Bioresource Technology 388 (2023) 129724

Contents lists available at ScienceDirect

Bioresource Technology

ELSEVIER journal homepage: www.elsevier.com/locate/biortech

El ==
BIORESOURCE
TECHNOLOGY

Green solvents to enhance hydrochar quality and clarify effects of
secondary char

Giulia Ischia®", Jillian L. Goldfarb ™, Antonio Miotello ¢, Luca Fiori >~

2 Department of Civil, Environmental and Mechanical Engineering, University of Trento, Via Mesiano 77, 38123 Trento, Italy
b Department of Biological and Environmental Engineering, Cornell University, Ithaca, NY 14853, USA

¢ Smith School of Chemical and Biomolecular Engineering, Cornell University, Ithaca, NY 14853, USA

4 Department of Physics, University of Trento, Via Sommarive 14, 38123 Trento, Italy

€ Center Agriculture Food Environment (C3A), University of Trento, San Michele all’Adige, 38010 Trento, Italy

Check for
updates

HIGHLIGHTS GRAPHICAL ABSTRACT

e Polar solvents effectively remove polar
organics adsorbed on the hydrochars.

e Adsorbed organics confer to hydrochars Cellulose
low thermal stability at low " on
O HO; O
temperatures. o
P X . . . o °© Non-extractable hydrochar
e Solvent extraction is effective in oH .
improving hydrochar quality. K . 72-94 wt %, improved
o N ; 1 profil
e The composition of the extractable N, Hydrochar N thermal profies
phase resembles that of the HTC liquor. ’ HT ’ )
 Polar solvents do not dissolve secondary °'|2-:’|° \\ \ i <N
char (carbonaceous microspheres) i ﬂ "\, Extractable hydrochar
\‘/ Extraction
. Resembling HTC
HTC Ilquor ‘m liquor composition
Carboxylic acids and Furans
ARTICLE INFO ABSTRACT
Keywords: Several limitations hinder the industrial-scale implementation of hydrothermal carbonization (HTC) of biomass,
Hydrothermal carbonization especially the quality of as-carbonized hydrochar. This work investigates solvent extraction of hydrochars to

HTC
Solvent extraction
Thermal stability

enhance their potential applications. Hydrochars were produced at several HTC temperatures (190, 220, 250 °C)
from cellulose and extracted using combinations of green polar solvents (ethyl acetate, acetone, and methanol).
Results show that the composition of the extractable fraction resembles that of the HTC liquor, rich in carboxylic

Cellulose acids and furan derivatives, while the non-extractable solid phase shows improved thermal profiles devoid of
highly volatile compounds. Carbon microspheres (non-dissolvable secondary char) are unaffected by extraction.
The organics adsorbed on the hydrochar surface comprise highly volatile species and solvent washing effectively

removes them.
1. Introduction used at pilot and industrial-scale plants. The unique properties of water
under high temperature and pressure (180-250 °C and 10-50 bar)
Hydrothermal carbonization (HTC) for biomass valorization is now enable the conversion of wet biomass into a solid carbonaceous phase (i.
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e., hydrochar), an organic-laden liquid phase, and a gas phase. HTC can
treat a diverse range of heterogeneous and wet substrates (like organic
wastes and sewage sludge) as a standalone waste management strategy
and as part of an integrated biorefinery for producing materials with
high added value (Gong et al., 2022). Added-value materials include
solid biofuels, soil amendments, and feedstocks for activated carbons for
conversion into electrodes, composite catalysts, or adsorbents (Nicolae
et al., 2020).

However, products of HTC face several limitations. For example, the
hydrochar and aqueous phase show potential phytotoxicity and are
therefore questionable soil amendments (Karatas et al., 2022). The as-
carbonized hydrochar has a low surface area and a high reactivity at
low temperatures, limiting its usefulness as an adsorbent and solid
biofuel in combustion applications (Nguyen et al., 2022). To overcome
hydrochar limitations, prior researchers investigated pre- and post-
treatments integrated into HTC, including thermal treatments (e.g.
torrefaction and pyrolysis), solvent extraction, and chemical/physical
activation (Nicolae et al., 2020). Benavente et al. (2022) recently
demonstrated that treating microalgae with solvents prior to HTC helps
to reduce the phytotoxic potential of hydrochar.

Hydrochar solvent extraction has several potentialities. It improves
hydrochar thermal decomposition profiles (Ischia et al., 2021; Lucian
etal., 2018; Pecchi et al., 2022), and reduces potential adverse effects on
plant growth by transferring phytotoxic compounds from the solid to the
solvent phase (Karatas et al., 2022). Solvent extraction also recovers
target compounds (like phenols and furfural) from the hydrochar surface
(Arauzo et al., 2020a; Wu et al., 2020). To be feasible at industrial scale,
the extraction stage must be optimized according to the desired target
products and be as green as possible. Indeed, it could be environmen-
tally problematic since it requires an organic solvent and produces a
wastewater/solvent stream. Adopting recognized green solvents is
crucial for developing a sustainable biorefinery.

