage of TOC Computed from HPLC Data (TOCyp;(), and Percentage of TOC Occupied
from Families of Compounds Dissolved into the Aqueous Phase”

substrate temp (°C) TOC (g/L) TOCpic (%) % TOC
carboxylic acids furans and furfurals ketones phenol
cellulose 220 31.0 29.7 14.8 12.6 1.7 0.5
250 15.0 29.5 20.7 4.7 3.1 1.1
280 14.8 18.8 12.0 2.6 3.0 1.1
300 119 30.8 20.1 44 5.0 1.4
320 129 26.2 18.7 33 2.7 1.4
lignin 220 12.6 42.6 7.8 43 2.4 28.2
250 21.2 28.6 4.0 2.7 1.4 20.5
280 21.1 358.5 4.8 2.4 1.4 26.9
300 214 48.7 6.1 2.7 1.4 38.5
320 30.8 34.6 4.1 1.7 1.0 27.9
willow chips 220 27.4 44.5 352 4.7 2.1 2.5
250 29.4 39.4 33.0 2.0 1.8 2.6
280 27.9 45.7 39.1 1.5 1.6 3.5
300 30.3 47.8 41.2 1.6 1.7 3.2
320 28.0 53.4 46.5 1.6 1.8 3.5

“Data refer to different feedstocks and temperatures at a fixed residence time of 2 h. Standard deviations computed from error propagations are

always lower than 2.0%.

from the liquid phase, and a second stage at 380—450 °C due
to the newly formed carbonized solid phase. The results agree
with those from Kang et al., who observed two DTG shoulders
for lignin-based hydrochars around 200 °C and 380—410 °C.**

Willow chips, composed of approximately 36% cellulose,
25% lignin, and 33% hemicellulose,”* show an intermediate
behavior between cellulose and lignin though—as documented
throughout the literature**—certainly not an easily predictable
one given reaction synergies between biomass components. Its
composition, comprising 47.8% C and 42.0% O, is between
that of cellulose (40.1% C, 53.3% O), lignin (59.3% C, 33.8%
0), and hemicellulose (for which xylan would have 39.9% C
and 53.3% 0).” A temperature of 220 °C already induces
carbonization (C increases from 47.8 to 56—60% and FC from
18.5 to 25—30% moving from the raw material to 220 °C), but
at a lower degree than cellulose and lignin. This behavior is due
to the hemicellulose content, which degrades into sugars at low
temperatures due to its random noncrystalline structure and
lack of repeating f-(1—4) glycosidic bonds.*' Previous
studies””™** reported that hemicellulose completely or mostly
carbonizes even at low temperatures (also 120 °C, with no
evidence of unreacted hemicellulose inside hydrochars),
indicating that it mostly decomposes in solution into sugar
derivatives that partially repolymerize on the hydrochar and
form an abundance of hydronium ions,” which may explain
the enhanced reactivity of the willow chips. Given its tendency
for rapid hydrolysis at low temperatures, hemicellulose likely
has a minor impact on the hydrochar properties under harsher
HP conditions, where cellulose and lignin exert more influence.
Above 250 °C, the process severity causes a progressive
increase in FC and C content, with a similar elemental and
proximate composition of hydrochars from cellulose and
lignin. Above 280 °C, solid yields are lower than those of
cellulose and lignin—as low as 36.3% at 280 °C Table S2—and
the data are comparable with literature conducted on similar
substrates.”® The lower solid yield is likely due to the
combined decomposition of cellulose and hemicellulose,
which increases the acidity of the hydrothermal environment
and promotes the accessibility of water molecules to the
decomposed material, favoring the migration of C from the

4544

solid to the liquid phase. DTG profiles (Figure 2c) show an
intermediate behavior between cellulose and lignin, with a first
DTG shoulder at 160—220 °C due to poorly thermally stable
compounds and a second one at 380—420 °C due to the
hydrochar itself.

