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ARTICLE INFO ABSTRACT

Handling Editor: Panos Seferlis Wet torrefaction (WT) is an effective pretreatment method of biomass waste for producing high-quality

hydrochar and valuable liquid products. This study delves into how acid catalysts and reaction conditions in

Keywords: WT impact the resulting hydrochar’s surface characteristics and elemental composition, as well as the distri-

Biomass waste bution of liquid products. The focus is on utilizing wood cellulose pulp residue (WCPR) as the feedstock with H-

Eel(liuloshe Beta zeolite catalyst in a nitrogen-rich environment. The WT process involves a temperature range of
ydrochar

180-260 °C, and reaction durations spanning 15-60 min. The findings reveal that WT conditions, including the
catalyst for WCPR, significantly influence the hydrochar’s properties and liquid product distribution. With
increasing temperature and reaction time, the hydrochar experiences changes, including increased carbon
content and reduced oxygen content. The study identifies 260 °C and 30 min as the optimal temperature and time
for levulinic acid production, achieving a remarkable selectivity of 62.8% with the H-Beta zeolite catalyst using
Hy0/WCPR = 10. Various properties of the resulting hydrochar are assessed, including higher heating values
(HHVs), decarbonization (DC), dehydrogenation (DH), deoxygenation (DO), enhancement factor, carbon
enrichment, surface area, pore diameter, weight loss as well as solid, carbon, hydrogen, and energy yields. The
WT + Beta_220 sample, processed at 220 °C for 30 min, exhibited the highest HHV at 30.3 MJ/kg and carbon
content at 78.9% in hydrochar compared to various biomass types, with an enhancement factor of 1.51 and
carbon enrichment of 1.63, while the sequence of element removal during WT prioritized as DO > DH > DC.
Furthermore, it is worth highlighting that the most significant weight loss, increasing from 17.0 to 60.7%, was
observed under the same WT conditions. Lastly, a comprehensive reaction pathway is proposed to elucidate the
WT of WCPR with the presence of H-Beta zeolite catalyst under these optimized conditions.

Levulinic acid
Wet torrefaction

1. Introduction

Addressing the escalating energy crisis and environmental concerns is
of paramount importance for sustaining modern society (Gan et al.,
2020). The conventional practice of burning non-renewable fossil fuels
like petroleum, coal, and natural gas for heat and energy production,
while pivotal for human civilization, poses significant environmental
hazards and is poised to run out within the next few decades (Saha et al.,
2022). As a solution to these pressing issues, biomass emerges as a
promising alternative. Biomass can undergo various thermochemical
conversion technologies to yield solid, liquid, and gaseous biofuels,
providing a sustainable and eco-friendly energy source (Niu et al., 2022).

Biomass, known for its near carbon-neutral properties and abundant
availability in nature, offers the potential to substantially decrease fossil
fuel consumption and environmental pollution, particularly in reducing
greenhouse gas emissions (Wang et al., 2018). Cellulose, hemicelluloses,
and lignin form the principal constituents of lignocellulosic biomass,
accompanied by minimal amounts of organic extractives and inorganic
minerals. In the majority of lignocellulosic biomass, these three com-
ponents typically make up more than 90% of the total weight (Chen
et al., 2021). Biomass, ranking as the fourth most significant global
energy source after coal, oil, and natural gas, represents a crucial and
easily accessible form of renewable energy in today’s energy landscape
(Kota et al., 2022). Nonetheless, biomass faces limitations compared to
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coal, such as a lower calorific value, higher moisture content, hydro-
philic nature, poor grindability, handling, storage, and lower energy
density in comparison to fossil fuels, which impact its viability as an
alternative to conventional energy sources, and combustion of biomass
is highly inefficient and expensive (Sarvaramini et al., 2013). Hence, to
address this limitation and produce biofuels of high density, thermo-
chemical conversion processes are essential.

Thermochemical conversion processes, such as torrefaction, pyroly-
sis, hydrothermal liquefaction, gasification, and combustion, represent
prevalent techniques for transforming biomass into valuable energy
forms (Kwoczynski and Cmelik, 2021). Among these methods, torre-
faction, considered a mild pyrolysis method, stands out as a significant
process primarily employed in the production of solid biofuel, also
known as biochar or hydrochar (Chen et al., 2021; Lin et al., 2021).
Hydrochar has established itself as a versatile material, known for its
diverse applications. Depending on its surface properties, structure, and
composition, modified hydrochar finds utility in various domains such
as greenhouse gas sequestration, cost-effective adsorbents, soil
enhancement, catalyst support, and more (Zhu et al., 2019). Torrefied
biomass shares similar properties with coal and can serve as a partial
substitute for coal (Ong et al., 2020; Tong et al., 2018). Following tor-
refaction, biomass can undergo densification, typically through bri-
quetting or pelletizing using standard densification equipment,
effectively enhancing material density and enhancing its hydrophobic
characteristics (Sukiran et al., 2017).

Torrefaction is a mild pyrolysis process applied to biomass for thermal
pretreatment, with the goal of improving its higher heating values and
energy densities, lowering atomic O/C and H/C ratios, reducing moisture
content, enhancing water resistance, increasing grindability and reac-
tivity, and achieving uniform properties (Leontiev et al., 2018). Con-
ventional torrefaction or dry torrefaction (DT), conducted in an
oxygen-free environment, typically involves low heating rates, generally
below 50 °C per min, and occurs within a temperature range of
200-300 °C with durations of 15-60 min (Rodriguez-Alejandro et al.,
2023; Zhang et al., 2022). Wet torrefaction (WT), often referred to as
hydrothermal torrefaction, is a high-pressure (2—10 MPa) thermal pre-
treatment process conducted in hot compressed water under inert con-
ditions, typically at temperatures ranging from 180 to 260 °C with a short
reaction time (5—60 min) (Bach et al., 2017; Srisang et al., 2022). This
method has received considerable recognition as an effective approach for
pre-treating high-moisture or extremely wet biomass, obviating the
requirement for a separate drying step (Zhang et al., 2017).

In comparison to DT, WT not only achieves higher thermal efficiency
and reduces pollutant emissions but also improves the heating value,
energy density, hydrophobicity, and grindability of biomass feedstocks
(He et al., 2021). In the liquid environment of WT, intricate chemical
reactions take place, allowing for the achievement of diverse extraction
efficiencies for both organic and inorganic components under the ideal
WT conditions. Since water remains in a liquid phase during WT, this
process helps prevent energy loss in the form of latent heat resulting
from water vaporization (Bach et al., 2017).

