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ARTICLE INFO ABSTRACT

Handling Editor: Fabio Arico The sustainable synthesis of carbon-based sulfonated acid catalysts from biomass is of paramount
importance from the perspective of sustainability. However, the traditional pyrolysis method
leads to low solid yields and poor carbon stability. A cascade synthesis is here proposed, combin-
ing hydrothermal carbonization and pyrolysis, to produce a “high-quality” carbon-based precur-
sor, followed by its sulfonation to increase the pristine acidity. The proposed multi-step prepara-
tion is effective when each step is optimized, primarily the hydrothermal carbonization, which
should be carefully optimized. A chemometric approach was employed to optimize the hydrochar
synthesis, using microcrystalline cellulose as starting feedstock. The identified optimal reaction
conditions were applied to the hydrothermal carbonization of hazelnut shells, which is a more
complex but cheaper feedstock, and the obtained hydrochars were pyrolyzed to produce py-
rochars. The most promising chars were sulfonated and tested as heterogeneous acid catalysts in
the aqueous conversion of fructose to 5-(hydroxymethyl)furfural, a promising platform chemical
of great industrial interest, obtaining maximum yields of about 40 mol%. These promising results
pave the way for the use of such wastes as efficient acid catalysts for the synthesis of 5-(hydrox-
ymethyl)furfural, contributing to ensure the biomass circular exploitation.
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1. Introduction

Lignocellulosic biomass will play a strategic role in many future markets, taking into consideration that a renewable energy share
of 32% is binding at the European level by 2030 (Popp et al., 2021). Among the potentially obtainable added-value compounds, acid
heterogeneous catalysts are of great relevance, preferring sustainable conditions for the involved synthesis (Chong et al., 2021). In
this context, char post-modification by sulfuric acid sulfonation is desirable to improve the acidic properties of the precursor, which
can be obtained from biomass through various carbonization methods, such as pyrolysis, gasification, hydrothermal carbonization
(HTC) and flash carbonization (Xiong et al., 2018; Cao et al., 2018a, 2023; Zuo et al., 2023; Igboke et al., 2023; Kang et al., 2013). De-
spite the preference for direct biomass pyrolysis, this choice often results in biochars characterized by low yields and not homoge-
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neous morphological and surface properties, often requiring cascade treatments to improve these aspects in the perspective of large-
scale production (Zhou et al., 2021; Balasubramaniam et al., 2021; Plachy et al., 2022). As an example, S. Balasubramaniam et al.
studied the preparation of sulfonated carbon-based catalyst from the marine biomass Undaria pinnatifida using a sequential carboniza-
tion method of pyrolysis (1h at 1000°C, under Ar flow) and HTC (3h at 200 °C), followed by modification of the corresponding chars
(Balasubramaniam et al., 2021). These ones were tested in the esterification of ethanol with acetic acid, showing better porosity, in-
creased acidity and higher activity than the sulfonated pyrochar or hydrochar alone. On this basis, a multi-step process involving HTC
followed by pyrolysis is helpful to produce “high-quality” carbon-based precursors for the synthesis of sulfonated biomass-derived
catalysts. HTC promotes the deoxygenation of biomass in water under subcritical conditions. It is a sustainable and cost-effective ap-
proach that can be applied to various biomass types, including wet and waste ones, without the need for any pre-drying step (Akkari
etal., 2023; Zulfajri et al., 2021; Evcil et al., 2020; Sheng et al., 2019). To date, HTC has been successfully employed on simple mono-
saccharides and, to a lesser extent, more complex substrates, such as cellulose and/or real biomasses (Akkari et al., 2023; Ischia et al.,
2022; Giidiicii et al., 2021; Volpe et al., 2020; Pauline and Joseph, 2020). The effect of key reaction parameters, such as temperature,
time, type and loading of the biomass feedstock, on the chemical composition and morphology of the produced hydrochars, has been
extensively studied adopting univariate approach. Anyway, this evaluation is limiting for the optimal evaluation of the synergy occur-
ring among the involved variables. As highlighted in Table S1 (Supplementary Information), the H/C and O/C molar ratios, as well as
the amount of acid groups, are effective output parameters for evaluating the carbonization progress of these carbon materials (Ren et
al., 2019; Wang et al., 2018). For their synthesis from cellulose, two different reaction mechanisms have been proposed in the litera-
ture (Evcil et al., 2020; Wang et al., 2018), including a) solid-solid pathway and b) soluble pathway, as shown in Fig. 1.

The first one occurs in the solid phase at mild conditions (absence of acid, temperature range 200-280°C, reaction time lower than
3 h) and involves the dehydration and intramolecular condensation reactions of cellulose, leading to the formation of “primary” aro-
matic hydrochar (pathway a, Fig. 1) (Evcil et al., 2020). On the other hand, the second mechanism occurs in solution (pathway b, Fig.
1) and involves the hydrolysis of cellulose into soluble oligomers, followed by their further hydrolysis into monomeric glucose (Sasaki
et al., 1998). Under acidic conditions, glucose can undergo isomerization, dehydration and fragmentation reactions, leading to the
formation of several compounds, including 1,6-anhydroglucose, erythrose, furfural, 5-(hydroxymethyD)furfural (HMF), 5-
methylfurfural, various acids and aldehydes (Wang et al., 2018).The preferred soluble pathway involves the HMF formation by fruc-
tose dehydration, the latter deriving from glucose isomerization (Cao et al., 2015). HMF can undergo i) polymerization and/or con-
densation to form “secondary” hydrochar (pathway b, Fig. 1), characterized by aromatic and furanic units, or ii) rehydration to lev-
ulinic and formic acids. This soluble pathway is favored under harsher conditions, generally involving temperatures higher than
220°C, reaction times longer than 1 h, high substrate loading (10-20 wt%), and/or suitable acid catalysts (Falco et al., 2011). Dehy-
dration reaction, due to the elimination of hydroxyl groups, and decarboxylation one, caused by the elimination of carboxyl groups,
are the two main reactions involved in the hydrochar production (Funke and Ziegler, 2010). Moreover CO, formation may occur as a
consequence of condensation reactions and the cleavage of intramolecular bonds, in addition to the decomposition of formic acid,
which is generally formed in appreciable amounts (Funke and Ziegler, 2010). According to the available literature data on model cel-
lulose (Table S1), the temperature is the most important reaction parameter to modulate yield and properties of the hydrochar. At low
temperatures (180-220°C), the yield generally decreases with its increase, because of the improved solubilization of cellulose-
derivatives. Further increase of temperature (200-230°C) causes the highest decrease of hydrochar yield. Later at high temperatures
(220-260°C), hydrochar yield increases with the raise of temperature and finally, for temperatures higher than 260°C, the hydrochar
yield goes back to decrease with the increase of temperature. Continuing with the evaluation of the other independent variables, an
increase of the hydrochar yield is generally observed at longer reaction times, whilst a maximum in the hydrochar yield is generally
ascertained with an optimal solid/liquid ratio, which should be properly identified with a dedicated optimization study, Regarding
the evaluation of the dependent variables, dehydration reactions lead to a decrease in O/C and H/C molar ratios with increasing tem-
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Fig. 1. Hydrochar formation from cellulose according to a) solid-solid pathway and b) soluble pathway.
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perature and reaction time (Sheng et al., 2019; Lin et al., 2022), while the content of acidic groups increases with the temperature.
For example, these trends were ascertained by N. Saha (Saha et al., 2019), whose best data are summarized in the Supplementary In-
formation (Table S1, runs 25-27). HTC of model compounds, such as simple monosaccharides, leads to high yields in hydrochars,
about 50 wt% (Ischia et al., 2022), but these processes are not sustainable for developing industrial applications, due to the high price
of starting model feedstocks and the achieved low functionalization degree of hydrochars (Ischia et al., 2022). On the other hand,
HTC of real waste biomasses, in particular those of negative economic value, such as agro-food, woody and paper wastes, leads to hy-
drochars in high yield, with a better functionalization degree, making this process extremely attractive from an industrial perspective
(Sharma et al., 2020). The products of any HTC process differ in quantity and composition/physico-chemical properties, depending
on the operating conditions. Hence, HTC optimization is highly desirable (Wiedner et al., 2013), preferring a chemiometric approach,
thus considering the combined effects of the main reaction parameters on the selected dependent variables. Our study has been firstly
focused on microcrystalline cellulose, which is a feedstock of intermediate complexity between soluble monosaccharides and real bio-
masses. On the basis of this preliminary optimization investigation, hydrochar was prepared from a real lignocellulosic biomass, that
is real hazelnut. Both these kinds of hydrochars were subjected to pyrolysis and sulfonation treatment, adopting the typical conditions
reported in the literature (Saqib et al., 2018; Gromov et al., 2018), and the resulting sulfonated chars were tested for the aqueous con-
version of fructose to HMF, adopting microwave irradiation as heating system. HMF is a versatile key platform-chemical, exploitable
for the synthesis of many added-value chemicals, such as bio-fuels, food additives and pharmaceuticals (Fulignati et al., 2022). In this
context, HMF can be advantageously oxidized to the higher value-added bioplastic monomer 2,5-furandicarboxylic acid, which is a
promising substitute for the petroleum derivative terephthalic acid (Zhang et al., 2023). Remarkably, another valuable HMF conver-
sion possibility is the hydrogenation path, for example aimed at the furanic ring-rearrangement to give cyclopentanones (cyclopen-
tanone and 3-hydroxymethylcyclopentanone) and cyclopentanols (cyclopentanol and 3-hydroxymethylcyclopentanol), both ex-
ploitable to produce pharmaceuticals, insecticides, herbicides, and fragrances (Li et al., 2022). The HMF production adopting sul-
fonated biochars and/or hydrochars has been proposed by some authors (Xiong et al., 2018; Cao et al., 2018a, 2023; Zuo et al., 202.3;
Igboke et al., 2023; Kang et al., 2013), but none of these systems has been synthesized with a cascade approach, including HTC, fol-
lowed by pyrolysis and sulfonation, steps, proposed for a better tailoring of the catalytic properties. In this regard, X. Xiong et al. py-
rolyzed forestry wood wastes (Acacia confusa and Celtis sinensis), working at 700°C for 15 h, and performed a sulfonation post-
treatment with a 30% wt/v sulfuric acid solution at 150 °C for 24 h. The obtained catalysts were tested in the aqueous conversion of
fructose to HMF, achieving the highest HMF yield of 42.3 mol%, employing a high acidity (0.33 meq H* /g fructose), working at
180°C for 20 min under microwave irradiation (Xiong et al., 2018). Moreover, the authors did not verify the stability of the prepared
sulfonated catalysts, not deepening their recyclability, which is instead a highly desirable aspect in the field of heterogeneous cataly-
sis. Finally, it is also important to underline the low adopted initial fructose loading, equal to 4.7 wt%, which is not appropriate for an
industrial scale-up. Better results, in terms of HMF molar yield, have been claimed by some authors (Cao et al., 2018a; Zuo et al.,
2023; Kang et al., 2013), working in organic solvent/water medium, to minimize the HMF rehydration to levulinic and formic acids,
but always employing low substrate loadings. For example, L. Cao et al. synthesized sulfonated biochars by pyrolysis of bread waste
(at 700°C for 15 h), followed by a treatment with concentrated sulfuric acid (at 150 °C for 12 h), and the sulfonated pyrochar was
used as acid catalyst for the fructose conversion to HMF in dimethylsulfoxide (DMSO)/water (3:1 v/v) solution at 180 °C for 20 min
under microwave irradiation (Cao et al., 2018a). The highest HMF yield of 30.4 mol% (calculated on carbon moles of HMF and of
bread waste, on the basis of the compositional analysis), was ascertained, which is a high value considering the negative value of the
starting material, but it was reached starting from a low substrate loading (4.4 wt%), in combination with a high amount of acid sites
(2.42 meq H* /g bread waste). On the other hand, working in the pure DMSO, the HMF yield of about 90 mol% from fructose was
achieved by M. Zuo et al. at 100°C after 4 h, employing sulfonated biochar from the biomass Larix principis-rupprechtii synthesized by
a pre-carbonization step at 300°C for 1 h under N, atmosphere, followed by an activation step with a saturated aqueous solution of
ZnCl, at 25°C for 12 h, then pyrolyzed at 700°C for 1 h under N, atmosphere and finally treated with H,SO, at 100°C for 8 h (Zuo et
al., 2023). The claimed results are promising, even if the starting fructose loading is again very low (0.7 wt%) and the employed acid-
ity is high (1.9 meq H* /g fructose). The use of sulfonated hydrochar for HMF production is less investigated in the literature and S.
Kang et al. studied its production from inulin, working at 100°C for 1h, in the presence of 1-allyl-3-methylimidazolium chloride as
acid catalyst (Kang et al., 2013). Average HMF yields of about 55 mol% were ascertained adopting sulfonated hydrochars deriving
from wood meal, cellulose, lignin and xylose after a first HTC treatment at 225-265 °C for 20 h, followed by the sulfonation with con-
centrated H,SO, at 150°C for 12 h. Anyway, the use of ionic liquid, the long reaction times adopted for the HTC treatment and the im-
possibility of catalyst recycle does not make this catalyst particularly interesting for the HMF synthesis.