Despite its potential, there are few studies that investigate solvent
extraction of hydrochar. The present work extracts hydrochar with
green solvents as a post-treatment step to remove species that confer
unwanted properties like high reactivity and phytotoxicity. Further, this
study probes the causes behind the low thermal stability of hydrochars
at low temperatures, for which a certain degree of uncertainty in the
current scientific literature can be observed. Indeed, some studies
attribute the high instability and reactivity to microspheres produced
from the re-polymerization of organics in process water released from
the parent biomass back onto the biomass, often termed secondary char
(Benavente et al., 2022; Gao et al., 2019). However, depending on the
parent feedstock composition, some of these microspheres (in particular
those from pure feedstocks such as glucose) have a high degree of
carbonization and aromatization (Gong et al., 2022; Ischia et al., 2022),
which makes the spheres thermally stable. For heterogeneous biomass
feedstocks, organics that are released into the process water and then
adsorb on the hydrochar surface generally have high volatility and are
likely responsible for the high reactivity and phytotoxicity (Benavente
et al., 2022; Karatas et al., 2022). These characteristics make the
removal of such compounds particularly appealing to enhance potential
for agricultural applications of the solid hydrochar. In the present work,
“secondary char” refers only to the carbonaceous microspheres, likely
derived from the recombination/repolymerization of reactive fragments
dissolved into the HTC liquid phase (Falco et al., 2011; Gong et al.,
2022), that remain on the hydrochar surface after extraction of the
volatile organics. Owing to the well-defined spherical morphology and
tunable properties of secondary char, proposed applications include as a
precursor of sustainable multifunctional carbon materials (Nicolae et al.,
2020) for upconversion to supercapacitors, electrodes, gas capture,
electrocatalysts, and adsorption (Gong et al., 2022; Modugno and
Titirici, 2021).

This work systematically investigates the solvent extractions of
hydrochars made from cellulose. Cellulose was chosen as a model sub-
strate for investigation as its HTC reaction mechanisms are well
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documented and it is a building block of carbohydrates and lignocellu-
losic biomasses. Cellulose represents a significant fraction of common
biomasses (up to 40-45 % for lignocellulosic biomass, and up to 50 % in
grass). For this reason, it is often considered an ideal model compound
for investigation, and significant literature exists for comparative ana-
lyses (Cao et al., 2021).

The solvents chosen are ethyl acetate, acetone, and methanol, which
are relatively polar, are recognized as green solvents and are rated low-
risk solvents (Yilmaz and Soylak, 2020). These aspects are crucial for
satisfying the environmental requirements needed for industrial-scale
plants. Analyses were performed on the non-extractable hydrochar (i.
e., the washed solid phase) and the extracts, demonstrating the efficacy
of the proposed solvent extraction in improving hydrochar properties.

2. Material and methods
2.1. Hydrothermal runs

Hydrothermal runs were performed on microcrystalline cellulose
powder (Alfa Aesar, minimum 97% pure). For each HTC run, 30 g of
cellulose plus 150 mL of distilled water were added to a 300 mL hy-
drothermal reactor (Parr, stirred, 350 °C, 5000 psi). Tests were per-
formed at 190, 220, and 250 °C at a residence time of 1 h. Reaction time
commenced after the heating phase (which itself lasted 20-30 min) was
complete. Before every test, the reactor was flushed three times with
pure nitrogen to guarantee an inert environment, while during the run
the reactor contents were homogenized using a stirrer at 300 rpm. After
the reaction time passed, the reactor was cooled down by immersion in a
cold-water bath. The mass of gas produced in the reaction was measured
by weighing the reactor before and after venting the gas post-HTC after
the reactor reached room temperature. The liquid fraction was separated
from the solid phase through a qualitative filter at 2.5 pm. The solid
phase (hydrochar) was recovered and dried overnight at 105 °C in a
ventilated oven. The amount of biomass dissolved in the liquid phase
was computed by difference. The mass yields were computed as the ratio
between the solid/gas/liquid phase and the amount of starting feed-
stock. HTC runs were repeated at least twice.

2.2. Solvent extraction

Cellulose and hydrochars were extracted with n-hexane (purchased
from Sigma-Aldrich, > 97 % purity) to evaluate the presence of
extractable non-polar compounds. Then, cellulose and hydrochars were
extracted using ethyl acetate, acetone, and methanol (HPLC grade, pu-
rity 99.9 %, purchased from Alfa Aesar). These solvents are all polar/
slightly polar: ethyl acetate is the least polar, acetone is polar protic, and
methanol polar aprotic, with dielectric constants of 6.02, 20.7, and 33,
respectively (Byrne et al., 2016; “PubChem,” n.d.). Four sets of extrac-
tions were performed: ethyl acetate alone (E1); a 1:1 vol mixture of
acetone and methanol (E2); a 1:1:1 vol mixture of ethyl acetate, acetone
and methanol (E3); sequential extraction with ethyl acetate followed by
extraction with a 1:1 vol mixture of acetone and methanol (E4). Ethyl
acetate, acetone, and methanol were selected as they are considered
greener than many alternatives and exhibit vary degrees of polarity but
with slight differences among properties such as density and dielectric
constant (Byrne et al., 2016). Given the lack of literature regarding
solvent extraction, the solvent ratios were set to have equal volume to
assess the combination of different solvent properties.

Extractions were performed by contacting 2 g of dry material with
40 mL of solvent mixture in a beaker and mixed for 12 h on a shaking
table. An excess of solvent was used to ensure the complete dissolution
of soluble compounds. After shaking, the solid phase (i.e., the non-
extractable hydrochar) was separated from the liquid phase (i.e., the
solvent with the hydrochar extractable phase) through 2.5 pm qualita-
tive cellulose filter paper. The non-extractable solid hydrochar was dried
overnight at 105 °C to evaporate residual solvent. The solvent
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containing the extracted compounds was stored in a fridge at 4 °C before
analysis. Each extraction was repeated at least three times.