Finally, FTIR spectra were used to observe the variations in
functional groups and chemical bonds of hydrochar surfaces.
Regarding cellulose (Figure S1), the band at 3600—3000 cm™!
is attributed to the O—H stretching of hydroxylic and
carboxylic groups, while at 2920 cm™ to the vibrations of
C—H. The two bands at around 1610 and 1700 cm™" derive
from carbohydrates*”*® and are aldehydes derived from the
repolymerization of furanic structures on the hydrochar surface
and therefore represent secondary char. The band at 1000—
1460 cm ™" in the 250 °C hydrochar is due to the stretching of
hydroxylic and O—H. As the severity increases, the intensity of
the —OH band decreases due to dehydration reactions, while
the decrease of the “furanic” band is due to the progressive
consumption of aldehyde groups in cross-linking reactions.*®
Spectra from the lignin-based hydrochars (Figure S1) show
spectra bands due to the stretching vibration of: phenolic and
aliphatic —OH groups (3600—2900 cm™"), methyl group C—H
(2920 cm™), phenol and aromatic rings (1595 and 1510
cm™'), bending of guaiacyl groups (1200 cm™'), C—O in
primary alcohols (1030 cm™'), and C—H in syringyl (820
ecm™!).* As temperature increases, the intensity of aliphatic
—OH decreases, suggesting the removal of ether groups typical
of lignin. Spectra show that the main surface functionality
changes occur above 300 °C.

3.2. Evolution of Compounds into the Aqueous
Phase and TOC. HPLC data provide insight into the
evolution of compounds dissolved in the aqueous phase
(Figure 3). Compounds were conventionally divided into four
families: carboxylic acids, furans, ketones, and phenols. The
distribution among the different families is highly dependent
on the substrate. The HP of cellulose leads to carboxylic acids
and furans (mainly S-HMF), lignin to phenol derivatives, and
willow chips to a varied composition resembling its poly
component nature. Table 1 shows both the TOC of the entire
liquid phase (i.e, compounds dissolved into the aqueous phase
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and extracted through DCM) and the corresponding fraction
of TOC computed from HPLC data. As TOC is a “total”
measure, its fluctuations are due to the balance between the
release of organics into the liquid phase, repolymerization of
dissolved organics, biocrude formations, and a progressive
release of carbon in the gas phase (gasification) favored by
higher temperatures.* Relevant TOC variations occur, moving
from 220 to 250 °C for cellulose and lignin. For cellulose,
TOC decreases from 31 to 15 g/L; this is likely due to the
repolymerization reactions of dissolved compounds in the
liquid to form secondary char. A similar trend was also
observed by Becker et al.”’ Regarding lignin, the lowest TOC
value at 220 °C (12.6 g/L) is due to its recalcitrant nature. The
liquid phase from willow chips does not show significant TOC
variation, a trend that agrees with the slow fluctuations in solid
yield. Besides, it is worth considering that HPLC does not
allow the determination of the entire TOC of the liquid phase
(it achieves a maximum identification of around $3.4%). This
gap can be attributed to several reasons: difficulty in measuring
high molecular weight compounds, the presence of nonpolar
compounds (detected instead through GC-MS), carbonaceous
nano/microspheres not retained by the filter, and the eventual
presence of other colloidal compounds.’' Further studies could
help to clarify the reasons behind the discrepancy.

Regarding the compounds present, carboxylic acids are
produced from the degradation of monomers deriving from the
hydrolysis of cellulose and hemicellulose, like fructose,
galactose, mannose, and xylose (this last is dominant in
hemicellulose).” Carboxylic acids occupy the highest TOC
fraction from willow chips due to the overlapping and
interaction between sugars deriving from cellulose and
hemicellulose, both present in willow. In the case of lignin,
carboxylic acids occupy a small percentage (lower than 7.8%)
due to the small/absent presence of sugar derivatives in the
feedstock. Among the carboxylic acids, glycolic acid is the
dominant compound from cellulose and willow chips. It
derives from the oxidation of intermediates (like pyruvalde-
hyde) produced through the dehydration of fructose derived
from the cleavage of carbohydrates from cellulose/hemi-
cellulose.”” Glycolic acid decreases with temperature due to its
decarboxylation into subproducts. Lactic acid degrades to
ethanol through decarboxylation at high temperatures and
dehydrates to propionic acid, which slightly increases with
temperature.”> Formic acid derives from the S-HMF
rehydration and is present both in cellulose and lignin, while
it is mostly absent in willow chips, where it probably degrades
to acetic acid. Similarly, levulinic acid derives from the
rehydration of S-HMF and decreases with temperature since
it is consumed by other reactions. For example, it is known
that levulinic acid participates in hydrochar formation by
embedding itself inside the char as a copolymerized
compound.” All the feedstocks produce acetic acid, which
comes from (1) fructose fragmentation, involving decarbox-
ylation or decarbonylation of lactic acid produced from the
oxidation of acetaldehyde derived from glucose and (2)
oxidation of HMF and furfurals.***>°® While 5-HMF oxidation
plays a minor role compared to fructose fragmentation, its
partial oxidation could contribute to its decrease with
temperature, together with decarboxylation and decarbon-
ylation reactions.