In conclusion, the objectives of the present investigations are to (1) optimize the reaction conditions for the synthesis of hy-
drochars from cellulose through a chemometric approach; (2) evaluate the properties of the obtained hydrochars and process liquors;
(3) use the optimized hydrochar precursor from cellulose and that synthesized from hazelnut shells for the synthesis of acid catalysts
through pyrolysis and sulfonation; (4) evaluate the properties of the obtained acid catalysts and (5) test them in the aqueous conver-
sion of fructose to HMF.

2. Materials and methods

2.1. Materials

Microcrystalline cellulose, HMF, potassium bromide, sodium bicarbonate, sodium carbonate, sodium hydroxide 0.1 M and hy-
drochloric acid 0.1 M were purchased from Sigma-Aldrich and used as-received. Fructose was food-grade and used without any fur-
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ther purification. Hazelnut shells of Tonda Gentile Romana variety were provided by Stelliferi-Itavex S.p.A., Caprarola, Viterbo (VT),
Italy.

2.2. Methods

2.2.1. Experimental design

Response Surface Methodology (RSM) and Face-Centered Central Design (FCCD) were employed for the reaction optimization, by
maximizing the hydrochar yield (wt%) as the main response, investigating appropriate ranges of the independent variables. The cho-
sen independent variables are temperature, reaction time and cellulose loading. Their levels were selected starting from preliminary
One-Factor-at-a-Time (OFAT) experiments (data not reported). The experimental design required 17 experimental runs, which in-
cluded 3 replicates of the central point. The software Design-Expert 12 (12.0.1.0) Trial Version (Stat-Ease, Inc., Minneapolis, MN,
USA) was adopted to process the results. The data were fitted to the polynomial model and presented in the analysis of variance
(ANOVA). The quadratic equation that represents the correlation between independent variables and the response can be expressed
by the quadratic polynomial Equation (1):

Y = by + by Xy + byXy + b3 X5 + by X2 + byyX5 + b33 X3 + b1pX, Xp + b13X, X3 + by3 X X3 )]

where Y is the predicted response, b is the constant, by, b,, and bs are the linear coefficients, b,,, b3, and b, are the cross-product
coefficients and by, by, and bs; are the quadratic coefficients.

2.2.2. Synthesis of hydrochars
In a typical HTC experiment, the selected amount of cellulose was mixed with deionized water (150 mL), with the selected sub-
strate loading (10, 15 or 20 wt%), defined according to the Equation (2):

bstratq
Substrate loading (wt%) = ( substrate (g) > x 100

substrate (g) + H20 (g) @
The slurry was loaded in the 300 mL batch autoclave Parr and heated at the set-point temperature (220, 240, 260 °C) for the selected
reaction time (1, 3, 5h), under autogenous pressure. At the end of each HTC run, the autoclave was cooled to room temperature and
the solid hydrochar was separated from the aqueous phase by vacuum filtration. The recovered solid hydrochar was washed with 1 L
of deionized water, to remove the residual soluble compounds (sugars, HMF, levulinic acid, formic acid and soluble humin precur-
sors) and the hydrochar was dried in an oven at 105 °C overnight. The solid yield was calculated according to the Equation (3):

solid yield (wi%) = ( S2HASrom HTC (®) 3)
starting biomass (g)
The hydrochar yield was calculated according to the Equation (4):
HTC Yield (wi%) = solid from HTC (g) — Céllul(?se in the solid from HTC (g) 100 )
starting biomass (g)

where the residual cellulose in the solid from HTC was obtained from thermogravimetric analysis (TGA) performed on the solid re-
covered after HTC, taking into consideration the weight loss due to cellulose decomposition, calculated according to Equation (5):

Residual cellulose in the hydrochar = weight loss due to cellulose decomposition by TGA (wt%) x solid from HTC (g) 5)

In the same way, hydrochar from hazelnut shells was prepared and labelled HTC-HS, whereas the best hydrochar obtained from cellu-
lose was named HTC-C.

2.2.3. Pyrolysis of hydrochars

A horizontal tubular furnace (Protherm Furnaces, model PTF 12/50/250, Ankara, Turkey) was used for the post-treatment of hy-
drochars by thermal pyrolysis. In a typical experiment, 10 g of each hydrochar were pyrolyzed within a quartz fixed-bed reactor at
600 °C, employing 500 mL/min of N, flow and 10 °C/min as the heating rate, keeping the system at the set-point temperature for
5 min. A thermocouple (type K) was placed on the inner wall of the oven to check the correspondence of the temperature. The inlet
and outlet of the pyrolysis reactor were properly heated at 400 °C by heating bands. Primary condensable pyrolytic products flowed
through the pyrolysis apparatus into a N,-bath-cooled trap. At the end of each pyrolysis treatment, the tubular furnace was cooled to
room temperature and the solid product was recovered as pyrochar, whereas the bio-oil was retrieved as biphasic (organic-water)
mixture and further characterized to get more information about its chemical composition. The obtained pyrochars from cellulose
and hazelnut shells were labelled PY-C and PY-HS, respectively, and the pyrochar yield was calculated according to the Equation (6):

O]

h
Pyrochar yield (wt%) = ( pyrochar (g) > 100

starting hydrochar (g)
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2.2.4. Sulfonation of hydrochars and pyrochars

According to the procedure reported by Gromov et al. (2018), the biomass-derived catalysts have been sulfonated by placing the
starting carbon materials in concentrated H,SO, (>98%) in a round-bottom flask, using the concentration of 15 mL of H,SO,/g of
carbon, under constant stirring. A reflux condenser was added to the flask and the solid was heated under N, flow and stirring until
200 °C. After 9 h, the carbon material was washed with water until neutral pH, filtered and dried at 110 °C for one night. After sul-
fonation, the obtained hydrochars and pyrochars were labelled HTC-C-S and PY-C-S for those deriving from cellulose and HTC-HS-S
and PY-HS-S for those from hazelnut shells.

2.2.5. Characterization of the hydrochars and pyrochars

Characterization of the hydrochars and pyrochars was carried out, comparing the data with those of the starting biomass, as refer-
ence.

Ultimate analysis of the solid samples was carried out by an automatic LECO TruSpec analyzer. Carbon and hydrogen contents
were determined by an infrared spectroscopy detector, whereas nitrogen was determined by a thermal conductivity detector. Lastly,
the oxygen content was determined by difference: O (Wt%) = 100 (wt%) — C (Wt%) — H (wt%) — N (Wt%) — S (wt%).

TGA analysis was carried out by a TGA Q500 from TA Instruments. The samples were heated from room temperatures up to 900°C,
at a rate of 10°C/min, under a N, atmosphere.

Fourier Transform-Infrared Spectroscopy (FT-IR) analysis was performed by a Perkin Elmer Spectrum-Two spectrophotometer.
For qualitative purposes, IR spectra were recorded by attenuated total reflection (ATR) mode. In some cases, IR spectra were also ac-
quired by the KBr pellet technique, keeping constant the sample concentration (1.5 mg sample + 180 mg KBr). For the preparation
of each pellet, 120 mg of the prepared mixture were employed and each final pellet was characterized by a thickness of 200 = 10 pm.
The acquisition of each spectrum provided 12 scans with a resolution of 8 cm~1.

Scanning electron microscopy (SEM) characterization was carried out by a FEI Quanta 450 FEG scanning electron microscope,
equipped with a QUANTAX/EDS analysis system and QUANTAX XFlash Detector 6|10, working under high vacuum conditions (<
6e4 Pa). Each sample (about 50 mg) was preliminarily metalized with a thin layer (~10 nm) of conductive material (graphite) to ob-
tain high-quality SEM images.

Specific surface areas were carried out with Brunauer-Emmett-Teller (BET) method using a single-point ThermoQuest Surface
Area Analyzer Qsurf S1. Before each measurement, the samples were heated at 150°C for 24 h under a N, flow, to remove volatile im-
purities and trapped moisture.

Boehm's titration of acid sites was carried out according to the procedure described in detail by Tsechansky and Graber (2014).
Modified procedure of Boehm's titration, including a pre-treatment aimed at the removal of alkaline species, was carried out only on
pyrochars, whilst the traditional Boehm's procedure was adopted for the analysis of hydrochars (Tsechansky and Graber, 2014). Any-
way, the sample (1.5 g) was shaken for 24 h in 50 mL of 0.05 N solutions of different bases (NaOH, Na,CO3 and NaHCOs). Aliquots of
each solution were back-titrated pH-metrically with 0.05 N NaOH after having acidified with an excess of 0.05 N HCI solution
(Tsechansky and Graber, 2014). Blank titration (without the solid sample) was performed before the titration, on the same day of the
analysis. The acidic functional groups were calculated according to the Equation (7):

_ Mua Ve
n [mmol] = —=x[BxVy — ([HCI|xVyc; — [INaOH] xVy,0p) A )
np A

where n = number of acid groups [mmol]; nnL: = stoichiometric factor (1 for NaOH and NaHCOs, 2 for Na,CO3); [B] = concentra-
tion of added reaction base [mol/L]; Vz = volume of added reaction base [mL]; [HCI] = concentration of HCl [mol/L]; Vyq = vol-
ume of HCI [mL]; [NaOH] = NaOH titrant concentration [mol/L] ; Vn,on = NaOH titrant volume [mL]; ‘;—’: = volume of base added

initially divided the analyzed volume portion (V, = 10 mL). To obtain the concentration of total acid sites, expressed in pmol/g, the
obtained value from Equation (7) was multiplied by 1000 and divided by the mass (g) of the starting sample.