As torrefaction temperature rises, there is a decrease in the mass
yield and volatile content of solid products, accompanied by an increase
in fixed carbon and ash content. Moreover, the influence of residence
time on the properties of solid products during torrefaction is more
pronounced at higher temperatures, and the composition of the torre-
faction atmosphere can also impact the physicochemical characteristics
and combustion/pyrolysis properties of the resulting products (Li et al.,
2020). Throughout the torrefaction process, the chemical composition
of biomass undergoes alteration, leading to the substantial reduction of
oxygen content and an elevation in calorific value (Tong et al., 2018). In
particular, WT preserves active hydroxyl groups through macromolec-
ular structural rearrangement, promoting a more organized cellulose
structure (Zhu et al., 2019).

Levulinic acid, a versatile renewable platform molecule with various
potential industrial applications, forms the basis for producing a diverse
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range of high-volume chemicals and fuels (Weingarten et al., 2012). It
finds applications in pharmaceuticals, where it serves as a building block
for drug molecules, as well as in agrochemicals and polymers, contrib-
uting to the development of renewable and biodegradable materials.
Hydrochar, on the other hand, represents a renewable solid fuel with
potential applications in energy production and carbon sequestration.
Its porous structure and high carbon content make it suitable for use in
combustion processes, offering a cleaner alternative to traditional fossil
fuels. Additionally, hydrochar can be utilized as a soil amendment to
improve soil fertility, water retention, and carbon storage, contributing
to sustainable agriculture and land management practices. Levulinic
acid production can be accomplished in a single step by dehydrating
cellulose with an acid catalyst, with 5-HMF serving as an intermediate.
The most significant levulinic acid yields, up to 75%, have been obtained
when using sulfuric acid in aqueous solutions (Alonso et al., 2013). The
use of sulfuric acid, and mineral acids in general, as homogeneous acid
catalysts in the commercial production of levulinic acid presents a pri-
mary drawback. It necessitates the separation of the mineral acid from
the reaction product, which can have adverse effects on subsequent
processes, such as the production of y-valerolactone. This reliance on
sulfuric acid contributes to heightened production costs due to its
expense, the requirement for neutralization, and the associated chal-
lenges in separating it from levulinic acid (Alonso et al., 2013; Wein-
garten et al., 2012).

Recyclable solid acid catalysts have been employed in attempts to
produce levulinic acid from biomass feedstocks. Xu and their colleagues
(Xu et al., 2023) acquired levulinic acid from cellulose through the
application of a carbon foam-supported heteropolyacid catalyst. This
approach resulted in a remarkable cellulose conversion rate of 89.4%
and a levulinic acid yield of 60.9% at a reaction temperature of 180 °C
for a duration of 4 h, using a stainless steel reactor. In a different
approach, Xiang and his co-workers (Xiang et al., 2017) employed
ETS-10 zeolite and achieved a substantial levulinic acid yield of 91.0%
while conducting the reaction in an atmosphere of Hy. Meanwhile,
Weingarten et al. (2012) effectively transformed cellulose into levulinic
acid by utilizing Amberlyst 70 as a catalyst at a temperature of 220 °C
over a 30 min duration. This procedure yielded a maximum of 28%
levulinic acid, which amounted to 28% of the theoretical yield, when
conducted in reactor vessels of both 100 and 160 mL capacities. These
vessels were operated in a helium atmosphere under a pressure of 4-5
MPa. In a subsequent study, Chen and co-workers (Chen et al., 2017)
used Amberlyst 36 as the catalyst within a temperature range spanning
120-150 °C, significantly expediting the production of levulinic acid.
They managed to achieve yields between 13 and 17% in a mere 5 min,
harnessing microwave heating as their method. In a different study,
Wang and colleagues (Wang et al., 2018) employed sulfonated humins
in a sulfolane-water solution as a catalyst, successfully transforming
cellulose into levulinic acid with a yield of 65.9%.

In this research study, the focus was on WT applied to wood cellulose
pulp residue (WCPR). WCPR is the leftover material that remains after
extracting cellulose fibers from wood, a process achieved through
physical, chemical, or biological methods, commonly used in several
industrial sectors, particularly in the paper and pulp industry (Zhang
et al., 2023). This residual material consists of various wood components
that do not get transformed into cellulose fibers during the pulping
process. Recent data provided by Statista (Statista Research Department,
2023) reveals a consistent and robust performance in the global pulp
industry, with production consistently exceeding 180 million metric
tons on an annual basis for the past decade. In 2022, the global pro-
duction of wood pulp experienced a notable surge, reaching over 195.79
million metric tons.

In the ongoing research, the investigation began with subjecting
WCPR to a WT process within a batch reactor. This involved employing
an H-Beta zeolite catalyst in the presence of water as the reaction me-
dium. A comprehensive examination of several reaction parameters was
carried out, encompassing factors such as reaction time, temperature,
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and the amount of catalyst. The primary objective of this extensive ex-
amination was to pinpoint the most favorable conditions for the con-
version of WCPR into high-quality hydrochar and value-added products,
with a specific focus on maximizing the yield of levulinic acid. Levulinic
acid is included among the twelve bio-based platform chemicals utilized
in the manufacture of chemicals, polymers, and biofuels, and its pro-
duction can be achieved by subjecting biomass to acid hydrolysis (Chen
et al., 2017).

Furthermore, the study aimed to elucidate the potential mechanisms
involved in the transformation of cellulose into levulinic acid. Addi-
tionally, a comprehensive analysis was performed on the WCPR and the
hydrochar produced during the WT process. Various techniques for
characterizing these materials, such as X-ray diffraction (XRD), scanning
electron microscopy (SEM), Brunauer-Emmett-Teller analysis (BET),
elemental analysis of carbon, hydrogen, nitrogen, oxygen, and sulfur
(CHN(O)S), as well as thermogravimetric analysis (TGA), were
employed for this purpose. These analyses yielded valuable insights into
the structural and compositional features of the hydrochar. In this
investigation, an innovative chemocatalytic method was proposed,
employing H-Beta zeolite catalysts in a batch reactor under a nitrogen
atmosphere. The aim was to simultaneously generate value-added
products, such as levulinic acid, from WCPR during WT conversion,
while also producing high-quality solid fuel. These findings underscore
the significance of WT as a promising approach for sustainable biomass
utilization, offering potential benefits to both society and industry. From
a societal perspective, the study contributes to the development of
renewable energy sources and addresses environmental concerns by
providing an alternative to fossil fuels. For industry, WT presents op-
portunities for the production of high-value chemicals from biomass
waste streams, contributing to economic growth and sustainability
efforts.