Furan and furfural derivatives, mainly consisting of S-HMF
and furfural derived from sugar degradation, were present in
the liquid phase of all feedstocks and at the highest
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concentrations for cellulose. Even at lower concentrations,
they are also present in the aqueous phase from lignin
(reaching a maximum of 2.1 mg/gpiomass) and result from the
rehydration of phenols.”” For cellulose and willow chips
(Figure 3a—c), furans and furfurals show a maximum
concentration at low processing temperature and have an
upward-downward trend over time. Indeed, 5-HMF forms
through the direct dehydration of glucose or aldose-ketose
isomerization of glucose to fructose with subsequent
dehydration. Then, 5-HMF repolymerizes into secondary
char and rehydrates into carboxylic acids (mainly formic and
levulinic acid).’” 5-HMF shows its highest concentration at
220 °C for 1 h, with around 54.1 mg/g;, for cellulose and 11.3
mg/ gy, for willow chips. The lower amount in the liquid phase
from willow is due to its variegate composition: hemicellulose,
also composed of other pentoses, and lignin contribute to a
lower extent than cellulose alone. Figure 3a shows the typical
upward-downward trend of S-HMF over time when it
increases up to 1/2 h and then rapidly decreases over time.
Furfural results from the dehydration of pentose sugars and the
loss of —CH,O from $-HMF.*"*® Under HTL conditions,
furfural mostly disappears. Similar behavior was observed in
the literature, with no evidence of furfural above 300 °C.*® In
the case of lignin (Figure 3b), the temperature does not show a
significant effect on the evolution of these compounds.

Phenolic compounds are the main products of lignin
decomposition and occupy around 20.5—38.5% of the TOC
of its liquid phase. Lignin itself is characterized by a complex
network of three-dimensional and noncrystalline phenolic
polymers.* All the phenol derivatives’ concentrations increase
as the temperature increases. This energy input triggers the
cleavage of the aromatic structure of lignin, with 2,4-
dimethylphenol reaching 27.8 mg/g, at 320 °C for 2 h.
Phenol derives from the hydrolysis of lignin through the
cleavage of -O-4 ether bonds and C—C bonds, while other
phenolic compounds derive from demethoxylation and
alkylation reactions.” Phenol derivatives are present in small
quantities in willow chips and cellulose because of the
degradation of furfurals and aldehydes/unsaturated intermedi-
ates.*”*

Ketones were detected in smaller amounts, with a
predominance of cyclopentanedione and 2-cyclopentenone
(C5—C6). Ketones show similar concentrations for all the
feedstocks (always less than 5.0% of TOC) and for the
different temperatures and times. Ketones are particularly
present inside the biocrude, as will be discussed in Section 3.3.

In general, HPLC data could be a starting point for
optimizing the recovery of specific chemicals and calibrating
kinetic models and scenarios. Among the HPLC-detected
compounds, S-HMF is probably one of the most valuable
products since it is a building block to produce biobased
chemicals (like dimethylfuran).” S-HMF needs carbohydrate
feedstocks and is already produced over the HTC range at
mild temperatures and short residence times. Lactic acid and
furfurals are other interesting chemicals that are acquiring a
rising interest as precursors for biobased products like
bioplastic (polylactic acid) and catalysts, respectively.’

3.3. Evolution of Compounds into the Biocrude. The
biocrude phase represents the liquid fraction extracted using
DCM and is therefore enriched in nonpolar compounds.
GCMS semiquantitative data provide a general overview of the
effect of operating conditions on the composition, as reported
in Figures 4 and S2.
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Figure 4. (a) Effect of temperature on biocrude produced at 2 h from HP of cellulose; (b) effect of time on the biocrude composition from HP of
lignin at 300 °C. Data are expressed as a percentage of the total chromatogram area (TIC).