To provide further insights on secondary char, glucose hydrochars
produced at 250 and 270 °C carbonized for 1 h in previous work (Ischia
et al., 2022) were extracted with E2 (1:1 acetone:methanol). These
samples have the advantage of consisting only of secondary char as
glucose, under the conditions tested, is completely dissolved in water
before the HTC run, and therefore does not form any primary char.

For each extraction, the “extracted solid yield” (S§Y) was computed as
the ratio between the amount of hydrochar remaining after extraction
(non-extractable HC, myjc nex) and the amount of hydrochar before the
extraction (myc), expressed in percentage terms (Eq. (1)). The “extrac-
tion yield” (EY) was calculated as the ratio between the amount of
hydrochar extracted and the amount of hydrochar before the extraction,
expressed in percentage terms (Eq. (2)).

Extr. Solid Yield (SY) = e ¢ 100% )

Mmyc

Myc — M{C pex

Extr. Yield (EY) = * 100% = 100% — SY )

myc
Finally, the “carbon loss” (CL) due to extraction was computed as the
ratio of the mass of carbon extracted into the solvent and the amount of
carbon in the hydrochar before extraction (Eq. (3)).

_ Ciic — Cuicex SY/100

CL
Cuc

3

Where Cyc and Cric nex are the weight percentage of carbon (data from
ultimate analysis, Section 2.3) in the hydrochar before extraction and
after extraction, respectively.

2.3. Solid analysis

Ultimate analyses were performed using a CE-440 Elemental
Analyzer (Exeter Analytical) to determine carbon (C), hydrogen (H), and
nitrogen (N) contents, calibrated using sulfanilamide and following the
ASTM D-5373 standard method. Tests were performed at least in trip-
licate and oxygen (O) was computed by difference.

The higher heating value (HHV) of the dried hydrochars was
computed by applying the Dulong’s correlation (Eq. (4)).

HHV =33.60C%+141.8 ¢ H% — 14.5 ¢ 0% “4)

Proximate analysis on hydrochars from cellulose was performed on a
TA Instruments 5550 Thermogravimetric Analyzer. Between 2 and 8 mg
of dry sample were placed into a 70 pL 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
carbon (FC). Residual matter remaining after oxidation is loosely termed
“ash.” Analyses on hydrochars from glucose were performed on 6 mg of
samples using a Q5000 IR thermogravimetric analyzer (TA Instruments-
Waters LLC), at a heating rate of 10 °C/min flushing nitrogen at 15 mL/
min.

To gauge the thermal stability of the hydrochars, the extent of
sample converted at any time t, x(t), during the pyrolytic step (heating
until 900 °C under Ny) was computed as:

X(t) _ mdry — my

Myry — Mpyr

(%)

where myyy is the mass of the dry sample, m; the mass at any time t, and
myy, the residual mass left at the end of the pyrolytic step. Derivative
thermogravimetric (DTG) conversion curves were constructed by plot-
ting dx/dt versus temperature.

The hydrochar morphology was investigated using a JEOL JSM-
7001F Field Emission Scanning Electron Microscope (SEM) with an
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electron beam energy of 5-15 keV. Samples were coated with gold
before analysis.

2.4. HTC liquor analysis

The composition of the liquid phases (HTC liquor and extracts) was
investigated using a Shimadzu High-Performance Liquid Chromatog-
raphy (HPLC) equipped with an Ultra Aqueous C18 Column. The column
was operated at 30 °C at a total flow rate of 1.5 mL/min. The mobile
phase consisted of a 10 mM solution (pH 2.6) of phosphoric acid and
acetonitrile (90/10 in the first 10 min and 70/30 from 10 to 50 min).
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), 5-HMF (3.329
min), furfural (5.418 min), 5-methylfurfural (11.479 min), 1,3 cyclo-
pentanedione (2.575 min), 2-cyclopenten-1-one (4.215 min), phenol
(11.980 min), 2,6 dimethoxyphenol (18.157 min). The sum of HPLC
compounds (their mass computed considering their concentration and
molar mass) divided by the amount of initial cellulose was referred to as
“HPLC yield” and it was compared with the HTC liquid yield and the
extraction yield computed by Eq. (2). Anecdotally, the HPLC column
used in this work needed significant backwashing and experienced a
shorter overall lifetime due to irreversible pressure loss, potentially due
to fouling by colloidal particles. Then, the total amount of carbon
detected through HPLC (TOCyprc) was computed as the sum of the C
concentration (g/L) of each compound.

The total organic carbon (TOC) of the HTC liquor was measured
using an automated Shimadzu TOC-L CSH (with TNM-L unit addition)
according to ASTM D7573.