2.2.6. Characterization of the liquid stream (HTC hydrolysis liquor and bio-oil from pyrolysis)

Hydrolysis liquors from HTC experiments were analyzed by HPLC, employing a Perkin Elmer Flexer Isocratic Platform, equipped
with a Benson 2000-0 BP-OA column (300 mm x 7.8 mm) and coupled with 2140 refractive index detector. The 0.005 M H,SO, aque-
ous solution was adopted as the mobile phase, keeping the column at 60°C, with the flow rate of 0.6 mL/min. The concentrations of
the compounds of interest were determined from calibration curves obtained with external standard solutions. According to the in-
volved reaction mechanisms (Cao et al., 2015), glucose, HMF, formic acid and levulinic acid were considered as “glucose-derived
compounds”, whereas xylose, furfural and acetic acid as “xylose-derived compounds”.

The molar yield of glucose and xylose were calculated respect to the moles of the respective units in the polysaccharides (glucan,
xylan) in the starting substrate according to the Equations (8) and (9) (Di Fidio et al., 2020):

Ml _derived x 0.90
Yield in glucose and glucose — derived compounds (mol%) = < glucose or glucose—derived compound x100 8)
Myupstrate X Gf
my, —deriv x0.88
Yield in xylose and xylose — derived compounds (mol%) = < lose or lose=derived compound ) x100 9
Myubstrate® Xf
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where mgpgrace is the mass of the starting feedstock, 0.90 and 0.88 take into account the stoichiometry and the molecular weights in
the hydrolysis of cellulose and hemicellulose to glucose and xylose respectively, and G; and X; represent the percentage (wt%) of glu-
cans and xylans in the composition of the starting substrate, equal to 22.9 and 18.6 wt%, respectively for hazelnut shells.

Regarding the chemical analysis of the bio-oil, a preliminary solvent extraction by diethyl ether was carried out (3 times, adopting
each time 0.5 g of bio-oil in 3 mL of solvent), and the extract was analyzed by Gas-Chromatography/Mass Spectrometry (GC/MS). For
this purpose, a GC-MS (Agilent 7890B-5977A, Agilent Technologies, Santa Clara, CA, USA), outfitted with an HP-5MS column (30 m x
0.25 mm x 0.25 m) was adopted, employing helium as the carrier gas with the flow rate of 1 mL/min (split ratio of 9:1 and split flow
of 10 mL/min). The injector and detector were kept at 250 and 280 °C, respectively, and the following temperature program was em-
ployed for the chromatographic separation: 60 °C for 2 min; 10 °C/min up to 260 °C, then 260 °C for 3 min and 10 °C/min up to
280 °C. Identification of compounds was performed by comparing experimental mass spectra with those in the NIST Mass Spectral li-
brary (NIST14 database; National Institute of Standards and Technology, Maryland, USA).

2.2.7. Characterization of the gaseous stream (non-condensable gases from HTC)

Gaseous compounds (hydrogen, light hydrocarbons and permanent gases) evolved under the harshest reaction conditions (run 2:
260 °C, 5 h, 20 wt% cellulose loading) were collected with a Tedlar bag after cooling of the autoclave and analyzed by a micro-GC Ag-
ilent 3000 system. This instrument was equipped with two independent channels based on an injector, a column and a thermal con-
ductivity detector (TCD). The first channel was based on a Molsieve 5A column, using Ar as the mobile phase, resulting appropriate
for the separation of hydrogen, oxygen, nitrogen, methane and carbon monoxide. Instead, the second one was based on a PLOT U col-
umn, which is effective for the separation of carbon dioxide, ethane, ethylene and acetylene, using He as the carrier gas.

2.2.8. Aqueous conversion of fructose to HMF

The dehydration reactions of fructose to HMF were carried out in a monomodal microwave reactor CEM Discover S-class System.
In a standard reaction, aqueous fructose solutions (5 mL, 9 % wt) were charged in the microwave reactor (10 mL) with the proper
amount of the selected catalyst. The vessel was placed in the chamber of the MW reactor and heated at 180°C for 20 min under mag-
netic stirring. At the end of the reaction, the vessel was cooled at room temperature through an external air flow that allows a fast
cooling and a portion of the sample was taken for analysis. The sample was filtered through a syringe filter (Whatman 0.45 pm PTFE)
and analyzed using a high-performance liquid chromatograph Perkin Elmer Flexer Isocratic Platform equipped with a column Benson
2000-0 BP-OA (300 mm x 7.8 mm) kept at 60°C, employing 0.005 M H,SO, as a mobile phase (flow-rate 0.6 mL/min). The concen-
trations of the products were determined from calibration curves obtained with standard solutions. Catalytic performances, in terms
of fructose conversion, HMF yield and selectivity were calculated in moles % according to Equations (10)-(12).

initial molesy, — final moles;,

Fructose Conversion (mol%) = - '_f'_mm fructose ) 100 (10)
initial molesfm.,{m,
. final molesyyr

HMF Selectivity (mol%) = | — x100 amn

initial molesy, s — final molesg, e

inal mol
HMF Yield (mol%) = (M) x100 a2
initial mulesfm.mse

3. Results and discussion

3.1. Optimization of hydrochar synthesis from microcrystalline cellulose

In this research, the optimization of the hydrochar synthesis from microcrystalline cellulose was carried out adopting a multivari-
ate MVAT (multi-variable at time) approach, considering temperature, time and cellulose loading, to synthesize an hydrochar of good
quality, in terms of yield and reactivity. This last aspect is mainly defined by the presence of oxygenated groups (-COOH and aro-
matic/aliphatic -OH), which results of particular interest for applications in the field of acid catalysis (Islam et al., 2022). A prelimi-
nary screening of the HTC conditions eligible for the microcrystalline cellulose carbonization was performed according to the One-
Factor-At-a-Time approach (data not reported). This screening allowed us to develop a second-order model, known as Central Com-
posite Design (CCD), developed on three levels (Fujiwara and Matsuura, 2020). Based on the preliminary OFAT experiments, the in-
dependent variables and the corresponding ranges were defined as follows: temperature (T): 220-260°C, reaction time (t): 1-5 h and
starting cellulose loading: 10-20 wt%. The dimensionless and normalized variables, dimensionless temperature (denoted x;), dimen-
sionless time (denoted x,) and dimensionless initial cellulose loading (denoted x3), with variation ranges [-1, 1], were defined as fol-
lows:

2:[T(°C)-240]/(260-220)

X1

Xy = 2:[t(h)-31/(5-1)
x3 = 2-[cellulose loading (Wt%)-15]/(20-10).

Table 1 summarizes the operational conditions, the solid and the HTC yields for the experiments required by the second-order
model, expressing the independent variables as dimensional and dimensionless values.



D. Licursi et al. Sustainable Chemistry and Pharmacy 35 (2023) 101216

Table 1
Operational conditions, solid and HTC yields, defining the experiments assayed for hydrochar production from cellulose, expressed in terms of dimensional and di-
mensionless variables.

Run X, Xy X3 Temperature [°C] Time [h] Cellulose Loading [wt%] Solid Yield [wt%)] HTC Yield [wt%)]
1 0 0 0 240 3 15 44.5 44.5
2 0 0 0 240 3 15 45.3 45.3
3 1 -1 1 260 1 20 45.4 45.4
4 0 0 -1 240 3 10 41.9 41.9
5 0 0 240 3 15 42.9 42.9
6 -1 1 1 220 5 20 46.3 46.3
7 0 1 0 240 5 15 45.5 45.5
8 -1 -1 1 220 1 20 39.9 22.3
9 -1 -1 -1 220 1 10 45.5 10.4
10 1 0 0 260 3 15 44.0 44.0
11 0 0 1 240 3 20 46.3 46.3
12 1 1 1 260 5 20 46.3 46.3
13 -1 1 -1 220 5 10 40.4 40.4
14 1 1 -1 260 5 10 41.3 41.3
15 -1 0 0 220 3 15 42.9 42.9
16 0 -1 0 240 1 15 41.8 41.8
17 1 -1 -1 260 1 10 40.6 40.6

The primary dependent variable to be monitored was the HTC yield (wt%), which was obtained from the solid yield after the sub-
traction of the unconverted cellulose contribution, when present. For this purpose, each solid synthesized by runs 1-17 was analyzed
by FT-IR spectroscopy and TGA analysis. This approach enabled us to identify the presence of unconverted cellulose in the solids ob-
tained from runs 8 and 9, synthesized under the mildest reaction conditions (Gagic et al., 2018). Fig. S1 shows the FT-IR spectra of
these solids, together with the spectrum of a sample synthesized after a longer HTC treatment (the solid from run 6, 220 °C, 5 h,
20 wt%), considering that of the starting cellulose as reference. FT-IR spectra of the hydrochars recovered from HTC of cellulose at
short reaction time (runs 8 and 9) are more similar to that of the pristine cellulose, whereas the one originating from the harsher HTC
processing (run 6) is completely different, highlighting the occurrence progression of the bulk carbonization. All these samples show
an absorption band at about 3300-3400 cm’!, assessed to -OH stretching of water and/or alcohols (Cooke et al., 1986) and another
one at about 2900 cm'!, due to aliphatic C-H stretching vibrations (Cooke et al., 1986). Moreover, the hydrochar recovered from run 6
shows distinctive absorption bands, in particular that at about 1700 cm'!, assigned to C= O stretching vibrations of carboxylic groups
(Dong et al., 2019), those in the range 1600-1450 cm!, due to C = C vibrations of aromatic rings (Dong et al., 2019) and that at about
800 cm’l, due to the C-H rocking of aromatic compounds (Liu et al., 2019). On the other hand, the absorption band at about
1050 cml, which is typically assigned to C-O stretching of the glycosidic bonds of cellulose (Sheng et al., 2019), is still visible in the
hydrochars from runs 8 and 9, confirming an uncompleted cellulose conversion. TGA analyses of hydrochars from runs 8 and 9,
shown in Fig. 2, together with that of the starting microcrystalline cellulose, allow us to quantify the residual cellulose in these two
solid residues, thus correcting the hydrochar yields.