As shown in Figure 4a, the biocrude from cellulose mainly
consists of furans, ketones, and aldehydes. The total TIC area
slightly varies with temperature, indicating that the decom-
position of cellulose does not significantly contribute to the
formation of biocrude. The literature also shows that
biomasses rich in carbohydrates tend to yield less biocrude
compared to other biomasses.”” For example, Yang et al.
demonstrated a biocrude mass yield of 14.2% for pure cellulose
compared to 95.8% for lipids (performing HTL under similar
heating rates to our study).”’ The acidic conditions deriving
from the large amount of organic acids from sugar hydrolysis
promote hydrochar formation, reducing biocrude yield.
Adjusting the pH toward alkaline conditions is advantageous
for maximizing the conversion of the cellulosic portions of
biomass into biocrude.””*>®® This adjustment modifies the
reaction pathways toward aldol condensation of the light
oxygenate products, enhancing the conversion process. In this
case, the highest values of TIC area are measured at 220 °C,
where the contribution of furans is predominant. Above 220
°C, furans mainly degrade to carboxylic acids that are dissolved
in the aqueous phase. At 220 °C, the biocrude is mainly
composed of 5-HMF, which then degrades to furfural by losing
its acetol group. Then, both S-HMF and furfural disappear
above 250 °C due to their poor solubility inside DCM (they
are detected inside the aqueous phase). Above 250 °C, the
biocrude consists mainly of ketones (cyclic and linear), whose
absolute value remains almost constant as the severity increases
(see Supporting Information for data). Cyclic ketones mainly
consist of cyclopentanone derivatives in the C5—C6 carbon
range (like 2-Cyclopenten-1-one) deriving from the cyclization
of fragments deriving from the hydrolysis of carbohydrates.**
Linear ketones like 2,5 hexanedione and 2-butanone are also
present. A very small fraction of phenols is also produced
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(always less than 2.5%) from the dehydration of carbohydrate
monomers.

The biocrude from lignin (Figures 4b and S2) mainly
comprises oxygenated hydrocarbons (ie., hydrocarbons that
contain oxygenated functional groups), like carbonyl (—C=
O) and hydroxyl (—OH) groups. Phenols and phenolic
compounds occupy the main fraction of the collected
biocrudes. Oxygenated hydrocarbons derive from the hydrol-
ysis and cleavage of the ether bond and C— C bond, which are
the most abundant linkages inside lignin.>> As temperature
increases, the TIC absolute area increases, indicating a higher
biocrude yield, which is also partially balanced by gasification
reactions and a progressive repolymerization into secondary
char. The majority of compounds are 1n the range C4—C,,
which is typical of gasoline hydrocarbons.’® Regarding absolute
mass yields, the literature reported a biocrude yield of only
3.9% from lignin under a similarly slow heating rate and high
solid residue yield, owing to the recalcitrant nature of lignin.”’
Guaiacol (2-Methoxyphenol, C;H;O,) is the most abundant
detected compound. Its relative area increases up to 300 °C
(reaching 59.3%) and then rapidly decreases to 25.1% at 320
°C. Guaiacol derives from the primary depolymerization of
coniferyl alcohol, one of the basic monomeric units of lignin.*®
Guaiacol is one of the principal compounds in lignin
decomposmon and is often used as a model compound to
represent it.">®” As temperature increases, hydrolysis reactions
are favored and provide the H" and OH™ necessary for the
direct selectmty of guaiacol to form catechol (1,2-Benzenediol,
CeH0,).°° Guaiacol is reactive owing to the weak, easy-to-
cleave aliphatic bond of the methoxyl group. Catechol then
further forms its derivatives, like 3-methylcatechol and 4-
methylcatechol. Phenol slightly increases up to 320 °C (with
the same trend detected through HPLC analysis, Figure 3c),
and its relative area ranges between 2.1 and 5.8%. The trend
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aligns with the findings of Wahyudiono et al., who observed a
consistent increase in the yield of phenol over time, both under
subcritical and supercritical conditions, with mass yields
achieving 2.5% at 350 °C and 4 h.°® Phenol mainly derives
from the direct degradation of guaiacol or the scission of
catechol through the formation of phenol radicals.®® Then,
heavier compounds deriving from the main structure of lignin,
like 4-hydroxy-3-methoxy-benzenepropanol, progressively
undergo degradation as temperature increases. As shown in
Figure 4b, guaiacols form at short residence times, while
catechols and phenols increase over time. The trends agree
with the mechanism above-mentioned for which guaiacol first
forms from lignin monomers and then degrades to catechols. A
similar trend was also observed by Forchheim et al.® In
general, the composition of the biocrude slightly varies over
time, indicating, as with the solid data, that predominant
reactions occur during the heating phase.