3. Results and discussion
3.1. Hydrochar from cellulose

As HTC temperature increases, cellulose undergoes a progressive
volatile matter loss and aromatization of the residual biomass (Falco
et al.,, 2011), and a significant degradation occurs at T > 220 °C
(Table 1). Degrading cellulose below 200-220 °C is difficult due to the
strong p-(1-4) glycosidic bonds between the glucose monomers
comprising cellulose (Gong et al., 2022). At an HTC temperature of
190 °C, cellulose properties are almost unaffected. The hydrochar mass
yield is 91.8 wt% (Table 1) with minimal gas formation (Supplementary
Information) owing mainly to limited hydrolysis reactions. The hydro-
char composition (Table 1) and DTG curves (Fig. 1) resemble the raw
cellulose, with a slight shift of the DTG peak towards higher tempera-
tures (from 345 to 355 °C). At HTC temperatures of 220 and 250 °C,
cellulose undergoes a significant decomposition, with the hydrochar
yield as low as 47.6 % at 250 °C. Higher temperatures favor reactions
like carbonylation and decarboxylation which resulted in gas yields
increasing from 0.8 to 5.7 to 9.2 wt% (p < 0.05, unpaired tailed t-test
between neighboring points) as HTC temperature increased from 190 to
220 to 250 °C, respectively. The increasing elemental carbon of the
hydrochar is responsible for HHV enhancement, which changes from
15.9 to 25.4 MJ/kg as HTC temperature goes from 190 to 250 °C
(Table 1). The carbon-carbon bond concentration — seen through a
highly statistically significant decrease in the H/C and O/C ratios be-
tween 190 and 220 °C in Table 1 (p < 0.01, two-tailed t-test) — suggests
that the hydrochar undergoes significant dehydration, deoxygenation
and decarboxylation reactions (to form either saturated C-C or unsatu-
rated C=C bonds (Gong et al., 2022)). The differences in H/C and O/C
ratios between 220 and 250 °C are not statistically significant, but the
increase in carbon concentration from 65.1 wt% to 68.8 wt% is signif-
icant (p < 0.05) as is the corresponding decrease in oxygen.

DTG curves (Fig. 1) show that higher HTC temperatures enhance the
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Table 1
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Effect of hydrochar extractions on extraction solid yield, composition (proximate and ultimate), carbon loss, hydrogen and oxygen to carbon atomic ratios, and HHV.
“HTC — Extr” refers to the combination of HTC and extraction. Confidence intervals represent standard deviations computed from error propagation (in details for
solid yields, for proximate < 1.2 %, ultimate < 0.4 %, CL < 3.6 %, H/C and O/C < 0.05, HHVs < 0.3 MJ/kg). (*by difference).

Sample Solid yield (wt %) Proximate (wt %) Ultimate (wt %) CL (%) 0/C () H/C (-) HHV (MJ/kg)
Extr. HTC — Extr. FC VM C H N o*

Cellulose 100.0 + 0.1 100.0 + 0.1 3.4 96.6 40.1 6.3 0.3 53.3 - 1.0 1.9 14.7

190 °C HC - 91.8 + 0.6 5.0 95.1 43.1 6.2 0.3 50.5 - 0.9 1.7 15.9
El 93.2 +0.9 85.5 + 1.4 7.3 92.7 44.9 6.1 0.2 48.8 -3.0 0.8 1.6 16.7
E2 95.5 + 1.0 87.7+1.5 4.6 95.4 43.5 6.5 0.3 49.7 -35 0.9 1.8 16.6
E3 94.9 + 0.9 87.1+1.4 5.5 94.5 43.2 6.3 0.3 50.2 -4.9 0.9 1.8 16.2
E4 93.0 £ 0.9 85.4 + 1.4 5.9 94.1 43.4 6.2 0.4 50.0 —6.4 0.9 1.7 16.1

220 °C HC - 54.9 + 0.7 40.3 59.7 65.1 4.8 0.2 29.9 - 0.3 0.9 24.3
El 92.0 + 1.4 50.5 + 1.4 42.6 57.4 64.8 4.5 0.2 30.4 -8.3 0.4 0.8 23.7
E2 85.0 £ 1.3 46.7 £ 1.3 52.0 48.0 67.9 3.9 0.2 28.1 -11.3 0.3 0.7 24.2
E3 74.0 +1.3 40.6 + 1.3 37.2 62.8 60.2 4.9 0.2 34.7 -31.5 0.4 1.0 22.2
E4 72.0 £1.1 39.5+1.1 32.0 68.0 55.8 5.6 0.3 38.3 -38.2 0.5 1.2 21.2

250 °C HC - 47.6 + 1.0 47.8 52.2 68.8 4.3 0.2 26.7 - 0.3 0.8 25.4
El 91.5+1.8 43.6 £1.8 51.2 48.8 69.1 4.3 0.3 26.3 -8.1 0.3 0.7 25.5
E2 915+ 1.4 435+1.6 52.0 48.0 68.8 4.3 0.2 26.6 —8.6 0.3 0.8 25.4
E3 90.1 £ 1.4 429+ 1.5 51.3 48.7 68.7 4.2 0.2 26.9 -9.9 0.3 0.7 25.1
E4 90.0 + 1.4 428 +1.5 53.2 46.8 67.0 4.2 0.3 28.5 —12.4 0.3 0.8 24.3

thermal stability of the material. Indeed, the decomposition peak shifts
towards higher temperatures and lower mass loss rate as HTC temper-
ature increases. DTG curves provide insight into the mechanism behind
the decomposition, which can be approximately divided into three
stages: stage I at 140-280 °C, stage II centered at 345-355 °C, and stage
I1I centered at 425 °C.