TG/DTG curves of residues from runs 8 and 9 are very similar, revealing the presence of three degradation steps: the first one, oc-
curring up to about 105 °C, is due to the humidity loss; the second one, occurring between 250 and 400 °C, is attributed to the decom-
position of the oxygenated compounds and the residual cellulose, in agreement with that observed for the starting feedstock; lastly, a
third thermal degradation step occurs slowly in the wide range 400-900°C, which is ascribed to the decomposition of compounds con-
taining aromatic ring structures, characterized by a high thermo-stability, formed through condensation, polymerization and aroma-
tization reactions during the HTC treatment (Hornung et al., 2021; Ding et al., 2021). On this basis, from the second degradation step,
it is possible to quantify cellulose, taking into consideration that the decomposition of oxygenated compounds takes place at around
250°C, thus assuming negligible their contribution in the range 300-400°C, attributed to cellulose (Hornung et al., 2021; Gonnella et
al., 2022). Normalization of TGA data on percent basis allowed the quantification of the residual cellulose in these two samples,
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Fig. 2. TG/DTG curves of the solid residues from run 8 (220°C, 1 h, 20 wt%) and run 9 (220°C, 1 h, 10 wt%), in comparison with those of starting microcrystalline cel-
lulose.
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amounting to 44.2 and 77.2 wt% for the solids from runs 8 and 9, respectively, giving back the effective hydrochar yields of 22.3 (run
8) and 10.4 (run 9) wt%. To maximize the HTC yield, HTC yields were processed by multivariate analysis, to evaluate simultaneously
the interaction of multiple independent variables on the response of interest. Fig. 3 shows the corresponding response surfaces, show-
ing the trend of HTC yield as a function of two of the three independent variables within the domain of interest, keeping constant the
third one at the central value.

Fig. 3a shows that hydrochar yield is strongly dependent on the reaction temperature and time. It greatly increases with reaction
time at low temperatures (220-230 °C), while at intermediate (240 °C) and higher temperatures (250-260 °C), this increase is less
pronounced. At 240 °C, reaction time has a more evident effect on the hydrochar yield than cellulose loading (Fig. 3b). The modest
effect of the cellulose loading on the hydrochar yield is also confirmed at intermediate reaction time (x, =0, 3 h), where temperature
shows a more evident effect than cellulose loading (Fig. 3c). The experimental data were processed by Design Expert software and a
second-order polynomial model was developed, to correlate the independent variables with the response, thus obtaining the Equa-

tion (13), whereas Table 2 reports the corresponding regression coefficients and the correlation coefficient R? for the second-order
model.

Y =45.61 + 553X, +5.93X, +3.20X; — 3.19X7 — 2.99X7 — 2.54X3 — 6.55X, X, — 1.00X, X; — 0.725X,X; 13)

HTC Yield (Wt%)

10/0)

Fig. 3. Three-dimensional (3D) response surfaces: effect of the reaction temperature (°C), reaction time (h) and cellulose loading (wt%) on the hydrochar yield (wt%).

(a) Cellulose loading was kept constant at 15 wt% (x3 = 0); (b) reaction temperature was kept constant at 240 °C (x, =0); (c) reaction time was kept constant at 3 h
(x5=0).

Table 2
Regression coefficients of the experimental design (at the 95% of confidence level).
Po 45.61
By 5.53
Ba 5.93
B3 3.20
P12 —-6.55
Prs ~1.00
Paz —-0.725
By -3.19
Paz -2.99
Pa3 -2.54
R? 0.9130
Adjusted R? 0.8011
Adequate precision 10.6111
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According to the above linear coefficient values, the main effect on hydrochar yield is ascribed to temperature (f;) and reaction
time (f,) and, only to a lesser extent, to cellulose loading (p3). Combined terms have a significant synergistic effect on the response,
particularly for the temperature and the reaction time (B;5), whereas the other combined effects (temperature with cellulose loading
(B13) and reaction time with cellulose loading (B,3)) result less important. On the other hand, the influence of the quadratic terms (f;;,
Baa, B33) is comparable for all three factors. The high R? value (0.9130) is indicative of a close agreement between experimental and
predicted values of the hydrochar yield, whereas the R2 adjusted value is 0.8011 (> 0.6), confirming that the model is significant. In
addition, the adequate precision value was higher than 4, highlighting a good signal and confirming that the proposed model well de-
scribes the design space. Table 3 reports the results of the analysis of variance (ANOVA) to test the soundness and suitability of the
model.

Results were assessed with p-value and F-value as the main statistical parameters of interest and, in this case, the model has an F-
value of 8.16 and a p-value of 0.0057, implying its good significance (Xiros et al., 2017). F-values of A, B, C, and AB in Table 3 show
that these are significant model terms and, among them, reaction time (B) and temperature (A) have a greater effect, thus confirming
the key roles of both these reaction variables on the HTC yield, while cellulose loading has a modest effect, as previously stated.

To identify the optimal experimental conditions, which correspond to the highest HTC yield, the first derivative of the dependent
variable (hydrochar yield) as a function of the independent variables (temperature, reaction time and cellulose loading) must be
placed equal to zero, according to Equation (14):

X, 09X, 00X,

or oy _or e

In this case, Design Expert software proposed 100 solutions, which can be simplified according to practical criteria, such as providing
reasonable variations of the reaction temperature at least of 10 °C (Table S2). The final choice of the optimal conditions clearly de-
pends on specific economic considerations that can be made on larger production scales, considering all the involved costs (Paini et
al., 2022). At this preliminary level of investigation, the choice of higher temperatures and shorter reaction times is reasonable, also
preferring lower cellulose loading to ensure the carbonization progress. On the other hand, also lower temperatures and longer reac-
tion times could be adopted, improving the productivity in hydrochar by preferring a higher cellulose loading. To validate the model,
the latter proposal was considered (220 °C, 5 h, 20 wt% of cellulose loading), achieving a good matching between predicted
(47.3 wt%) and experimental data (average value 46.7 wt%). These preliminary evaluations are interesting if associated with a care-
ful characterization of the obtained solids, to get more information on the carbonization progress, eventually discriminating among
the physico-chemical properties of the hydrochars.

3.2. Characterization of hydrochars from cellulose

The carbonization progress of the solid phase is usefully monitored by the O/C and H/C molar ratios, calculated from ultimate
analysis data (Lin et al., 2022), which are also useful for the estimation of the HHVs of the hydrochars (Pauline and Joseph, 2020).
These data have been acquired and shown in Table 4, whereas Fig. 4 shows the molar ratios for the synthesized hydrochars according
to Van Krevelen diagram, which is used to better monitor the carbonization process (Giilec et al., 2022).

The hydrochars synthesized under milder reaction conditions (runs 8 and 9) are characterized by higher H/C and O/C molar ra-
tios, confirming the limited carbonization, in agreement with the previous characterization (FT-IR and TGA). As a further demonstra-
tion, their H/C and O/C molar ratios are similar to those of microcrystalline cellulose. For all the remaining hydrochars, much lower
H/C and O/C molar ratios are ascertained, in agreement with the literature data (H/C: 0.8-1.4 and O/C: 0.3-0.5) (Reza et al., 2015).
The Van Krevelen diagram shows that dehydration is the dominant path (Wu et al., 2023), followed to a lesser extent by decarboxyla-
tion (Wang et al., 2018), thus confirming the carbonization progress. For a more thorough discussion, it is interesting to underline

Table 3
ANOVA for the response surface of the quadratic model.

Source Sum of Squares Degree of Freedom Mean Squares? F-value p-value Remark
Model 1327.77 9 147.53 8.16 0.0057 significant
A-T 305.81 1 305.81 16.92 0.0045

B-t 351.65 1 351.65 19.46 0.0031

C-Loading 102.40 1 102.40 5.67 0.0489

AB 343.22 1 343.22 18.99 0.0033

AC 8.00 1 8.00 0.4426 0.5272

BC 4.20 1 4.20 0.2326 0.6443

A? 27.30 1 27.30 1.51 0.2588

B2 23.99 1 23.99 1.33 0.2871

c? 17.32 1 17.32 0.9580 0.3603

Residual 126.52 7 18.07

Lack of Fit 123.53 5 24.71 16.54 0.0580 not significant
Pure Error 2.99 2 1.49

Cor Total 1454.29 16

2 The mean squares values were calculated by dividing the sum of the squares of each variation source by their degrees of freedom, adopting a 95% confidence level to
determine the statistical significance in all analyses.
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Table 4
Ultimate analysis data, H/C and O/C molar ratios and HHVs of hydrochars deriving from cellulose (hydrochars from runs 1-17). Starting cellulose is reported for
comparison (run 0).

Run  Conditions® C [wt%] H [wt%] N [wt%] S [wt%] O [wt%] H/C [mol/mol] 0/C [mol/mol] HHV[MJ/Kg]
T, t, wt%
0 Cellulose 40.49 6.22 0.00 0.00 49.29 1.67 0.83 17.8
1 240°C,3h,15 wt% 67.76 4.60 0.01 0.03 27.60 0.81 0.31 26.4
2 240°C,3h,15 wt% 68.42 4.51 0.00 0.00 27.07 0.78 0.30 26.2
3 260°C,1h,20 wt% 68.77 4.56 0.00 0.00 26.67 0.79 0.29 26.7
4 240°C,3h,10 wt% 67.93 4.43 0.00 0.00 27.64 0.78 0.31 26.2
5 240°C,3h,15 wt% 67.94 4.43 0.00 0.00 27.63 0.80 0.29 26.6
6 220°C,5h,20 wt% 65.47 4.66 0.00 0.00 29.87 0.85 0.34 25.4
7 240°C,5h,15 wt% 68.82 4.56 0.00 0.04 26.58 0.79 0.29 26.7
8 220°C,1h,20 wt% 52.31 5.89 0.01 0.03 41.76 1.34 0.60 21.0
9 220°C,1h,10 wt% 44.69 6.10 0.00 0.00 49.21 1.63 0.83 17.9
10 260°C,3h,15 wt% 69.88 4.64 0.02 0.00 25.46 0.79 0.27 27.3
11 240°C,3h,20 wt% 67.64 4.50 0.00 0.00 27.86 0.79 0.31 26.1
12 260°C,5h,20 wt% 70.16 4.68 0.00 0.23 24.93 0.80 0.27 27.5
13 220°C,5h,10 wt% 65.70 4.27 0.01 0.00 30.02 0.77 0.34 25.0
14 260°C,5h,10 wt% 70.05 4.39 0.00 0.00 25.56 0.75 0.27 27.1
15 220°C,3h,15 wt% 66.47 4.37 0.00 0.00 29.16 0.78 0.33 25.4
16 240°C,1h,15 wt% 66.92 4.29 0.01 0.00 28.78 0.76 0.32 25.5
17 260°C,1h,10 wt% 68.88 4.33 0.00 0.00 26.79 0.75 0.29 26.5

2 The conditions report temperature, reaction time and cellulose loading.
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Fig. 4. Van Krevelen diagram of the synthesized hydrochars. Cellulose data are reported for comparison.