2. Experimental section
2.1. Materials

The H-Beta zeolite catalyst, featuring a SiO3/Al;03 ratio of 28, was
procured from the commercial supplier Tosoh Corporation. This zeolite
catalyst underwent a calcination process at 550 °C (10 °C/min) in the air
for 6 h to remove impurities before being used in the study. All chemical
reagents, calibration standards, and gases were commercially sourced
and used without the need for further purification. The specific chem-
icals and their respective suppliers are listed as follow: levulinic acid
(99.5%, Sigma Aldrich), 5-hydroxymethylfurfural (>97 wt%, Carbo-
synth, reference number FH10853), 5-methylfurfural (99 wt%, Sigma
Aldrich), furfural (>99 wt%, Sigma Aldrich), ethanol (>99.8%, Sigma
Aldrich), methanol (>99.9%, Sigma Aldrich), hydroxyacetone (99.5%,
Sigma Aldrich), guaiacol (99.5%, Sigma Aldrich), 2,3-butanedione
(99%, Sigma Aldrich), phenol (>98.5%, Sigma Aldrich), 2-butanone
(99.5%, Sigma Aldrich), acetone (>99.5%, Sigma Aldrich), acetoin
(>99.5%, Sigma Aldrich), acetic acid (>99.7%, Sigma Aldrich), cyclo-
pentenone (>99%, Sigma Aldrich), acetylacetone (>99%, Sigma
Aldrich), 2,5-hexanedione (>99.5%, Sigma Aldrich), hydrogen (5.0,
Messer, Germany), nitrogen (5.0, Messer, Germany), helium (5.0,
Messer, Germany). The feedstock, referred to as WCPR (wood cellulose
pulp residue), was sourced from the biotechnology company Vertoro
(Geleen, Netherlands). A detailed composition of WCPR can be found in
Table S1.

2.2. Proximate and ultimate analysis

The moisture, volatile matter, fixed carbon, and ash content in the
untreated and wet torrefied wood cellulose pulp residue were deter-
mined through proximate analysis using a thermal gravimetric analyzer
(specifically, the Spectrum 3 with EGA 4000 from PerkinElmer). The
assessment of moisture, ash, and volatile matter utilized the E-871, E-
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1755, and E-872 standards from the American Society for Testing and
Materials (ASTM) (Garcia et al., 2013; Li et al., 2021). In this analysis,
about 10 mg of the sample was exposed to a controlled heating process
within a nitrogen atmosphere. The process initiated at 40 °C and pro-
gressed to 120 °C, with a 10 min pause for measuring the moisture
content (M, %). Following this, a heating rate of 50 °C/min was applied
until 800 °C, and a 20 min hold was instituted to gauge the volatile
matter (VM, %). To ascertain the ash content (Ash, %), the cooling phase
commenced with a cooling rate of —50 °C/min until reaching 450 °C, at
which point the nitrogen atmosphere was replaced with air. Subse-
quently, a new heating ramp of 25 °C/min was initiated, continuing
until 800 °C, and then maintained isothermally for 3 min. The fixed
carbon content (FC, %) was calculated by using Equation (2) below.

FC=100 - (M + Ash+ VM). (€8]

The CHNS elemental analyzer vario EL cube (Elementar, Hanau,
Germany) was employed in CHNS mode, with carbon, hydrogen, ni-
trogen, and sulfur contents determined. Carbon, hydrogen, and nitrogen
levels were ascertained using a thermal conductivity detector, while
sulfur content was measured using an infrared detector. The limit of
detection (LOD) were determined to be 0.11%. Additionally, the stan-
dard deviation (SD) associated with the measurements was found to be
0.01%. To calibrate the instrument, a low-level standard containing
67.65% C, 4.95% H, 0.72% N, and 0.84% S, available from Elementar,
was utilized. The combustion and reduction tubes were set to temper-
atures of 1150 °C and 850 °C, respectively. The CHNOS content was
ultimately evaluated on a dry basis by subtracting the water content.

0=100% - C% — H% — N% — S% - moisture% — Ash% — Si% - Al% (2)

2.3. WCPR and WT + Beta samples characterization

Nitrogen adsorption at the temperature of liquid nitrogen (77 K) was
carried out with the aid of a Micromeritics micropore analyzer (specif-
ically, the Micromeritics ASAP, 2020 instrument) (Kostyniuk et al.,
2020). This analysis aimed to ascertain the BET surface area for both the
untreated and moistened torrefied samples. Additionally, a
high-resolution scanning electron microscopy (HR-SEM) examination
was conducted on WCPR and wet torrefied WCPR samples, employing
the FE-SEM SUPRA 35-VP instrument produced by Carl Zeiss (Kostyniuk
et al., 2020).

X-ray diffraction (XRD) analysis was performed using a PANalytical
XpertPro powder X-ray diffraction instrument. CuKal radiation with a
wavelength of 1.54056 A was applied at 45 kV and 40 mA within a
scanning range of 5-50°, with increments of 0.033° (Kostyniuk et al.,
2022). A TGA-IR (thermogravimetric analysis-infrared spectrometry)
Spectrum 3 with EGA 4000 from PerkinElmer was employed to inves-
tigate the pyrolysis of dried and torrefied cellulose. Each test utilized
approximately 10 mg of sample, which was subjected to heating from 40
to 750 °C at a rate of 10 °C/min. A carrier gas of nitrogen (purity
>99.999%) with a flow rate of 20 mL/min was used, and the experi-
mental results of TGA were automatically recorded by a computer.