At 140-280 °C (stage 1), all the hydrochar thermal profiles slightly
depart from that of raw cellulose, suggesting the presence of new vol-
atile species formed through HTC (Fig. 1 (b)). These species likely
consist of organics present in the liquid environment of the HTC reaction
that accumulate and are adsorbed on the hydrochar surface. The 190
and 220 °C hydrochars show a decomposition peak centered at
345-355 °C (stage II), similar to that of cellulose occurring at 345 °C.
The overlapping of stage II with the thermal profile of raw cellulose
suggests that a fraction of partially unreacted cellulose is still present,
indicating that the HTC operating condition of 220 °C is too mild to
complete decomposition of its structure. The presence of partially
unreacted cellulose at 220-225 °C was also observed in previous liter-
ature through 13C NMR and 'H NMR spectra (Arauzo et al., 2020b) as
well as DTG curves (Kang et al., 2012). The 220 and 250 °C hydrochars
exhibit a peak centered at 425 °C (stage III), not present for raw cellulose
or the 190 °C hydrochar. As HTC temperature increases, the cellulosic
fraction progressively undergoes bulk carbonization reactions that
rearrange the inter- and intra-molecular structure, condensing the car-
bon, as noted through the elemental analysis. It is likely that aromatic
bonds are formed at higher HTC temperatures as aromatic structures
would impart higher thermal stability and the appearance of a third
decomposition stage. Indeed, at an HTC temperature of 250 °C, stage II
completely disappears in favor of a single decomposition peak centered
at 425 °C (stage III). The literature confirms that an increase in HTC
temperature results in the formation of a more significant number of
aromatic structures (Falco et al., 2011; He et al., 2022), which improve
thermal stability.

Carbon microspheres that derive from the repolymerization of or-
ganics and form the secondary char likely pyrolyze during stage III of the
DTG curves. Indeed, DTG curves of pristine microspheres from the HTC
of glucose produced previously (Ischia et al., 2022) show that their
principal DTG peak occurs at 425 °C, as shown in Fig. 2. Similar results
were observed also by Kruse and Zevaco (2018), who demonstrated that
microspheres produced from pure 5-HMF (the key reaction intermediate

between glucose and secondary char) decompose above 400 °C.
Furthermore, the extraction process has no impact on the DTG peak of
pure secondary char (Fig. 2), indicating its greater thermal stability
compared to other hydrochar fractions. The decomposition shoulder
attributed to organics (stage I) noticeably decreases after the extraction
process (Fig. 2); this supports the cellulose hydrochar observations.
SEM images of the hydrochars (Supplementary Information) show
that microspheres present on the hydrochar surface remain (qualita-
tively) the same after extraction. Therefore, it is unlikely that the mi-
crospheres are responsible for the low thermal stability of the as-
carbonized hydrochars. Further, it is plausible that these microspheres
have an aromatic structure that enhances the thermal stability of the
solid hydrochar post-extraction. Future work could probe the composi-
tion and structure of the microspheres to confirm this explanation.

3.2. HTC liquor

Carboxylic acids and furan derivatives constitute the main fractions
of the HTC liquor at all carbonization temperatures; small quantities of
ketones and phenols emerge at higher temperatures (Fig. 3). The car-
boxylic acids mainly derive from the degradation of cellulosic mono-
mers released like fructose and glucose. Glycolic acid, produced from the
oxidation of fructose intermediates, represents the largest fraction of
carboxylic acids (26.2-30.3 mg/gcellulose)- Levulinic acid, relatively
abundant, derives from the rehydration of 5-HMF. The concentration of
levulinic acid decreases from 220 °C to 250 °C, likely because it par-
ticipates in the formation of the secondary char’s carbon microspheres
(Falco et al., 2011). The concentrations of lactic acid and propionic acid
peak at 220 °C and then decrease at 250 °C, as they degrade to ethanol
and acetic acid, respectively (Poerschmann et al., 2017).

5-HMF derives from the rehydration of sugar monomers dissolved
into the aqueous phase. As a reaction intermediate, 5-HMF shows a
typical upward-downward trend in the face of increasing reaction
severity. At 220 °C, 5-HMF occupies the highest fraction of the liquid
phase with around 54.1 mg/gpi,, while at 250 °C it drops to 10.9 mg/gbio
probably due to its competing polymerization/polycondensation to form
carbonaceous microspheres and rehydration reactions to carboxylic
acids (Falco et al., 2011; Gong et al., 2022). Under the investigated
conditions, the maximum conversion of biomass to 5-HMF is 5.4 wt%,
which agrees with the literature (Becker et al., 2014). Furfural is almost
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Fig. 1. DTG curves of: (a-b) hydrochars from cellulose at different HTC temperatures; (c-f) non-extractable hydrochars from cellulose resulting from the different
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Fig. 2. DTG curves of hydrochars (HC) from glucose and their fractions remained after extraction E2 (HC-E2). For details on HC from glucose refer to Ischia

et al. (2022).

absent in the HTC liquor produced at 190 °C and achieves a yield of 3.3
mg/ghio at 220 and 250 °C as a result of the reverse aldol condensation of
fructose.

Small amounts of ketones form at 220 and 250 °C from the cycliza-
tion of fragments released by hydrolysis, while phenols derive from the
degradation of furfurals and aldehydes/unsaturated intermediates

(Gonzalez Martinez et al., 2018; Toor et al., 2011).

The measured TOC of the HTC liquor (Table 2) varies from 4.3 to
35.2 to 20.7 g/L at HTC temperatures of 190, 220 and 250 °C, respec-
tively. The lowest value of TOC at 190 °C is due to the aforementioned
low solubility of cellulose and minimal hydrolysis at this condition. The
decrease in TOC from 220 to 250 °C is likely due to compounds dissolved
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Fig. 3. HPLC liquid phase composition of: (a) HTC liquor at different temperatures (in mg/gy;,); (b) comparison between carboxylic acids and furans and furfurals in
the HTC liquor and extracts (in mg/gp;0); (c) extracts from 220 °C hydrochar (in mg/guc) (in Supplementary Information the 190 and 250 °C cases).