some useful comparisons between the input variables and the corresponding H/C and O/C molar ratios and HHV values. In particular,
the H/C and O/C molar ratios decrease when the temperature increases, as evidenced by comparing runs 8 and 3, runs 6 and 12, runs
9 and 17, and runs 13 and 14. As for the effect of reaction time, comparing runs 8 and 6 and runs 9 and 13, both molar ratios decrease
with an increase in reaction time. In contrast, comparing runs 3 and 12 and runs 17 and 14 highlights a decrease in the O/C molar ra-
tio with increasing reaction time, while the H/C ratio remains almost constant at medium and high temperatures (240-260°C). This
trend is attributed to an increase in the contribution of decarboxylation reactions with temperature, which affects the H/C molar ratio
more than the dehydration reactions, leading to a nearly constant H/C ratio. Finally, increasing cellulose loading does not signifi-
cantly affect the O/C ratio but increases the H/C values, as confirmed by comparing runs 17 and 3, runs 14 and 12, and runs 13 and 6.
The obtained O/C and H/C molar ratios are in agreement with those available in the literature (Dong et al., 2019). The HHV values
are in the range 25.0-27.5 MJ/kg for the hydrochars characterized by complete carbonization. The highest HHV is achieved for the
run 12, carried out under the harshest reaction conditions (260 °C, 5 h, 20 wt%, HHV = 27.5 MJ/kg). As shown in Table 4, the HHV
values increase with the raise of temperature and reaction time, as a direct consequence of the advanced carbonization, due to the de-
crease of the oxygen and hydrogen content and the increase of carbon amount (Dong et al., 2019), whereas no significant change of
HHVs occurs after variation of the cellulose loading. These hydrochars were further characterized by FT-IR spectroscopy, adopting
the KBr technique. As example, Fig. S2 shows the acquired spectra of hydrochar from run 8, as well as those of hydrochars synthesized
under more severe conditions (hydrochars from runs 3, 6, 12, and 13), whereas Table 5 reports the results for all the synthesized hy-
drochars, expressed as ratio (R1) between the area of the absorption band at 1700 cm (A;), associated with C=O stretching vibra-
tions of the carboxylic groups (Dong et al., 2019) and that centered at 1600 cm™! (A,), associated with C=C stretching vibrations of
the aromatic structures (Dong et al., 2019), for better monitoring the progress of the carbonization treatment.
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Table 5
R1 ratio (A1 (1700 cm™)/A2 (1600 cm™)) for solids recovered from HTC runs 1-17, at different reaction time, temperature and cellulose loading.

Runs® Temperature [°C] Reaction Time [h] Cellulose Loading [wt%] R1 = A; 1700 em™) / A2 1600em ™
8/6 220 1/5 20 0.80/1.24
9/13 220 1/5 10 0.41/0.98
3/12 260 1/5 20 1.59/1.01
17/14 260 1/5 10 1.38/0.99
16/2/7 240 1/3/5 15 1.16/1.24/1.42
8/3 220/260 1 20 0.80/1.59
9/17 220/260 1 10 0.41/1.38
6/12 220/260 5 20 1.24/1.01
13/14 220/260 5 10 0.98/0.99
15/2/10 220/240/260 3 15 1.16/1.24/1.20
9/8 220 1 10/20 0.41/0.80
13/6 220 5 10/20 0.98/1.24
14/12 260 5 10/20 0.99/1.01
17/3 260 1 10/20 1.38/1.59
4/2/11 240 3 10/15/20 1.35/1.24/1.32

a Runs 1, 2 and 5 were performed under the same reaction conditions, thus, run 2 is adopted as representative of their experimental conditions (240°C, 3 h, 15 wt%).

As shown in Table 5, R1 ratio varies from the lowest value of 0.41 (run 9) to the highest one of 1.59 (run 3). In addition to run 9,
also run 8 shows a low R1 value, in both cases underlining as the carbonization is initially favored over the formation of carboxylic
functionalities. For these samples, the aromatic structures are well-developed, in agreement with the formation of primary hydrochar
by solid-phase substrate degradation reactions (Falco et al., 2011). The univariate comparison reported in Table 5 shows that at low
temperatures, R1 increases with increasing reaction time, as confirmed, by comparing runs 8 (220 °C, 1 h, 20 wt%, R1 = 0.80) and 6
(220 °C, 5 h, 20 wt%, R1 = 1.24) and by comparing runs 9 (220 °C, 1 h, 10 wt%, R1 = 0.41) and 13 (220 °C, 5 h, 10 wt%,
R1 = 0.98). Also at intermediates temperatures, the same trend can be seen by comparing runs 16 (240 °C, 1 h, 15 wt%, R1 = 1.16)
and 2 (240 °C, 3 h, 15 wt%, R1 = 1.24) and 7 (240 °C, 5 h, 15 wt%, R1 = 1.42). On the other hand, at high temperature, R1 de-
creases with reaction time, as evidenced by the comparison between runs 3 (260 °C, 1 h, 20 wt%, R1 = 1.59) and 12 (260 °C, 5 h,
20 wt%, R1 = 1.01) and between runs 17 (260 °C, 1 h, 10 %p/p, R1 = 1.38) and 14 (260 °C, 5 h, 10 %p/p, R1 = 0.99). Regarding
the effect of temperature, R1 increases as temperature increases for low reaction time, as evidenced by the comparison between runs
8 (220 °C, 1 h, 20 wt%, R1 = 0.80) and 3 (260 °C, 1 h, 20 wt%, R1 = 1.59), between runs 9 (220 °C, 1 h, 10 wt%, R1 = 0.41) and
17 (260 °C, 1 h, 10 wt%, R1 = 1.38). For intermediate reaction times, the comparison between runs 15 (220 °C, 3 h, 15 wt%,
R1 = 1.16) and 2 (240 °C, 3 h, 15 wt%, R1 = 1.24) and 10 (260 °C, 3 h, 15 wt%, R1 = 1.20) underlines an increase of R1 with the
increase of temperature up to 240 °C, while the further increase of temperature up to 260 °C causes a R1 decrease. For longer reaction
times, the trend of the R1 ratio is opposite or less pronounced, as it can be observed by the comparison between runs 6 (220 °C, 5 h,
20 %, R1 = 1. 24) and 12 (260 °C, 5 h, 20 wt%, R1 = 1.01), while in the comparison between runs 13 (220 °C, 5 h, 10 wt%,
R1 = 0.98) and 14 (260 °C, 5 h, 10 wt%, R1 = 0.99) it remains almost constant. Finally, the effect of cellulose loading was consid-
ered, showing that R1 increases as the raise of cellulose loading at low temperature, whereas at medium and high temperatures R1 re-
sults almost constant with the increment of cellulose loading, as shown from the comparison between runs 9 (220 °C, 1 h, 10 wt%,

R1 = 0.41) and 8 (220 °C, 1 h, 20 wt%, R1 = 0.80), between runs 13 (220 °C, 5 h, 10 %p/p, R1 = 0.98) and 6 (220°C, 5h, 20 wt%,
R1 = 1.24), between runs 4 (240°C, 3h, 10 wt%, R1 = 1.35) and 2 (240 °C, 3 h, 15 wt%, R1 = 1.24) and 11 (240°C, 3 h, 20 wt%,
R1 = 1.32), between runs 14 (260 °C, 5 h, 10 wt%, R1 = 0.99) and 12 (260°C, 5 h, 20 wt%, R1 = 1.01), between runs 17 (260 °C,

1 h, 10 wt%, R1 = 1.38) and 3 (260 °C, 1 h, 20 wt%, R1 = 1.59). In summary, HTC process conducted under more severe condi-
tions, in terms of temperature and/or reaction time, leads to an increase of the R1 ratio. However, above a limited critical value of re-
action condition severity, the trend reverses, and the R1 ratio decreases. This behavior can be rationalized taking into consideration
than a further increase in the severity of the treatment can cause the degradation of carboxyl groups by decarboxylation reactions
(Sheng et al., 2019; Wang et al., 2018; Falco et al., 2011; Wu et al., 2023), which is not desirable for acid applications, such as the in-
vestigated HMF formation from fructose dehydration. As reported in the literature, the carboxylic groups, and other oxygenated
groups of the catalyst can form strong hydrogen-bonding interactions with fructose, leading to an important synergic effect, by en-
hancing the performance of the catalysts, enhancing the interaction between the chars and the fructose (Qiao et al., 2015; Qi et al.,
2015; Guo et al., 2022), besides the positive contribution of the sulfonic groups for this reaction (Ma et al., 2023; Morales-Leal et al.,
2019). Moreover, too high temperatures should be avoided, resulting inappropriate to get appreciable improvements in hydrochar
carbonization, which is therefore limited respect to pyrolysis and gasification processes (Lu et al., 2012).

In the perspective of developing applications in acid catalysis (Masoumi et al., 2021), the total acidity determination was carried
out by Boehm's titration. The results obtained for the synthesized hydrochars are reported in Table 6, resulting in agreement with
those reported in the literature for hydrochars (Saha et al., 2019, 2020).

Runs 1, 2 and 5 were conducted under identical reaction conditions, resulting in similar total acidity values. Thus, run 2 (240°C,
3 h, 15 wt%) was chosen as representative for further analysis, as its value (1112 pmol/g) was closest to the average value obtained
from these runs. At low temperatures, acidity increases with reaction time (compare run 8 with 6 and run 9 with 13), which is further
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Table 6
Determination of the total acidity of the synthesized hydrochars. Total acidity of the starting cellulose is also reported, for comparison.

Run Conditions? Total acid groups [pmol/g] Run Conditions?® Total acid groups [pmol/g]
T, t, wt% T, t, wt%

0 Cellulose 51 9 220°C, 1h, 10 wt% 518
1 240°C, 3h, 15 wt% 1155 10 260°C, 3h, 15 wt% 1264
2 240°C, 3h, 15 wt% 1112 11 240°C, 3h, 20 wt% 1123
3 260°C, 1h, 20 wt% 1245 12 260°C, 5h, 20 wt% 1209
4 240°C, 3h, 10 wt% 1046 13 220°C, 5h, 10 wt% 1262
5 240°C, 3h, 15 wt% 1087 14 260°C, 5h, 10 wt% 935
6 220°C, 5h, 20 wt% 1384 15 220°C, 3h, 15 wt% 984
7 240°C, 5h, 15 wt% 1208 16 240°C, 1h, 15 wt% 1022
8 220°C, 1h, 20 wt% 986 17 260°C, 1h, 10 wt% 1002

2 The conditions report temperature, reaction time and cellulose loading.

confirmed at intermediate temperatures (compare run 16 with 2 and 7). However, at high temperatures, a decrease in acidity occurs
with longer reaction times (compare run 3 with 12 and run 17 with 14). Regarding the effect of the reaction time, an increase in acid-
ity is observed at higher temperatures and shorter reaction times (compare run 8 with 3 and run 9 with 17), and this trend is also con-
firmed at intermediate reaction times (compare run 15 with 2 and 10). However, at longer reaction times, acidity decreases with in-
creasing temperature (compare run 6 with 12 and run 13 with 14). Finally, total acidity always increases with cellulose loading for all
reaction times (compare run 17 with 3, run 9 with 8, run 14 with 12, run 13 with 6, run 4 with 2, and run 11). Furthermore, the sur-
face morphology of hydrochars was investigated by SEM analysis and some micrographs of hydrochar derived from run 6 is reported
in Fig. 5, as an example.