2.4. H-Beta catalyst characterization

H-Beta zeolite, known for its high acidity and porous structure, is
selected as the catalyst due to its potential to facilitate dehydration re-
actions and promote the formation of desired chemical products during
wet torrefaction. By leveraging the catalytic properties of H-Beta zeolite,
the aim was to enhance the efficiency and selectivity of the wet torre-
faction process for WCPR. Through systematic experimentation and
analysis, the aim was to elucidate the role of H-Beta zeolite in catalyzing
biomass conversion reactions and improving the overall performance of
wet torrefaction. The structural characteristics of the H-Beta zeolite
catalyst were determined through various methods, and the results are
outlined in Table S2. The acid properties of the H-Beta zeolite are
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presented in Table S3 and were examined using temperature-
programmed desorption of ammonia (NH3—TPD). This analysis was
conducted utilizing a Micromeritics Autochem 2920 II apparatus
equipped with a Pfeiffer Vacuum Thermostar quadrupole mass spec-
trometer. Additionally, pyridine adsorption diffuse-reflection infrared
spectroscopy (Pyridine—DRIFTS) was performed using a Frontier IR
spectrometer (PerkinElmer) equipped with an MCT detector and a Dif-
fusIR® accessory from Pike Scientific (Kostyniuk et al., 2021a).

2.5. Calculations

The higher heating value (HHV) for both the untreated and wet
torrefied cellulose pulp residue was determined using Equation (3) (Wu
et al., 2023):
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DO (%) =100=Yo1a (%) % (Oproduct / Otecdstock) (€N)

where Oproduct and Ofeedstock are the dry ash free oxygen content of the
WT + Beta and WCPR samples, respectively.

A metric referred to as carbon enrichment (CE), used to assess the
degree of carbonization in WT + Beta, is defined as follows:

CE= Cpmduc&/cfeeds!ock 12)
Finally, the weight loss (WL) of WT + Beta is represented as follows:
WL (%) =100 — Ysiia (13)

2.6. Experimental apparatus and procedure

HHV (MJ /kg) =0.3491 x C + 1.1783 x H-0.1034 x O + 0.1005 x S—0.0151 x N-0.0211 x Ash 3

In this equation, C, H, O, S, N, and A denote the carbon, hydrogen,
oxygen, sulfur, nitrogen, and ash contents, respectively, which were
derived from the elemental analysis and expressed as weight percent-
ages on a dry basis. By employing these equations, it becomes possible to
compute both the higher and lower heating values of the biomass. This,
in turn, provides a comprehensive insight into the energy characteristics
of the biomass under torrefaction conditions.

The formulas utilized to calculate the solid yield and energy yield of
the torrefied samples were as follows:

Yolia = (mpnducl /mfeedsmck) x 100% (4)

chcrgy = ((Ysolid X HHmeducl) /HHVfccdslock) x 100% (5)

In these equations, Yig stands for the solid yield, and Yepergy rep-
resents the energy yield. The variables meedstock and mproduct denote the
mass of the starting samples and the solid product after torrefaction,
respectively. HHVfeedstock and HHVpoqucr indicate the higher heating
value (in MJ/kg) of the original samples and the solid product after
torrefaction, respectively (Chen et al., 2018).

Enhancement factor was defined as follows (Zhang et al., 2018):

Enhancement factor = HHV proguct/HHV fecastock (6)

Carbon yield (Y¢) and hydrogen yield (Yy) were calculated as follow
(Wang et al., 2018):

YC (%) :Ysolid (%) X (Cpmducl /Cfeedslock) (7)
YH (%) :Ym]id (%) X (Hpmducl /chcdsmck) (8)

where Cproduct; Hproduct and Creedstocks Heedstock are the dl‘y ash free car-
bon and hydrogen content of the WT + Beta and WCPR samples,
respectively.

Decarbonization (DC), dehydrogenation (DH), and deoxygenation
(DO), or oxygen removal efficiency (ORE), are three metrics utilized to
quantify the reduction in mass of carbon, hydrogen, and oxygen during
biomass torrefaction (Zhang et al., 2018). DC indicates the proportion of
carbon loss in the biomass as a result of wet torrefaction and can be
calculated using the following formula:

DC (%) = 1OO_leicl (%) X (Cpmducl /Cfeedslock) (9)

DH and DO can be similarly calculated using the same procedure as
DC.

DH (%) = 100= Y1 (%) X (Hproduct / Heedstock) 10)

Wet torrefaction of wood cellulose pulp residue (WT WCPR) re-
actions were conducted in autoclave steel batch reactors (6 Parr 5000
Multiple Reactor System), each with a capacity of 75 mL and equipped
with online pressure and temperature control regulators (Figs. S1-S3).
Each vessel features an internal diameter of 1.50 inches, inner depths of
2.69 inches (with flat gasket) and 2.50 inches (with O-ring), a weight of
6 pounds (with head-mounted valves), and can withstand maximum
temperature and pressure ratings of 300 °C and 200 bar, respectively.
The reaction mixture was stirred using a magnetic stirring bar rotating at
800 rpm. Exactly 3.0 g of WCPR were introduced into each reactor
vessel. In the case of the heterogeneously catalyzed reaction, 0.5-1.5 g
of H-Beta zeolite with a Si0,/Al,05 ratio of 28 was added to the reactor
vessels.

The electric heating temperature was meticulously controlled by the
temperature program system, and the temperature inside the reactor
was accurately monitored by an inline thermocouple. The initial reac-
tion time began when the desired reaction temperature was achieved.
The experiments considered five different torrefaction temperatures:
180, 200, 220, 240, and 260 °C, representing various levels of torre-
faction from light to severe. Additionally, different durations of 15, 30,
and 60 min, along with a fixed water/cellulose ratio of 10, were taken
into account. In the present study, the water-to-WCPR ratio was chosen
as 10, a selection based on the earlier research that involved optimizing
the water amount for wet torrefaction of WCPR. After the reaction, the
autoclave was rapidly cooled in an ice bath. The solid catalyst and the
product solution were separated through filtration, and the product
solutions were collected using a 0.22 pm membrane filter. Following
separation, the hydrochars collected were dried overnight at 105 °C.

The collected liquid products underwent offline analysis employing a
gas chromatography-mass spectrometry system, specifically, an Agilent
GC-7890A coupled with an Agilent 5977B GC/MSD. This system was
equipped with a DB-WAX Ultra Inert capillary column measuring 30 m
in length, with an internal diameter of 0.25 mm and a film thickness of
0.25 pm. To identify and quantify these liquid products, an external
calibration method was employed. It’s worth noting that the standard
deviations of liquid product distribution were found to fall within the
range of +4%, based on a minimum of three experimental repetitions.