Table 2

TOC of the HTC liquor (measured and computed from HPLC detected com-
pounds) and liquid yields computed by weight difference (100-solid yield-gas
yield) and HPLC data.

HTC

190 °C 220 °C 250 °C
TOC (g/L) 43+03 352+1.5 20.7+1.1
TOCpic (8/L) 4.8 £0.2 16.7 + 0.6 9.2+ 0.4
Liquid yield (wt %) 7.4+0.9 39.4 £ 0.9 43.2+1.9
Liquid yield HPLC (wt %) 5.6 £0.2 17.1 £ 0.7 9.9+ 0.4

into the liquid phase forming secondary char and the higher gas pro-
duction. We note that there is no statistically significant difference be-
tween the elemental carbon content of the HCs produced at 220 and
250 °C (p > 0.3), but the increase in gas yield between these two data
points is highly statistically significant (p < 0.01), such that the con-
version of hydrolyzed compounds to CO, at higher HTC temperatures is
likely the driving force behind the lower TOC at 250 °C.

The TOC computed from HPLC data (given by the sum of the carbon
of all the detected compounds) agrees with the upward-downward trend
of the measured TOC, but they differ substantially at the two highest

temperatures (e.g., 20.7 vs 9.2 g/L at 250 °C, Table 2). A similar
discrepancy is observed in the liquid mass yields computed from the
mass balance and those estimated from HPLC data (Table 2). Therefore,
HPLC data does not measure the entire liquid composition. Given the
complexity of the HTC liquor, this discrepancy is likely related to a large
number of dissolved compounds that are not detected via HPLC. This
includes (1) compounds in non-identified peaks, (2) HTC-produced
water not measurable by HPLC, and (3) the presence of carbonaceous
micro/nanoparticles with diameters lower than 2.5 pm, comprising the
colloidal fraction, that are not measurable via HPLC.

3.3. Effect of solvent extraction on the hydrochars

Cellulose’s highly polymerized structure consisting of inter- and
intramolecular hydrogen bonds infers stability and insolubility in all
investigated solvents (Klemm et al., 2005), which in turn ensures the
isolation of compounds formed during HTC. In addition, for all hydro-
chars, no mass loss is measured after extraction with n-hexane, indi-
cating that the extractable phase is devoid of (detectable) non-polar
compounds. The absence of non-polar compounds is likely due to the
polar nature of cellulose, rich in oxygenated functionalities that tend to
form polar compounds, as well as the mild temperature and heating
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rates of HTC, not favoring the bio-oil production. The n-hexane extrac-
tion indicates the absence of a hydrophobic layer adsorbed on the
hydrochar surface consisting of non-polar compounds, which was pre-
viously observed in the literature (Fan et al., 2022). The presence of such
a non-polar layer depends on the feedstock. For example, a high-lipid
feedstock forms fatty acid that adsorb on the hydrochar surface,
whereas the cellulose used here is unable to form such compounds (Fan
et al., 2022; Ischia et al., 2021; Wiist et al., 2020).

Extraction results vary with solvent and hydrochar. As mentioned in
Section 3.1, microspheres forming secondary char are qualitatively un-
affected by the extraction (Supplementary Information) and hydrochars
from glucose present also stage I that is partially removed through the
extraction (Fig. 2).

Extractions mildly affect the 190 °C hydrochar, whose extraction
solid yields are 93.0-95.5 wt% (Table 1). The composition (Table 1) and
thermal profiles of the non-extractable hydrochars (Fig. 1c-d) vary only
slightly from the original hydrochar. Extraction with ethyl acetate alone
does not alter the hydrochar DTG curves, suggesting the predominance
of polar compounds adsorbed on the hydrochar surface (as ethyl acetate
is the least polar solvent of those investigated). Stage I of the DTG curves
is reduced after E2, E3, and E4, indicating the effectiveness of these
extractions in removing more volatile, thermally unstable (and likely
reactive) species.

The 220 °C hydrochar is significantly affected by all extractions, with
solid yields of 72.0-92.0 wt% (Table 1). Among the extractions, E1 leads
to the lowest extraction yield (8.0 wt%). E2 yields 15.0 wt% of extracted
material, while using the three solvents combined or in sequential order
(E3 and E4) extracts 26.0-28.0 wt% (difference between E3 and E4 not
statistically significant). E3 and E4 result in 31.5-38.2 % of the C con-
tained into the solid phase removed to the solvent phase (Table 1: CL
values). The high mass loss seen with E3 and E4 of the 220 °C hydrochar
compared to both E1 and E2 and the other hydrochars accords with the
wider variety of mobile compounds present in the liquid phase (which
are then adsorbed onto the hydrochar surface) at 220 °C. The 220 °C
HTC liquor shows the highest amount of dissolved carbon (Table 2),
suggesting a greater amount of potentially adsorbable compounds on the
hydrochar. While not all of the dissolved compounds are identified
through HPLC, the HPLC spectra of the liquor and the E3 and E4 extracts
present the same undefined peaks (at retention times greater than 6 min,
Supplementary Information), indicating that some undefined com-
pounds of the HTC liquor undergo adsorption but can be extracted only
through E3 and E4. Since non-polar compounds are absent (as shown by
n-hexane extractions), these undefined compounds should be polar and/
or slightly polar. Being that 220 °C is an intermediate condition at which
unreacted cellulose, reacted cellulose, and secondary char coexist, it
seems reasonable that the undefined dissolved fraction would contain
intermediates deriving from the partial dissolution/hydrolysis of cellu-
lose and compounds derived from the dissolution of partially formed
nano/microparticles. Prior research demonstrates that increasingly
harsh HTC of cellulose enhances the acidic and oxygenated surface
functional groups (Saha et al., 2019). These surface functionalities,
deriving from the unreacted cellulose and surface oxidization of the
biomass, may serve as adsorption sites for the polar/slightly polar dis-
solved compounds.