SEM images show the presence of globular structures, constituted by condensed microspheres, known as “humins”, which origi-
nate from decompositions of carbohydrates (Ding et al., 2021). Taking into account the mechanisms of hydrochar formation, the cel-
lulosic fraction inside the spherical domains is directly converted into primary hydrochar particles, whereas the fraction in contact
with the aqueous phase partially solubilizes, forming particles of secondary hydrochar, which grow progressively, after polymeriza-
tion/condensation of the liquid-phase intermediates (Falco et al., 2011), resulting visible by the SEM technique. The presence of these
(and other) by-products on the surface leads to very low surface areas, which are always lower than 10 m?2/g for all the synthesized
hydrochars.

3.3. Characterization of the liquid phase

The liquid phase recovered after separation from the solid hydrochars was analyzed by HPLC to identify and quantify the main
components originating from degradation of cellulose, in particular glucose, HMF, furfural, levulinic and formic acids (Cao et al.,
2015). Molar yields in these compounds have been evaluated, as well as the pH of the liquors and these data are reported in Table 7.

The presence of glucose, formic acid, levulinic acid, HMF, and furfural in the liquid phase can be used to indirectly evaluate the
carbonization progress. Glucose is formed in conditions of backward carbonization, whereas high concentrations of furans and car-
boxylic acids indicate advanced carbonization (Cao et al., 2015). Runs 8 and 9 show high yields of glucose and lower yields of lev-
ulinic acid, confirming a backward carbonization, while runs under severe conditions show high yields of levulinic acid (4.5-
10 mol%), indicating an advanced carbonization, in agreement with the recent literature (Lin et al., 2022). The yield of formic acid is
highly dependent on the reaction temperature, since it predominantly degrades to CO, and H,. This trend can be observed by compar-
ing run 8 with 3 and run 6 with 12. The yields of the intermediates HMF and furfural under advanced carbonization are low (HMF: <
0.8 mol%, furfural: < 0.7 mol%), whereas these are higher under milder reaction conditions (HMF: 6.5-9.5 mol%, furfural:
1-2.5 mol%).These data are in agreement with the work of H. Lin et al. (2022), underlining that, when more severe reaction condi-
tions are adopted for boosting the carbonization process, HMF and furfural easily degrade. By losing formaldehyde, HMF can also de-
compose to produce humins and furfural. (Wang et al., 2017). The pH of all the hydrolysates results in the range 2.3-2.9, due to the
formation of dissolved acidic organic species. In any case, the pH variation for the obtained hydrolysates is very limited, resulting in-
appropriate for finely monitoring HTC treatment.

Fig. 5. SEM micrographs of the hydrochar obtained from run 6.
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Table 7
Characterization of the liquid phases recovered after HTC of microcrystalline cellulose.

Run  Yield Glucose [mol%] Yield Yield Yield HMF [mol%] Yield Furfural [mol%] pH
Formic Acid [mol%] Levulinic Acid [mol%]
1 0.1 7.0 5.8 0.2 0.1 2.5
2 n.d. 6.6 3.6 0.3 0.1 2.5
3 n.d. 5.0 3.2 0.2 0.2 2.5
4 0.1 7.0 5.2 0.3 0.2 2.6
5 n.d. 6.5 4.2 0.3 0.1 2.5
6 n.d. 7.8 6.5 0.2 0.1 2.4
7 n.d. 6.5 1.3 0.3 n.d. 2.6
8 18.4 6.5 2.9 6.9 1.8 2.3
9 18.2 7.0 2.2 9.4 2.5 2.6
10 n.d. 5.5 0.5 0.3 0.1 2.6
11 0.1 6.0 4.5 0.2 0.1 2.4
12 n.d. 4.7 n.d. 0.2 n.d. 2.6
13 1.1 9.6 12.6 0.7 0.7 2.5
14 n.d. 6.1 0.7 0.4 0.1 2.9
15 0.5 8.6 11.2 0.5 0.6 2.3
16 0.8 7.2 10.9 0.8 1.3 2.5
17 n.d. 6.1 4.6 0.4 0.4 2.6

n.d. = not detected.

Lastly, the gaseous phase of the reaction conducted under the most severe conditions (run 12, 260 °C, 5 h, 20 wt%) was analyzed
by GC analysis. In this case, the HTC processing of cellulose produces a low amount of the non-condensable fraction (H, = 0.8 vol%,
0O, = 3.6 vol%, N, = 15.3 vol%, CH,; = 0.1 vol%, CO = 9.4 vol% and CO, = 70.8 vol%). The prevalence of CO, (70.8 vol%) can
be explained considering the occurrence of the decarboxylation path, whereas the low amount of CO (9.4 vol%) and traces of CH,
(0.1 vol%) and H, (0.8 vol%) are in agreement with the literature (Kang et al., 2012). This preliminary information is very useful to
demonstrate that, in principle, the proposed HTC treatment can be performed in conditions of good safety.

In conclusion, taking into consideration not only the HTC yield, but also the physico-chemical properties of the hydrochar and its
subsequent application, the best reaction conditions were identified at 220°C for 5 h with the cellulose loading of 20 wt%, achieving
the HTC yield of 46.3 wt%, comparable to the highest one predicted by the model (47.3 wt%). The hydrochar prepared under the op-
timal reaction conditions (run 6), named HTC-C, is characterized by H/C and O/C molar ratios of 0.85 and 0.34 respectively, together
with the HHV value of 25.4 MJ/kg and the total acidity of 1384 pmol/g, identifying it as a promising solid to be used as catalyst pre-
cursor.

3.4. Synthesis and characterization of hydrochars from real biomasses

Once having optimized the hydrochar synthesis from microcrystalline cellulose, the investigation moved towards the synthesis of
hydrochar from hazelnut shells (HTC-HS), applying the previously optimized reaction conditions. Hazelnut shell was selected as the
waste biomass due to its high abundance in Europe (Ceylan et al., 2022; Saleh et al., 2021), which makes its valorization very impor-
tant in the perspective of circular economy. At the moment, this waste is mostly used as fuel (Solis et al., 2023) or for recovery of phe-
nolic antioxidants of lignin-source (Di Michele et al., 2021). Regarding the mechanism of hydrochar formation from such real bio-
masses, it mainly involves the hemicellulose and the cellulose fractions, whereas the lignin one, which is the main component, is more
recalcitrant and found as hydrochar, condensed together with humins of carbohydrate source (Cavali et al., 2023). The chemical com-
position of the adopted hazelnut shells is the following one: cellulose 22.9 wt%, hemicellulose 23.5 wt% (xylan: 18.6 wt%, arabinan:
0.5 wt%, acetyl groups: 4.4 wt%), lignin 37.6 wt%, uronic acids 5.0 wt%, ash 1.4 wt%, extractives 1.4 wt% and other compounds
8.2 wt%. Table 8 summarizes the HTC yields and ultimate analysis data obtained for hazelnut shells. For comparison, the correspond-
ing data of the best hydrochar deriving from cellulose (run 6) HTC-C have also been reported.

The hydrochar yield from hazelnut shells is in agreement with the literature data, resulting in the range 50-60 wt% (Licursi et al.,
2017). The high carbon contents of this hydrochar (HTC-HS, Table 8) confirm its occurred carbonization. In detail, the HTC-HS shows
a marked decrease of H/C and O/C molar ratios respect to the corresponding starting compound, confirming its lignite-like behavior
(Diidder et al., 2016). The occurred carbonization is also confirmed by the corresponding HHV value, equal to 25.6 MJ/kg, which is
higher than that of the starting feedstock. The obtained HTC-HS hydrochar was also characterized by FT-IR analysis and the corre-

Table 8
HTC yields, ultimate analysis data, H/C and O/C molar rations and HHVs of hydrochars deriving from HTC of hazelnut shells at 220°C, 5 h, 20 wt% initial loading.
For comparison, data from HTC-C (run 6) and the starting feedstocks have been added.

Sample HTC yield [wt%)] C [wt%] H [wt%] N [wt%] S [wt%] O [wt%] H/C [mol/mol] 0O/C [mol/mol] HHV[MJ/Kg]
HTC-HS 56.8 64.07 5.38 0.23 0.17 30.15 1.00 0.35 25.6
HTC-C (run 6) 47.3 65.47 4.66 0.00 0.00 29.87 0.85 0.34 25.4
Hazelnut shells 51.00 5.80 0.20 0.00 43.00 1.36 0.63 20.2
Cellulose 40.49 6.22 0.00 0.00 49.29 1.67 0.83 17.8
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sponding spectrum is shown in Fig. S3, together with that of the starting feedstock that results in agreement with that reported in the
literature (Hasdemir et al., 2022). For comparison, in the same Fig. S3, the spectra of HTC-C (run 6) and cellulose are shown. The FT-
IR spectra of both synthesized hydrochars are very similar to each other, demonstrating the robustness of the HTC treatment also from
the real biomass, whereas they result different from those of the starting feedstocks. After carbonization, the band at about 1030 cm!
for the synthesized hydrochars decreased and concurrently new bands appeared, such as that at about 1700 cm™! attributed to C=0
stretching vibrations of carboxyl or carbonyl groups (Dong et al., 2019), that at about 1600 cm™ due to C=C stretching of furanic
rings and that at about 795 cm'! ascribable to aromatic bending off the plane of the C-H bond (Iroba et al., 2014). Then, the morphol-
ogy of the synthesized hydrochar from hazelnut shells was investigated by SEM analysis, as reported in Fig. S4, mainly showing the
presence of spherical interconnected aggregates, together with isolated particles and the specific surface area was also evaluated, re-
sulting lower than 10 m2/g. The TGA analysis was further performed and the corresponding thermogram is reported in Fig. S5, to-
gether with that of HTC-C (run 6). The thermogram of the hydrochar from hazelnut shells is similar to that deriving from cellulose,
showing a first thermal degradation step, due to the release of humidity and volatile substances (4.8 wt%). Then, a second thermal
degradation step can be appreciated, assigned to the real thermal degradation of hydrochar (48.7 wt%), in agreement with the avail-
able literature data (Hornung et al., 2021). The absence of additional peaks confirms the complete bulk conversion of hemicellulose
and cellulose fractions, as expected (Licursi et al., 2017).

The liquid phase recovered from the HTC-HS was analyzed by HPLC, in order to identify and quantify the main components (Table
S3). This liquid phase includes levulinic and formic acids as the major identified compounds, originating from the degradation of cel-
lulose fraction, as well as a lower amount of acetic acid, deriving from the hydrolysis of acetyl groups of hemicellulose (Antonetti et
al., 2020). Yields in furanic compounds (HMF and furfural) and monosaccharides (glucose and xylose) are low, thus demonstrating a
complete conversion of the starting hazelnut shells and, indirectly, the carbonization of the solid phase.