3. Results and discussion

3.1. Effect of reaction time and temperature on the product distribution in
the liquid phase of WT + Beta samples

Wet torrefaction, a hydrothermal treatment process conducted under
moderate to elevated temperatures in the presence of water, has gained
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significant attention as a promising pretreatment method for lignocel-
lulosic biomass. The aim of wet torrefaction is to improve the biomass/
biomass waste suitability for various downstream applications,
including biofuel production, biorefining, and chemical synthesis. Un-
derstanding how key process parameters, such as reaction time, tem-
perature, and catalyst loading influence the chemical composition of the
resulting product is essential for optimizing this pretreatment technique.
The obtained data presents the results of a study investigating the
effect of reaction time and temperature on the WT of WCPR with the
addition of H-Beta zeolite catalyst (Fig. 1). The focus of the study ap-
pears to be on the product distribution in the liquid phase, specifically
the conversion of cellulose into various chemical compounds such as
levulinic acid, 5-HMF, furfural, acetic acid, methanol, and formic acid,
in the presence of different reaction conditions. The typical GC-MS
spectra of liquid products after WT of WCPR in the presence of H-Beta
zeolite catalyst are presented in Fig. S4. The data indicates that the
formation of furfural and 5-HMF generally decreases with increasing
reaction time. This suggests that these compounds are likely in-
termediates or early products in the torrefaction process, which further
undergo transformations to other compounds as the reaction progresses.
After 60 min, furfural and 5-HMF levels have decreased significantly.
Acetic acid production shows some variation with reaction time. It
increases at first but then stabilizes or decreases after 30 min. This in-
dicates that acetic acid may be an intermediate product that is converted
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into other compounds as the reaction proceeds. The production of
methanol appears to decrease as the reaction time increases. This could
be due to the conversion of methanol into other compounds. Levulinic
acid production increases significantly with reaction time, indicating its
formation as the reaction progresses. Formic acid also shows an in-
crease, but its behavior is less clear and varies with other factors such as
temperature. Ethanol production varies significantly with reaction
temperature. It is notably high at 200 °C and 240 °C after 15 min but
decreases at other temperatures. This suggests that ethanol formation is
sensitive to temperature and likely peaks within a certain range.

Levulinic acid production appears to be highly temperature-
dependent. It increases with temperature up to 220—260 °C. This sug-
gests an optimal temperature range for levulinic acid production. Formic
acid production also shows sensitivity to temperature. It is highest at
240 °C after 15 min and increases with temperature for longer reaction
times.

The addition of H-Beta zeolite as a catalyst has a significant impact
on the product distribution. It appears to enhance the formation of
certain products, such as levulinic acid, while reducing others, such as
furfural and 5-HMF. The catalyst likely promotes specific reaction
pathways, influencing the selectivity of product formation. In summary,
the data suggests that reaction time, temperature, and the presence of an
H-Beta zeolite catalyst all play crucial roles in determining the product
distribution in the wet torrefaction of wood cellulose pulp residue.
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of 15-60 min.



A. Kostyniuk and B. Likozar

(@) ,
60 12
—0O- Levulinic acid pa— |
504 —H-—Formic acid / 10
X m]
<] i -8
é40 n,/f”':
iel
S 30 ////// 6
S m]
£ 20 4 e
3 t=15min o
) m(H-Beta) = 1 L
& . d ( )=1g 2
=
o{ B 2
180 200 220 240 260
Reaction temperature, °C
(©
60 12
—0O- Levulinic acid
_ 50 —H=Formic acid L10
s 50 \D/n
©
£ 40/ 8
o D/E-»
o +H6
© 304
g t =60 min
= m(H-Beta) = 1 r4
= 2] (H-Beta) = 1g
o
— F2
104
FO
0

200 220 240 260

Reaction temperature, °C

180

Formic acid (mol%)

Formic acid (mol%)

Journal of Cleaner Production 449 (2024) 141735

(b)

70 — - 12

=0~ Levulinic acid

60 |~ — Formic amd L1a

2 50 o 2
[}

£ £
- 40+ =
2 +6 %
o ]
0 30 o
£ t 30 min /|:I [ £
= - =4
a>>20_ m(H-Beta) = gu_’ L5 i
-

10

0
0 T T T T T
180 200 220 240 260

Reaction temperature, °C
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conditions: 3.0 g of WCPR, 30 mL of water, 1.0 g of H-Beta catalyst, stirring speed at 900 rpm, reaction temperature ranging from 180 to 260 °C, and a reaction time

of 15-60 min.

The impact of reaction time and temperature on the levels of levu-
linic and formic acids in WT + Beta samples was investigated and is
illustrated in Fig. 2. For both levulinic acid and formic acid production,
there is a noticeable increase as the reaction time is extended from 15 to
30 min. This suggests that the torrefaction process is not complete
within the initial 15 min and that longer reaction times are necessary for
the conversion of cellulose/WCPR to these acids. Interestingly, the in-
crease in levulinic acid production between 15 and 30 min is particu-
larly pronounced at 220 and 260 °C, indicating that these temperatures
are conducive to further conversion of cellulose into levulinic acid with
extended reaction times. In contrast, formic acid production shows a
more uniform increase across the temperature range from 15 to 30 min.

When comparing the data at 30 and 60 min, it’s evident that levulinic
acid production continues to increase with time at all temperatures,
although the rate of increase slows down, especially at 260 °C. In
contrast, formic acid production exhibits varying trends at different
temperatures. At 220 °C, formic acid production increases significantly,
but at 240 and 260 °C, it shows a decrease from 30 to 60 min, suggesting
that at these higher temperatures, formic acid may undergo further re-
actions to produce other compounds. The impact of reaction tempera-
ture on levulinic acid production is significant. At 220—260 °C, there is a
substantial increase in levulinic acid production compared to lower
temperatures. This highlights the temperature sensitivity of the torre-
faction process and suggests that higher temperatures favour the for-
mation of levulinic acid.

In contrast, formic acid production shows a more complex relation-
ship with temperature. It peaks at 220 °C after 30 min but decreases at
240 and 260 °C. This suggests that there is an optimal temperature range
for formic acid production, and exceeding this range leads to the con-
version of formic acid into other products. The addition of the H-Beta
zeolite catalyst significantly enhances the production of both levulinic
acid and formic acid compared to the non-catalyzed reaction. This

enhancement is particularly pronounced at higher temperatures and
longer reaction times.