The 250 °C hydrochars give up less extractable matter to all solvents
than their lower-temperature counterparts, with extraction solid yields
of 90.0-91.5 wt%. HPLC quantifies almost all the amount of extractable
material, as shown by the slight discrepancy between extraction yields
computed by weight measures and, for comparison, by the sum of HPLC-
detected compounds (Supplementary Information). The overall lower
extraction yields compared to the 220 °C hydrochar is attributed to a
two-part mechanism. First, the higher conversion of cellulose to more
cyclic/aromatic components with fewer cellulose intermediaries means
that there are fewer readily adsorbable compounds dissolved in the
liquid phase (they form into the liquid but do not undergo adsorption).
Second, as HTC temperature increases, the hydrochar sees a decrease in
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its oxygenated surface character, making it less able to adsorb polar
compounds (Saha et al., 2019).

Overall, the relative composition of the washed hydrochars slightly
varies from the starting hydrochars (Table 1). Consistently with the
extraction yields, the C trends slightly vary for the 190 and 250 °C cases
— with around 93.6-97.0 % and 87.6-91.9 % of the C inside the
hydrochar remaining into the solid phase (Table 1: CL values). However,
for the 190 and 250 °C cases, none of the CL values are statistically
significantly dependent on the extraction solvent/method used. The
high dissolution effect of E3 and E4 on the 220 °C hydrochar results in a
CL of 31.5-38.2 % (very statistically significantly different than E1 and
E2; p < 0.05); the washed hydrochars are not statistically significantly
different than the hydrochar in terms of their O/C and H/C ratios (p >
0.05). This suggests that while E3 and E4 are more efficient at extracting
carbonaceous components, they do not selectively remove compounds
based on functional groups. This further indicates that the adsorption of
the compounds to the hydrochar is physical in nature given this
desorption.

Solvent extraction shifts the thermal profile of the hydrochars by
removing the thermally unstable species on their surface, aligning the
thermal profiles of the extracted hydrochars with those of low-rank
coals. This could be advantageous for co-combustion applications
(Nguyen et al., 2022). However, enthusiasm for this solution must be
tempered, as although the thermal stability of hydrochar increases,
solvent extractions result in slight variation in elemental composition
and therefore energy content as shown by the HHVs (maximum at
250 °C with 24.3-25.5 MJ/kg). A low ash content is crucial for main-
taining a high energy content since it avoids the concentration of inert
material in the hydrochars (and, therefore, the relative reduction of
organic combustible material). Further research is undoubtedly needed
to probe the combustion behavior (Nguyen et al., 2022). Practically, the
costs and availability of the solvents should be considered to move
forward with industrial-scale applications. Recirculating solvents back
until saturation could reduce the consumption of raw materials and
optimize costs. Organics dissolved in the solvents could be recovered as
by-products and the solvent then recycled in the process. Future work
could include a life cycle-technoeconomic analysis to evaluate this
biorefinery’s scalability and to guide decision making on a cost-benefit
basis of other green solvents.

3.4. Composition of the extracts

The extracts’ composition resembles that of the HTC liquor, with the
number of compounds increasing with the HTC temperature (Fig. 3c and
Supplementary Information). Extracts mainly contain carboxylic acids
(formic, glycolic, and propionic acids) and furans (5H-furanone and 5-
HMEF), with smaller traces of ketones and phenols derivatives only in
the 220 and 250 °C samples. All the identified compounds are rich in
hydroxyl and carboxylic groups and have partition coefficients (logP)
lower than two (“PubChem,” n.d.), indicating a low level of hydropho-
bicity and high solubility in polar solvents.

The similarity between the extract and the liquor composition sug-
gests that extracted organics derive from the liquor itself and are
adsorbed on the hydrochar surface during HTC and/or the filtration
downstream HTC. Fig. 3b shows that the amounts of extracted com-
pounds (divided by family and referred to as per g of cellulose) are
comparable to those in the HTC liquor. Their distribution as adsorbed/
dissolved fractions depends on the HTC temperature. Therefore, the
solid phase has a notable “sink” capacity for dissolved compounds and
could be used to maximize the recovery of platform chemicals. At
190 °C, carboxylic acids are equally distributed among the solid and
liquid phases, while furans and furfurals are mostly adsorbed on the
hydrochar. This could be due to the higher affinity of the 190 °C
hydrochar, rich in polar functionalities deriving from the cellulose itself,
with the high polarity of these compounds, which are easily adsorbed. At
220 °C, polar compounds are found mostly in the liquor phase, probably
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due to the lower adsorption capacity of the solid phase.