3.5. Synthesis and characterization of pyrochars from cellulose and real biomasses

Slow-pyrolysis is a thermochemical process used for biomass carbonization (Subratti et al., 2021; Wang et al., 2020), producing
biochars that have good surface properties, making them useful as adsorbents, fuel cells, and catalysts (Bolan et al., 2022; Huggins et
al., 2014; Xiong et al., 2017). For this last use, it is necessary to increase the aromatization degree and the surface area of the native
hydrochars (Islam et al., 2022) and pyrolysis post-treatment could be effective also for this purpose. On this basis, pyrolysis post-
treatment was carried out on the synthesized hydrochars from cellulose (run 6) and hazelnut shells, obtaining pyrochars, named PY-C
and PY-HS respectively. The achieved yields resulted 61.9 and 52.9 wt%, starting from HTC-C (run 6) and HTC-HS, respectively, and
the synthesized pyrochars were further characterized by ultimate analysis, FT-IR, SEM and specific surface area. Ultimate data of the
synthesized pyrochars are reported in Table 9, together with those of the corresponding hydrochar precursors, for comparison.

The above data related to pyrochars show similar H/C molar ratios, whereas remarkable differences are evident for the O/C molar
ratios (from 0.09 to 0.22). However, H/C and O/C molar ratios are in agreement with the available data (H/C: 0.1-0.5 and O/C:
0-0.2) (Hornung et al., 2021). A low O/C molar ratio indicates a high degree of aromatization and a low polarity of the pyrochar,
which is highly desirable for traditional high-quality coals. From this perspective, the highest O/C molar ratio ascertained for the PY-
C sample highlights its backward carbonization. The decrease of the O/C molar ratio, moving from hydrochars to pyrochars, is related
to the occurrence of decarboxalation and dehydration reactions, which occur during the harsher carbonization conditions of the py-
rolysis, boosting the decomposition of oxygen-containing compounds and enabling the formation of C-C bonds. The HHVs of the syn-
thesized pyrochars are similar (27.3 and 32.6 MJ/kg for PY-C and PY-HS, respectively) and both higher than those of the correspond-
ing hydrochars (Table 9) and starting compounds (Table 8). The marked increase of HHV values for pyrochars is due to the adopted
high pyrolysis temperature, which increases the carbon content and decreases the hydrogen one. These data can be better evaluated
according to the Van Krevelen diagram (Fig. 6).

As expected, the above diagram confirms the key role of the dehydration pathway, in agreement with the previous results. FT-IR
spectra of the synthesized pyrochars are reported in Fig. S6, showing similar fingerprints and demonstrating the effectiveness of the
treatment from different hydrochar precursors. In comparison with hydrochars, pyrochars show a decrease of the absorption band at
about 1700 cm! (C=O0 stretching of carboxylic groups).On the other hand, both the absorption band at about 1550-1600 cm'!
(stretching vibrations of C=C bonds of furanic rings) and that at about 750-820 cm'! (aromatic off-the-plane C-H bending vibrations)
increase in the pyrochar samples, confirming that the pyrolysis post-treatment has further improved the carbonization of the solid
phase (Iroba et al., 2014). Subsequently, SEM analysis of the pyrochars was performed to examine the surface morphology (Fig. S7),
confirming for PY-C the presence of interconnected spheres of relatively uniform sizes, smoother outer surfaces and regular spherical
shapes, as in the case of the corresponding hydrochar precursor, whereas for PY-HS it is possible to observe a porous surface, high-
lighting the presence of spherical humin particles. Specific surface areas of these solids were determined, achieving similar values

Table 9
Ultimate analysis data, H/C and O/C molar rations and HHVs of the synthesized pyrochars (PY-C and PY-HS), together with the corresponding hydrochar precur-
sors.

Sample Name C [wt%] H [wt%)] N [wt%] S [wt%] O [wt%] H/C [mol/mol] 0O/C [mol/mol] HHV [MJ/Kg]
PY-C 75.63 2.65 0.00 0.00 21.72 0.42 0.22 27.3
PY-HS 86.38 2.98 0.42 0.04 10.18 0.41 0.09 32.6
HTC-C (run 6) 65.47 4.66 0.00 0.00 29.87 0.85 0.34 25.4
HTC-HS 64.07 5.38 0.23 0.17 30.15 1.00 0.35 25.6
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Fig. 6. Van Krevelen diagram of synthesized pyrochars, hydrochars and starting feedstocks (cellulose and hazelnut shells).

(464 m2/g for PY-C and 397 m?/g for PY-HS), which are in agreement with biochars obtained from D. Chen et al. (2022), suggesting
that the pyrolysis post-treatment of the hydrochar favors the release of volatile trapped compounds, improving its surface properties,
as desired for the development of catalytic applications. In addition to the solid phase, the bio-oils recovered from pyrolysis were fur-
ther characterized by GC-MS analysis and Table S4 summarizes these results, evaluated in terms of normalized areas (%). For a
clearer discussion, the components of the bio-oils were classified into seven classes of compounds, acids, aldehydes, aromatics, ethers,
furans, ketones and phenols, whose presence is also confirmed by the literature data (Patwardhan et al., 2009). Unidentified com-
pounds are considered as ‘other compounds’, amounting to 8.4 and 9.6 %, for HTC-C (run 6) and HTC-HS, respectively. Both the ob-
tained bio-oils, from HTC-C (run 6) and HTC-HS, show the presence of aromatics (phenols and furans) as the main compounds (Chen
et al., 2022). The analysis of the bio-oil recovered from pyrolysis post-treatment of HTC-HS confirms the presence of phenols and sim-
ple monolignols (guaiacol and its derivates, 27.4%), originating from lignin degradation, whereas the furanic compounds were de-
tected together with other furanosidic derivatives, such as 1-(2-furanyl)-ethanone and 5-methylfurfural, in addition to furfural, deriv-
ing from the well-known degradation of the cellulosic fraction.

3.6. Functionalization of hydrochars and pyrochars and preliminary test on the acid-catalyzed synthesis of HMF from fructose

In the perspective of proposing the synthesized hydrochars and pyrochars as catalyst precursors for acid-catalyzed reactions, it is
essential to determine and increase their surface acidity. This determination was carried out according to Boehm's titration technique,
estimating the contributions of total acid groups and that of carboxylic, phenols and lactonic ones (Saha et al., 2020), summarizing
the results in Table 10.

The above data highlight a significant difference in acidity between hydrochars (1000-1400 pmol/g) and pyrochars
(90-300 pmol/g). Carboxylic groups (500-800 pmol/g) are the main contributors to the total acidity in hydrochars, whose presence
was previously identified by FT-IR characterization (Fig. S3), while lactonic groups (350-550 pmol/g) and phenolic ones
(50-220 pmol/g) also play an additional role. The presence of lactonic groups is attributed to aromatization and polymerization reac-
tions on the hydrochar surface (Ren et al., 2019). Hydrochars exhibit mild acidic properties, potentially exploitable for acid catalytic
applications, but have a low surface area and an irregular morphology, quite similar to the starting precursors. On the other hand, py-
rochars have higher surface areas and rudimentary porosity, but show less acidic properties. Thus, pyrochars are better catalyst pre-
cursors, in terms of morphological and surface properties, but their acidity should be enhanced. To achieve this goal, sulfonation of
the pyrochars PY-C and PY-HS was carried out (Gromov et al., 2018), obtaining PY-C-S and PY-HS-S samples, respectively. Hy-
drochars HTC-C (run 6) and HTC-HS were also subjected to the same sulfonation treatment, leading to the HTC-C-S and HTC-HS-S
samples. All sulfonated chars were characterized and Table 11 shows the results of ultimate analysis, in comparison with the data of
the corresponding precursors.

The higher sulfur amount (wt%) in the sulfonated samples confirms the occurred modification. Remarkably, also the oxygen
amount is higher in the sulfonated sample, suggesting the presence of more oxygenated functionalities. FT-IR spectra of these samples

Table 10

Total acid, carboxylic, phenols and lactonic groups on the synthesized hydrochars and pyrochars obtained from cellulose and hazelnut shells determined by Boehm's
titration.

Sample Name Total acid groups [pmol/g] Carboxylic groups [pmol/g] Phenolic groups [pmol/g] Lactonic groups [pmol/g]
HTC-C (run 6) 1384 789 53 542

HTC-HS 1052 478 224 350

PY-C 92 4 79 9

PY-HS 289 116 92 81
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Table 11

Ultimate analysis data, H/C and O/C molar ratios and HHVs of HTC-C-S and HTC-HS-S and PY-C-S and PY-HS-S. For comparison, data related to the corresponding
not sulfonated precursors are reported.

Sample Name C [wt%] H [wt%] N [wt%)] S [wt%)] O [wt%] H/C [mol/mol] 0/C [mol/mol] HHV [MJ/Kg]
hydrochars

HTC-C (run 6) 65.47 4.66 0.00 0.00 29.87 0.85 0.34 25.4
HTC-C-S 51.84 2.51 0.02 0.96 44.56 0.58 0.65 16.6
HTC-HS 64.07 5.38 0.23 0.17 30.15 1.00 0.35 25.6
HTC-HS-S 53.81 2.37 0.20 1.12 42.50 0.53 0.59 17.3
pyrochars

PY-C 75.63 2.65 0.00 0.00 21.72 0.42 0.22 27.3
PY-C-S 60.93 2.60 0.04 2.07 34.36 0.51 0.42 21.0
PY-HS 86.38 2.98 0.42 0.04 10.18 0.41 0.09 32.6
PY-HS-S 61.85 2.49 0.06 1.86 33.74 0.48 0.41 21.0

are reported in Figs. S8 and S9, differentiating between hydrochars and pyrochars, respectively. FT-IR spectra of the sulfonated sam-
ples differ from those of the corresponding precursors for the presence of the absorption band at 1035 cm! (SO5" stretching vibra-
tion), which confirms the occurred sulfonation of the hydrochars/pyrochars (Guo et al., 2012). Moreover, the absorption band at
about 1570-1600 cm! (-C = O stretching vibrations of -COOH groups) was visible in the spectra of sulfonated samples, whereas the
more pronounced band at about 3000-3400 cm'!, assigned to the C-OH stretching vibrations and -OH bending vibrations of -COOH
groups, indicates the new formation of -COOH, further exploitable for the acid catalysis. The enhanced contribution of the of -COOH
groups after sulfonation is reasonably due to the oxidative effect of H,SO, (Cao et al., 2018b; Tamborini et al., 2019).

Furthermore, in order to estimate the contribution of the -SO3H group, XPS analysis of the samples was performed and the XPS
spectrum of PY-C-S example is reported in Fig. S10. XPS data confirm the presence of -SO;H groups (168 eV). Considering the bulk
sulfur content, previously determined by ultimate analysis, it was possible to determine the acid sites due to -SO3;H groups, which was
compared with that experimentally obtained according to Boehm's titration (Table 12), due to the increase of total acid groups after
sulfonation.