At 220 °C, the presence of the catalyst leads to a remarkable increase
in both levulinic and formic acid production at 30 and 60 min. This
indicates that the catalyst promotes the conversion of cellulose to these
acids, especially at this temperature. At 260 °C, the catalyst’s influence
on formic acid production is more pronounced at 30 min but less so at
60 min, suggesting that the catalyst may facilitate formic acid formation
in the early stages of the reaction, but its impact diminishes with
extended reaction times. At a temperature of 220 °C, the H-Beta catalyst
notably amplifies the production of levulinic acid within a mere 30 min,
achieving an impressive peak selectivity of 58.9%, whereas at 260 °C,
the highest selectivity attained was approximately 62.8%.

In conclusion, the data demonstrates that reaction time, tempera-
ture, and the addition of the H-Beta catalyst are critical factors in con-
trolling the production of levulinic acid and formic acid during wet
torrefaction. Optimization of these parameters is essential for tailoring
the process to yield desired products efficiently, with potential appli-
cations in biofuel and chemical industries. Further studies may delve
into the mechanistic aspects of these reactions to fully understand the
underlying pathways and maximize the selectivity of product formation.

3.2. Effect of H-Beta catalyst loading on the product distribution in the
liquid phase of WT WCPR

The presented study investigates the influence of H-Beta zeolite
catalyst loading on the wet torrefaction process of WCPR (Fig. 3a and b).
The results show a clear trend in the production of levulinic acid with
varying catalyst loadings. As the catalyst loading increased from 0.5 g to
1.0 g, the selectivity of levulinic acid increased significantly from 46.1 to
59.0%. This initial increase can be attributed to the enhanced catalytic
activity of H-Beta zeolite, facilitating the conversion of WCPR to
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Fig. 3. (a, b) — effect of catalyst loading on liquid-phase product distribution in WT + Beta; (c) — the product distribution without presence of catalyst. Reaction
conditions: 3.0 g of WCPR, 30 mL of water, 0—1.5 g of H-Beta catalyst, stirring speed at 900 rpm, reaction temperature at 220 °C, and a reaction time of 30 min.

levulinic acid. However, the subsequent decrease in levulinic acid
selectivity observed when the catalyst loading was further increased to
1.5 g is intriguing. It suggests that beyond a certain threshold, excess
catalyst may lead to side reactions, impacting levulinic acid production.

The study also reports a similar trend in formic acid production. The
formic acid selectivity increased from 46 to 58% as the catalyst loading
increased from 0.5 to 1.5 g. This increase could be attributed to the
catalytic role of H-Beta zeolite in promoting the conversion of WCPR to
formic acid. However, the specific mechanisms underlying this effect
need to be elucidated. Understanding the catalyst’s role in the formation
of different organic acids is essential for optimizing the wet torrefaction
process.

Interestingly, the study finds that the production of furfural remains
relatively consistent across different catalyst loadings, ranging from
10.8% to 11.1%. This stability in furfural selectivity suggests that the H-
Beta zeolite catalyst may not significantly impact furfural formation in
the wet torrefaction process. On the other hand, 5-HMF production ex-
hibits a significant decrease from 19.1 to 2.6% as the catalyst loading
increases. This decline could be due to the catalyst’s role in promoting
the conversion of 5-HMF via rehydration to other products such as
levulinic and formic acids. The results indicate that there is an optimal
catalyst loading (1.0 g) for maximizing the production of target com-
pounds like levulinic acid. Beyond this amount, diminishing returns or
adverse effects on selectivity may occur.

In Fig. 3c, it is evident that in the absence of a catalyst during WT
WCPR under identical reaction conditions, the primary reaction product
was 5-HMF, exhibiting a selectivity exceeding 70%. This observation
highlights that the introduction of a catalyst with acid sites facilitates
the conversion of 5-HMF into levulinic acid and formic acid. This

transformative process has been experimentally validated and is further
elucidated in the discussion accompanying the reaction mechanism
presented in Fig. 10.

Moreover, the results presented in Tables 2 and 3 demonstrate the
significant impact of the H-Beta catalyst under identical reaction con-
ditions (T = 220 °C, t = 30 min, HO/WCPR = 10). The presence of the
H-Beta catalyst resulted in notable improvements across various pa-
rameters. Specifically, HHVs increased from 20.6 to 30.3 MJ/kg,
reflecting enhanced energy content. Carbon content witnessed a sub-
stantial rise, escalating from 51.6 to 78.9 wt%, with fixed carbon content
also exhibiting an increase from 21.7 to 28.1 wt%. Furthermore, the
enhancement factor experienced a notable elevation from 1.07 to 1.51,
indicating a more efficient reaction. Carbon enrichment showed a sig-
nificant rise, from 1.07 to 1.63, emphasizing the catalyst’s positive in-
fluence on carbon-based products. The BET surface area expanded
significantly from 2.7 to 29.1 m?/g, suggesting improved structural
characteristics. Simultaneously, there was a substantial increase in
weight loss, from 26.5 to 60.7%, underlining the catalyst’s impact on the
decomposition process. Concurrently, the amount of oxygen decreased
sharply from 39.9 to 12.0 wt%, indicating a reduction in oxygenated
compounds. The O/C ratio also declined from 0.6 to 0.1, reflecting a
shift towards a more carbon-rich composition. These comprehensive
findings underscore the favorable influence of the H-Beta catalyst on the
specified reaction parameters, highlighting its role in enhancing both
energy content and structural characteristics of the resulting products.

3.3. TG analysis of WCPR and WT + Beta samples

The thermogravimetric analysis (TG) conducted on both WCPR and
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wet torrefied WCPR samples has yielded valuable insights into their
pyrolysis behavior under various temperature conditions in a nitrogen
atmosphere (Fig. 4). These insights contribute significantly to a deeper
understanding of the thermal stability and decomposition characteris-
tics inherent in these materials. To investigate the pyrolysis behavior, a
temperature range spanning from 50 to 750 °C was selected.

One notable observation from the TG analysis is that the most sub-
stantial weight loss for samples such as dry cellulose (WCPR), WT_180,
and WT_200 occurs after crossing the 250 °C threshold, whereas for
WT_220, WT_240, and WT_260 samples, this pivotal transition point is
seen after surpassing 350 °C. This temperature transition is a crucial
juncture in the thermal decomposition and stability of these materials.