The amount of each extracted compound (in mg/gyc) slightly varies
with the extraction type and operating condition (Fig. 3¢ and Supple-
mentary Information). Carboxylic acids occupy the main fraction of the
extracts (>50 wt%) and their amount slightly changes with the extrac-
tion type, with values of 47.3-67.2 mg/gyc (i.e., they compose 4.7-6.7
% of the hydrochars). Since carboxylic acids are highly soluble in polar
solvents, it seems plausible that extractions are capable of entirely
removing them. Resembling the HTC liquor trend, 220 °C exhibits the
maximum yield of 5-HMF. In this case, the type of extraction affects the
removal yield, with E3 and E4 extracting up to 40.8 and 44.0 mg/gyc of
HMF, respectively. 5-HMF is a less polar chemical (also soluble in some
non-polar compounds, like chloroform), and therefore the wider solvent
properties (like polarity, hydrogen bonding, and molecular size) covered
by E3 and E4 with respect to E1 and E2 is conducive to 5-HMF extrac-
tion. The 190 and 250 °C cases do not show this dependence (Supple-
mentary Information), with extracts having a constant concentration,
likely due to the generally lower amount of 5-HMF itself. Two key
takeaways emerge here: first, that extraction type only slightly in-
fluences the extracts’ composition. Second, the similarity between
extraction yields as computed by mass balance and HPLC for the 190 and
250 °C hydrochars (Supplementary Information) highlights the inter-
changeable nature of the solvents in terms of overall and specific com-
pounds recovery. The similarity is not observed for the 220 °C, where
HPLC does not allow for closure of the balance (Supplementary Infor-
mation) for E3 and E4, opening the doors to further investigations on the
non-detected adsorbable compounds.

3.5. Effect of solvents on solubility and hydrochars

The effect of solvents can be broken into two categories: effects on
component solubility and on extraction process. The extraction effec-
tiveness depends on the solubility of components embedded with the
hydrochar matrix and the solvent used. Polar or slightly polar solvents
interact favorably with =0, -OH and —COOH groups of adsorbed com-
pounds, easily extracting carboxylic acids, furans, phenols, and ketones.
Polarity appears to be the main driver for the dissolution, especially for
the 190 and 250 °C chars (where differences among the extraction media
are almost negligible).

Other properties like hydrogen bonding and molecular size can
participate directly or indirectly in the dissolution. For example, car-
boxylic acids are soluble due to their polarity and hydrogen bonding
tendency conferred by their carboxylic groups, while carbonyl groups in
detected ketones contribute polarity aiding their dissolution. In the
220 °C case, the significantly higher efficacy of E3/E4 than E1/E2 likely
stems from the broader range of solvent properties. E3 benefits from the
initial use of ethyl acetate, which extracts moderately polar and larger
components owing to its larger molecular size, while the subsequent
acetone/methanol mixture potentially generates hydrogen bonding sites
due to the carbonyl and hydroxyl groups and promotes the solubility of
smaller molecules due to their smaller size. E4, in contrast, offers effi-
cient solubilization by simultaneously differentiating solvent properties
and providing access to all three solvents, maximizing hydrogen
bonding potential. For instance, the higher solubility of both 5-HMF and
2(5H)-furanone is likely due to the simultaneous presence of bond do-
nors and acceptors in the ternary mixture. Future studies might involve
alternative solvents to discern the effects of polarity on adsorbed species
and gain further mechanistic insights.

The extraction process is driven by the interaction between solvents
and hydrochar, where solvent molecules penetrate the hydrochar matrix
and dissolve the adsorbed compounds from the surface to the solvent,
altering the hydrochar’s composition and properties. As adsorbed
compounds are removed, hydrochar’s properties are redistributed, with
hydrochar’s elemental ratios and thermal stability modulated by the
solvents. All the investigated extractions positively affect the hydro-
char’s thermal profiles. Resembling the solubility behavior
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observations, only the 220 °C composition is affected by the solvent
type, with E3/E4 resulting in the highest carbon mass losses (up to 38.2
%). Future work may expand upon the present findings concerning how
manipulating the polarity of solvent mixtures may maximize hydrochar
extraction. At the same time, analyses of the surface chemistry of the
hydrochars could provide insight into the mechanisms behind the
adsorption and the effects of extraction. In addition, because carboxylic
acids and furans present in hydrochar may be phytotoxic or leach into
groundwater (Karatas et al., 2022), their removal is particularly relevant
for environmental applications. Future work could investigate how
solvent extraction mitigates plant, animal, and human health risks when
using these materials as soil amendments, carbon sequestration mate-
rials, and environmental adsorbents.

Finally, it is worth noting that the scope of this work was limited to
cellulose as a representative carbohydrate compound. Since the impact
of extraction and the variety of extracted compounds highly depends on
the feedstock, future research could focus on other crucial biomass
components characterized by different chemistries. Indeed, lignin-based
feedstocks lead to a high amount of phenol derivatives (Lin et al., 2022;
Toor et al., 2011), while lipid-rich substrates (like organic wastes or
algae) to fatty acids (Benavente et al., 2022; Ischia et al., 2021; Wu et al.,
2020).

4. Conclusion

Green polar solvents can effectively remove surface-adsorbed or-
ganics from cellulosic hydrochars. The extract composition resembles
the HTC liquor and consists of carboxylic acids, furans, phenols, and
ketones, supporting the hypothesis that adsorbed compounds on the
hydrochar are responsible for hydrochar’s poor thermal stability. The
washed hydrochars do not contain these compounds and are likely more
usable in combustion or environmental applications, while extracted
compounds could be recovered as fuel precursors. Stable secondary char
consisting of carbonaceous microspheres remains unaffected by the
extraction with polar solvents.
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