Willow chips produce a heterogeneous biocrude composed
of furans, ketones, and phenols (Figure S2). The total TIC area
slightly increases with temperature, in particular from 300 to
320 °C. S-HMF and furfural occupy the highest fractions over
the HTC range (20.7 and 25%, respectively) and derive from
both the cellulosic and hemicellulosic fractions. Hemicellulose
contributes to the release of pentose and hexose (derived from
monomers like xylose, mannose, and glucose, known to be
maximized at more mild HTC conditions’’) which then
dehydrate to S-HMF and furfural. Phenols mainly derive from
the lignin fraction, are highly present already at 220 °C, and
mainly consist of guaiacol, phenol, and 2,6 dimethoxyphenol.
Wang et al. demonstrated that the impact of hemicellulose on
both biocrude yield and composition does not change across
the investigated hydrothermal range due to its rapid hydrolysis,
even at temperatures as low as 120 °C.”” Therefore, the
predominant variations in biocrude from willow chips likely
primarily arise from the hydrothermal behaviors of its cellulose
and lignin fractions and the overall synergy of the hydro-
thermal environment.

Summarizing, the biocrude consists mainly of cyclopentene
derivatives in the cases of cellulose and willow chips
(carbohydrate-based feedstocks), while phenol derivatives are
the majority of biocrude compounds in the case of lignin. It is
worth noting the inherent limitations of characterizing
biocrude using GC-MS analysis. For example, the TIC fraction
offers insights into the relative composition but not an absolute
quantification of constituents, and only a portion of biocrude
components is detected, excluding those with greater
molecular weights that do not elute from the GC column.
Furthermore, the slow heating rates here (around 6 °C/min)
enhance the hydrochar formation at the expense of the
biocrude. In terms of chemical recovery, the high presence of
guaiacol from lignin and willow chips, an important platform
chemical used in several fields like the manufacturing of
plastics, rubbers, pharmaceuticals, and flavorings, is a
promising result.” "’

3.4. Overview of Transitions Observed. By combining
the data from the different analyzed phases, we summarize the
following considerations regarding the transition from HTC to
HTL observed.

(1) Cellulose begins to decompose above 220 °C when the
p-(1—4) glycosidic bonds that form its polymeric
structure start to hydrolyze to monosaccharides, which
dissolve in the aqueous phase. The hydrochar undergoes
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bulk-devolatilization reactions, which cause progressive
carbonization (Figure 1 and Table S1) and an
improvement in the hydrochar thermal stability (Figure
2). At the same time, furanic compounds in the liquid
partially repolymerize into secondary char, while
carboxylic acids rearrange and degrade. Residence
times have significant effects on the hydrochars and
liquid phase compositions, mainly over the HTC range.
Among furan compounds, S-HMF production is
maximized at T < 250 °C, which shows the nature of
the reaction intermediate by exhibiting a high depend-
ence on reaction time (Figure S). High temperatures
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Figure S. Effects of time on S-HMF yield from HP of cellulose at
different temperatures.

cause rapid repolymerization of 5-HMF to secondary
char and rehydration to carboxylic acids, both more
stable in the hydrothermal environment due to their
polyaromatic nature and the stability of the —COOH
group, respectively. Similarly to S-HMF, reaction time
affects the phase properties of other detected com-
pounds more so at low temperatures than when within
the HTL regime at the applied heating rates investigated
here. Above 250 °C, furans and furfurals give way to
cyclopentanone derivatives, which partition into the
biocrude. In general, cellulose does not significantly
contribute to the formation of biocrude, whose yield
remains almost constant with temperature. Indeed,
cellulose biocrude has a constant composition charac-
terized by furans at T < 250 °C and, between 250 and
320 °C, by cyclopentanone derivatives with most
compounds in the C5—C6 carbon chain range. Despite
the enhancement in thermal stability of the hydrochars
with the HP severity, some thermally unstable
compounds are present over the entire hydrothermal
spectrum.