Furthermore, the TG analysis unveiled that WCPR exhibited the
highest weight loss within the temperature range of 275-350 °C. Wet
torrefaction is known to influence the thermal characteristics of
biomass-derived materials. The study highlights how different torre-
faction temperatures impact pyrolysis behavior. Notably, samples sub-
jected to higher torrefaction temperatures exhibited greater thermal
stability and more significant reductions in weight loss compared to
other torrefaction conditions. This observation suggests that high-
temperature torrefaction enhances the material’s thermal stability,
potentially by eliminating volatile components and inducing structural
changes.

The wet torrefied sample at 260 °C exhibited the highest thermal
stability, indicating a unique influence of wet torrefaction on the py-
rolysis process at later stages (Fig. 4c). Remarkably, the sample sub-
jected to torrefaction at 220 °C not only demonstrated exceptional
thermal stability but also exhibited the most favorable liquid product
distribution across the entire temperature range assessed. This

observation strongly suggests that torrefaction at this particular tem-
perature setting imparts outstanding thermal resilience to the material
while simultaneously promoting the formation of valuable liquid prod-
ucts within the parameters of the study. In the TG curves (Fig. 4c), there
is a notable increase in residual mass, which escalates from 21.2%
(WCPR) to 98.7% (WT_260_60) as the WT temperature rises. This trend
is attributed to a larger proportion of mass in WCPR being lost during the
WT process at higher temperatures (Zhu et al., 2022). Importantly, the
residual masses of WT_180_30 (38.8%), WT 200_30 (42.8%),
WT_220_30 (65.3%), WT_240_30 (67.8%), and WT _260_30 (68.9%)
samples were 1.83, 2.02, 3.08, 3.20, and 3.25 times higher, respectively,
than that of the WCPR raw material (21.2%) (Fig. 4b). This observation
suggests an enhancement in thermal stability with increasing WT pre-
treatment temperatures. Additionally, the effect of catalyst loading on
thermal stability was explored, employing three different loadings of
H-Beta zeolite catalyst: 0.5, 1.0, and 1.5 g. The findings revealed
(Fig. 4d) that the wet torrefied sample with 1.5 g of H-Beta catalyst
exhibited the highest thermal stability.

3.4. HR SEM analysis of WCPR and WT + Beta samples

The SEM scan images presented in Fig. 5 demonstrate significant
differences between the dried cellulose sample and the sample subjected
to the most optimal reaction conditions (T = 220 °C, t = 30 min, water/
WCPR = 10) with the use of H-Beta zeolite catalyst for wet torrefaction.
The dried cellulose exhibits a relatively porous structure, which is
characteristic of untreated biomass materials. However, after undergo-
ing wet torrefaction, the cellulose surface undergoes a transformative
process, adopting a flat and smoother texture. This remarkable change in
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Fig. 5. SEM scans of WCPR - (a) and WT

morphology can be attributed to the thermochemical reactions that take
place during the wet torrefaction process. One of the key indicators of
successful wet torrefaction under the optimized conditions is the
observed increase in levulinic acid content in the liquid product. The H-
Beta zeolite catalyst plays a crucial role in facilitating the wet torre-
faction process, likely by promoting the formation of intermediates and
selectively catalyzing specific reactions leading to the production of
levulinic acid and other valuable products. The acidic and porous nature
of the H-Beta zeolite provides an ideal environment for catalytic re-
actions to occur, allowing for the effective conversion of cellulose into
valuable chemicals.

The SEM-EDX analysis provides valuable information about the
elemental composition of the cellulose feedstock and the changes that
occur after wet torrefaction with the H-Beta catalyst. The carbon content
in the cellulose decreases significantly from approximately 58% in the
feedstock to around 46% in the wet torrefied sample (Table 1). This
reduction in carbon content indicates the conversion of cellulose into
other products, such as levulinic acid and other degradation byproducts,
during the wet torrefaction process. Correspondingly, the oxygen con-
tent increases, which is consistent with the production of oxygen-
containing compounds during the torrefaction.

Silicon is detected in trace amounts in the WCPR feedstock, and its
presence is more pronounced in the wet torrefied sample (WT +
Beta_220), along with the appearance of aluminium (Fig. S5). These
elements could be attributed to the introduction of the H-Beta catalyst
during the torrefaction process. The sulfur content in both the feedstock

Table 1
SEM-EDX analysis of the WCPR and WT + Beta samples at 220 °C for 30 min.

WCPR

Element Scan 1 (Wt%) Scan 2 (Wt%) Scan 3 (Wt%)
C 57.97 58.57 57.97
(0] 41.69 41.27 41.85
Si 0.06 - 0.06
Al _ _ _

S 0.14 - -

Ca 0.13 - 0.13
Fe - - -

WT + Beta_220

C 45.57 45.15 46.57
) 45.45 44.76 43.72
Si 8.23 8.81 8.90
Al 0.69 0.71 0.73
N - 0.56 -

Ca 0.06 - 0.08

+ Beta samples at 220 °C after 30 min — (b).

and wet torrefied sample is relatively low, with some variation between
scans.

Calcium is detected in trace amounts in the feedstock and remains at
low levels in the wet torrefied sample. These elements might originate
from impurities in the biomass or catalyst. Iron is not detected in the
feedstock but appears in minimal quantities in one of the scans of the
wet torrefied sample. As with other trace elements, the presence of iron
might be attributed to impurities in the biomass.

3.5. XRD analysis of WCPR and WT + Beta samples

The X-ray diffraction (XRD) patterns obtained for both the wood
cellulose pulp residue and the corresponding wet torrefied samples
(Fig. 6) displayed notable peaks at 26 values of 15.6°, 22.4°, and 34.4°.

These specific peaks were attributed to the crystalline planes indexed
as (110), (200), and (004), respectively, within the crystal structure of
the cellulose type I allomorph. It is crucial to emphasize that cellulose is
the sole component characterized by a crystalline structure, while
hemicellulose and lignin exhibit amorphous characteristics (Li et al.,
2015). These results highlight the transformation in the crystalline
integrity of cellulose during the wet torrefaction process, indicating a
reduced polymorphic structure of cellulose I within the temperature
range of 180-200 °C. However, in samples subjected to wet torrefaction
at temperatures between 220 and 260 °C, a distinct disappearance of
characteristic cellulose peaks was notably observed. At the same time, it
was detected the XRD pattern of the H-Beta zeolite catalyst related to
BEA topology (JCPDS No. 47-0183) with high crystallinity and the
strong intensity diffraction peaks observed in 26 region of 5-25° at 7.8,
13.4, 14.6, 21.5, 22.5° (Kostyniuk et al., 2021b).