The achieved results from Boehm's titration show for all sulfonated samples a higher acidity (in the range 1400-1700 pmol/g)
than that of the corresponding precursors (Table 10). The acidity increase after sulfonation is greater for pyrochars, instead resulting
less pronounced for hydrochars. Moreover, the comparison between the two data sets confirms that -SOsH group contributes to about
20 and 40 wt% of the total acidity for hydrochars and pyrochars, respectively, whereas the remaining contribution is attributed to
other additional acidic functionalities (-COOH and -OH groups) (Cao et al., 2018b; Tamborini et al., 2019).

On this basis, the synthesized sulfonated samples (hydrochars and pyrochars) were preliminary tested for the acid-catalyzed hy-
drothermal synthesis of HMF from fructose, adopting microwave irradiation. The reaction has been extensively studied in the recent
literature (Xiong et al., 2018; Cao et al., 2018a; Zuo et al., 2023; Fulignati et al., 2022; Antonetti et al., 2017a, 2017b) and certainly
represents a good starting point for a preliminary evaluation of the Brgnsted acid properties of our sulfonated systems. For compari-
son, also the not sulfonated samples, hydrochar and pyrochars, deriving from cellulose and hazelnut shells were tested. This reaction
was studied adopting the same reaction conditions previously optimized by us with the sulfonic resin Amberlyst A70 as the Brgnsted
acid catalyst (Patwardhan et al., 2009), working under microwave irradiation at 180°C for 20 min, with the starting fructose loading
of 9 wt%. The amounts of the investigated samples were determined according to their total acidity, adopting the same ratio meq
H* /g of fructose employed previously by us with the Amberlyst A70, equal to 0.031 meq H* /g fructose (Antonetti et al., 2017b). The
obtained data, together with the main features of the investigated samples, are shown in Table 13.

The not sulfonated samples obtained from cellulose, hydrochar (HTC-C (run 6)) and pyrochar (PY-C), were investigated (runs 1
and 3, Table 13). PY-C is characterized by a low acidity, equal to 92 pmol/g, together with a high surface area (464 m2/g), whereas
HTC-C (run 6) shows an interesting acidity of 1384 pmol/g, but a negligible surface area. Therefore, the higher acidity of HTC-C (run
6) enables us to reach increased fructose conversion (65.1 versus 21.5 mol%) and HMF yield (31.0 versus 9.8 mol%), showing compa-
rable performances, in terms of HMF selectivity. Moreover, the huge amount of PY-C necessary to have the selected meq H* /g fruc-
tose ratio can cause mixing limitations, which negatively affect the catalytic performances. In addition to HMF, in the reaction mix-
tures, levulinic and formic acids were detected, being the rehydration products of HMF in acid conditions and in both runs they re-

Table 12
Total acid groups of the sulfonated samples determined by Boehm's titration and acid sites due to -SO;H groups based on ultimate analysis.

Sample Total acid groups [pmol/ Increase of total acid groups due to sulfonation [pmol/ Acid sites due to -SO3H groups on ultimate analysis [pmol/

g] a g] b g] c
HTC-C-S 1688 304 300
HTC-HS- 1630 578 297
S
PY-C-S 1390 1298 647
PY-HS-S 1598 1300 581

a Determined by Boehm's titration.
b calculated as the difference between total acid groups after sulfonation by Boehm's titration and total acid groups before sulfonation by Boehm's titration.
¢ Calculated on the basis of S amount on ultimate analysis in the sample after and before sulfonation.
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Table 13

Catalytic conversion of fructose to HMF in water in the presence of not sulfonated hydrochars (HTC-C (run 6) and HTC-HS) and pyrochars (PY-C and PY-HS) and
sulfonated hydrochars (HTC-C-S and HTC-HS-S) and pyrochars (PY-C-S and PY-HS-S). Reaction conditions: fructose: 0.5 g, H,0: 5 mL, 0.031 meq H* /g fructose,
180°C for 20 min under microwave irradiation.

Run Catalyst Total acid groups  Specific Surface Fructose Conversion HMF Selectivity HMF Yield Levulinic acid Yield Formic Acid Yield
(mg) (pmol/g) Area (m?/g) (mol%) (mol%) (mol%) (mol%) (mol%)

Initial feedstock: cellulose

1 HTC-C (run 1384 9 65.1 47.6 31.0 0.4 1.3
6)
(11.1)

2 HTC-C-S 1688 9 81.8 52.4 42.9 2.4 5.1
9.2)

3 PY-C 92 464 21.5 45.8 9.8 0.3 0.6
(168.5)

4 PY-C-S 1390 185 79.7 54.2 43.2 1.4 2.2
(11.2)

Initial feedstock: hazelnul shells

5 HTC-HS 1052 11 36.9 49.1 18.1 0.6 1.1
(14.7)

6 HTC-HS-S 1630 11 66.4 44.4 29.5 1.1 1.8
9.5)

7 PY-HS 289 397 27.3 44.2 12.1 0.4 0.7
(53.6)

8 PY-HS-S 1598 134 74.4 48.1 35.8 11 1.4
0.7

sulted low (< 1.5 mol%), confirming the effectiveness of the adopted reaction conditions for HMF synthesis. Then, still starting from
cellulose, the corresponding sulfonated systems, HTC-C-S and PY-C-S, were tested (runs 2 and 4, Table 13), showing improved cat-
alytic performances. In fact, HTC-C-S allowed us to obtain the HMF yield of 42.9 mol% with higher fructose conversion and HMF se-
lectivity than those achieved with the corresponding not sulfonated precursor (run 1), due to the increased acidity of the catalyst after
the sulfonation treatment, the surface area remaining unchanged. On the other hand, PY-C-S shows comparable results with HTC-C-S,
reaching the HMF yield of 43.2 mol%: in this case, its lower acidity (1390 versus 1688 pmol/g) is balanced with a higher surface area
(185 versus 9 m?/g). As expected, in runs 2 and 4, the amounts of levulinic and formic acids are higher than the corresponding ones in
runs 1 and 3, as well as the formation of humins, evaluated by higher solid amounts recovered at the end of reactions with sulfonated
systems respect to the adopted inizial catalysts amounts (Cao et al., 2018a). When the catalysts deriving from hazelnut shells were
employed, the behaviour of the not sulfonated precursors (HTC-HS and PY-HS, runs 5 and 7) is similar to that previously observed for
cellulose-derived not sulfonated samples. In fact, HTC-HS (run 5) shows better catalytic performances than PY-HS (run 7), due to
higher acidity of the former (1052 versus 289 pmol/g), even if it is characterized by a lower surface area (11 versus 397 m?/g).
Adopting HTC-HS, the HMF yield of 18.1 mol% was ascertained, together with low amounts of HMF rehydration products. Further-
more, also the sulfonated samples from huzelnut shells, HTC-HS-S and PY-HS-S, were tested (runs 6 and 8) and in this case, differently
to the corresponding samples from cellulose, PY-HS-S shows higher catalytic performances than HTC-HS-S. Employing the first sys-
tem in run 8, the HMF yield of 35.8 mol% was obtained in comparison to 29.5 mol% achieved with HTC-HS-S. The two hazelnut
shells-derived sulfonated systems are characterized by comparable acidity (1598 and 1630 pmol/g for PY-HS-S and HTC-HS-S, re-
spectively), but different surface area (134 and 11 m2/g for PY-HS-S and HTC-HS-S, respectively), highlighting that, working with the
same acidity, which is the most important parameter, also the surface area and the morphology become important, thus justifying the
proposed consecutive multi-step preparation of biomass-derived acid catalysts. The recyclability of the two best systems from cellu-
lose and hazelnut shells (PY-C-S and PY-HS-S), synthesized according the multi-step procedure, was investigated and the obtained re-
sults are shown in Fig. 7.

The recycled systems, PY-C-S (run 4) and PY-HS-S (run 8), show a slight decrease of the catalytic performances, obtaining HMF
yields of 31.5 and 24.6 mol% respectively, versus 43.2 and 35.8 mol% of the corresponding fresh samples. At the end of the recycling
tests, both the catalysts, after simple washing with acetone, were reused again in another recycling test. The catalyst performances
were almost completely restored, reaching HMF yields equal to 39.9 and 32.4 mol%, thus highlighting the effectiveness of the simple
reactivation procedure. The obtained results with sulfonated pyrochars samples afford HMF yields in the range 35-45 mol%, in agree-
ment with the best data obtained for the same reaction in the literature with sulfonated biochars (Xiong et al., 2018) and with com-
mercial resins (Antonetti et al., 2017b). Regarding sulfonated biochars, the systems prepared from forestry wood waste enabled to
achieve the highest HMF yield of 42.3 mol%, employing a high acidity, equal to 0.33 meq H* /g fructose, at 180°C for 20 min under
microwave irradiation (Xiong et al., 2018). Furthermore, the authors report the occurrence of secondary reactions arising from the re-
action intermediates and the stability of the synthesized sulfonated catalysts was not verified and discussed. Moreover, it is also im-
portant to underline that the initial fructose loading employed, which was only 4.7 wt%, is not feasible for industrial-scale applica-
tions. Regarding the comparison with commercial acid resins, our results are comparable with those reached, under the same reaction
conditions, with Amberlyst-70, thus confirming the effectiveness of the synthesized sulfonated samples which could be employed in a
wider temperature range respect to organic resins. These results open the way to extend the proposed multi step preparation also to
waste resources, to verify their promising potential as acid catalysts for biomass circular exploitation.
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Fig. 7. Catalytic results for the conversion of fructose to HMF in water in the presence of recycled PY-C-S (run 4), PY-HS-S (run 8) and recycled and washing treatment
of PY-C-S (run 4) and PY-HS-S (run 8). Reaction conditions: fructose: 0.5 g, H,O: 5 mL, 0.031 meq H* /g fructose,180°C for 20 min under microwave irradiation.

4. Conclusions

In this paper, a cascade preparation made up of hydrothermal carbonization followed by pyrolysis, has been proposed to produce
a “high-quality” carbon-based precursor, increasing the solid yield and improving its morphological and surface properties. The sub-
sequent sulfonation step was performed to obtain the final acid catalyst. The proposed multi-step preparation results effective when
each step is optimized, in particular the hydrochar synthesis, which was optimized through a chemometric approach, to consider the
synergistic contribution of the main reaction parameters. The best reaction conditions were selected not only on the basis of the hy-
drochar yield, but also considering the tailored production of a reactive hydrochar to be suitable for further modification/functional-
ization, whereas the liquid phase allowed us to indirectly monitor the carbonization progress. Thus, optimization study was per-
formed on microcrystalline cellulose and then applied to the hazelnut shells, as a real biomass feedstock. The obtained hydrochars
were characterized and the best ones were pyrolyzed to obtain pyrochars. Then, the most promising hydrochars and pyrochars were
sulfonated and successfully tested as heterogeneous acid catalysts in the aqueous conversion of fructose to HMF, reaching very inter-
esting yield (40 mol%), thus justifying their use as green acid catalysts, well-exploitable in the perspective of circular economy.
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