(2) Lignin is more recalcitrant than carbohydrates due to its
complex amorphous aromatic polymer structure. It
begins to react at low temperatures (even before
cellulose) and degrades more significantly above 280
°C, when the VM loss becomes substantial because of
increasing carbonization (Table S1). The transition from
mild to harsh conditions exhibits several seemingly
disparate steps: the first below 200 °C with an initial loss
of light volatiles, likely the fragmenting of highly
branched heteroatoms from the lignin aromatic core.
The second occurs between 220 and 250 °C,
corresponding to the first degradation of lignin (mainly
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involving hydrolysis). The third happens from 280 to
320 °C, where harsher degradation reactions (like
cleavage of ether bonds, C—C bonds, and methoxy
groups) cause major structural changes. At reaction
temperatures below 280 °C, the hydrochar carbon
content slightly improves with temperature as well as its
thermal stability, while small amounts of biocrude form.
Phenols and methoxyphenols dominate the aqueous
phase (Figure 3), and their concentration progressively
increases with severity. Lower-molecular-weight carbox-
ylic acids (like lactic, propionic, and acetic acid) are also
present. Meanwhile, the biocrude yield increases with
the severity of the process, and the biocrude is mainly
composed of oxygenated hydrocarbons (mainly phenols
and phenol derivatives) in the C6—C9 carbon range.
The most abundant compound is guaiacol (C,Hg0O,),
the first degradation product of lignin monomers that
then degrades into catechol (C4H40,).”° Residence time
slightly impacts the hydrochar and liquid phase

compositions.

(3) Willow chips, as a typical lignocellulosic feedstock,
exhibit intermediate behavior between cellulose and
lignin. Owing to the hemicellulosic fraction, which is
characterized by a weaker structure than cellulose and
lignin, willow chips start to degrade at lower temper-
atures in the HTC range. Secondary char derives from
both furanic and phenolic compounds. The liquid phase
shows the lignocellulosic nature of the feedstock,
exhibiting a mixture of furans, carboxylic acids, ketones,
and phenols. Furans are predominant at low temper-
atures, as with pure cellulose, while phenols, deriving
from the lignin fraction, increase with severity. Overall,
the general behavior is similar to that of cellulose, with
an initial decomposition at 220—250 °C, a stabilization
at 250—300 °C, and a further decomposition at 300—
320 °C.

4. CONCLUSIONS

HPs under subcritical conditions are conventionally distin-
guished between HTC and HTL. Despite the nomenclature,
the transition from mild to harsh conditions (from a reacting
system more prone to the production of solid—hydrochar—
than liquid—biocrude) is not well defined. This work
approached the shift from HTC to HTL by investigating and
characterizing the phases from the decomposition of different
biomasses (cellulose, lignin, and wood chips). To approach a
“real-time” study, we analyzed the solid and liquid phases
(aqueous and oily) sampled during the operation. We
investigated a wide range of temperatures and residence
times (220, 250, 280, 300, and 320 °C at 0, 1/4, 1/2, 1, and 2
h) to provide an insight into the pathways from HTC to HTL.

Results show that the transition from carbonization to
liquefaction in terms of reaction temperature and time highly
depends on the feedstock composition. Time affects solid and
liquid composition in the case of cellulosic feedstock below
250 °C, while temperature is the primary driver at higher
temperatures and for lignin. This result indicates that most
reactions occur during the heating phase. Longer times are
likely to cause slight rearrangements of the phases, which could
be helpful to optimize the production of a target product.
Cellulosic feedstocks show the first decomposition below 250
°C, characterized by dissolution and repolymerization
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reactions. Under these conditions, time is significant and
highly affects the formation of intermediates like S-HMF.
Then, only above 300 °C, reactions lead to highly carbonized
hydrochar. The cellulose poorly forms biocrude, mainly
containing ketones. Hydrochar properties and liquid phase
composition more closely resemble those of lignin below 280
°C, mainly due to the aromatic nature of the feedstock. Above
that temperature, lignin hydrothermally converts to a more
thermally stable hydrochar and phenolic derivatives, which
partially repolymerize into the biocrude (mainly consisting of
oxygenated hydrocarbons) or secondary char. Time slightly
influences the solid and liquid properties of lignin, indicating
that most reactions already occur during the adopted heating
phase. Wood chips show an intermediate behavior among
cellulose and lignin due to their lignocellulosic nature and the
hemicellulose fraction.
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