3.6. Elemental components and surface properties of WCPR and WT +
Beta samples

In Table 2, a comprehensive examination of the proximate and
elemental composition, surface area, and pore diameter of both WCPR
and WT + Beta samples is provided. These examinations were conducted
over a temperature range of 180-260 °C, each lasting 30 min. The
preference for the 30 min torrefaction period stems from its optimal
suitability when compared to both 15 and 60 min. The decision to select
a 30 min WT time is influenced by its impact on the distribution of liquid
products (Fig. 1b) and the enhancement of the resulting hydrochar’s
quality (Fig. 4b).

The proximate analysis, which includes moisture, volatile matter
(VM), fixed carbon (FC), and ash, demonstrates a significant change in
the composition of the feedstock as a result of wet torrefaction. As shown
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in Table 2, at higher WT temperatures, such as 220—260 °C, the mois-
ture content decreases to around 2—4%. The fixed carbon content is a
critical parameter influencing the heating value and combustion prop-
erties of a material. The data reveals a notable change in fixed carbon
content as a result of wet torrefaction at different temperatures. WT_220
and WT_260 samples exhibit significantly higher fixed carbon content
compared to the initial WCPR. Specifically, at 220 °C, fixed carbon
content increases to 28.1%, and at 260 °C, it reaches 31.3%. This
transformation indicates that wet torrefaction effectively removes vol-
atile components and non-carbonaceous matter from the feedstock. Also
it was observed a substantial reduction in volatile matter content with
increasing torrefaction temperature. The initial WCPR has a volatile
matter content of 75.5%, which decreases significantly after wet torre-
faction. For instance, at 220 °C, the volatile matter content reduces to
28.6%, and at 260 °C, it further decreases to 29.0%. In direct comparison
to coal, biomass fuel exhibits a significant drawback, characterized by its
elevated volatile matter and reduced fixed carbon content. However, the
incorporation of WT proves to be a valuable solution to address these
concerns. WT works to reduce VM and elevate FC in the hydrochar,
thereby transforming the fuel into a product that shares more closely
related characteristics with coal, as substantiated in reference (Bach and
Skreiberg, 2016).

In addition, it was found that the initial WCPR has an ash content of
3.2%, which significantly increases after wet torrefaction. For example,
at 220 °C, the ash content rises to 41.1%, and at 260 °C, it further in-
creases to 37.1%. The significant increase in ash content can be attrib-
uted to the addition of H-Beta zeolite catalyst during the wet torrefaction
process. This catalyst includes SiO and AlyO3, which remain relatively
stable even at the elevated temperatures.

The CHN(O)S elemental analysis is a comprehensive method used to
determine the C, H, O, N and S content in samples (Table 2 and Fig. 9b).
Carbon content, a critical parameter for assessing fuel and biomass
materials, provides insights into the proportion of carbonaceous mate-
rial within the sample. Notably, as the severity of WT increases, there is
a distinct and consistent trend of rising carbon content. The untreated
WCPR sample contains 48.3% carbon, whereas the carbon content
significantly increases to 78.9% in the WT + Beta_220 sample. This
notable increase signifies WT’s effectiveness in concentrating carbon,
thereby enhancing the resulting hydrochar’s carbon richness and po-
tential suitability as a fuel source.

Concurrently, the analysis of oxygen content is pivotal due to its
direct influence on combustibility and energy content. As WT severity
escalates, a conspicuous reduction in oxygen content becomes apparent.
The untreated WCPR sample features 40.3% oxygen, whereas the WT +

10

Beta_220 sample exhibits a notably reduced oxygen content of 12.0%.
This decrease underscores the WT process’s ability to diminish oxygen-
rich functional groups in the biomass, an advantageous alteration that
contributes to improved fuel characteristics. The hydrogen content also
exhibited a notable decrease in the WT + Beta samples in comparison to
the WCPR feedstock, decreasing from 6.2% to 3.2%. In contrast, N and S
contents remain relatively stable across all the samples studied. While
minor fluctuations are observed, these variations remain within a nar-
row range and are not expected to have a significant impact on the
properties of the WT samples.

The specific surface area, as determined by the BET method (pre-
sented in Table 2), displays notable variations in response to the severity
of wet torrefaction (WT) treatment. During the initial stages of WT (e.g.,
WT + Beta_180 and WT + Beta_200), there are significant increases in
surface area (106.3 and 97.5 m?%/g, respectively) compared to the un-
treated WCPR (3.4 mz/g). This enhancement can be attributed to the
incorporation of Beta zeolite, known for its high surface area. However,
as WT severity decreases, there is a substantial reduction in surface area,
declining from 106.3 to 8.9 m2/g. This observation indicates that
heightened torrefaction severity leads to a reduction in surface area,
potentially attributed to the release of specific reaction products and
structural modifications within the WCPR.

Conversely, the average pore diameter (PD), evaluated through the
BJH method, shows a decrease as WT severity increases. In the early
stages of WT (e.g., WT + Beta_180 and WT + Beta_200), there is a sig-
nificant decrease in pore diameter (measuring 60.3 and 70.9 A,
respectively) in comparison to the untreated WCPR (393.7 A). This
suggests that initial torrefaction stages lead to the expansion of the pore
network. However, with increased WT severity, there is a notable in-
crease in pore diameter, particularly in the WT + Beta_220 sample,
featuring a pore diameter of 196.5 A, and the WT + Beta_260 sample,
which exhibits a pore diameter of 173.2 A. This observation suggests
that as torrefaction severity intensifies, there is an expansion in the size
of the pores, potentially attributed to the more thorough removal of
volatile components and the formation of a more porous structure, as
well as structural alterations within the WCPR. These findings align with
the results obtained from morphological, structural, and thermal ana-
lyses, as well as the study on the distribution of liquid products.

3.7. HHV, solid, carbon, hydrogen, energy yields, DC, DH, DO,
enhancement factor, carbon enrichment, weight loss and atomic ratios of
0O/C and H/C of WCPR and WT + Beta samples

This study presents a thorough investigation into the higher heating
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Table 2

Proximate and elemental analysis, BET surface area and pore diameter (PD) of the WT + Beta samples as compared to the WCPR.
Samples T, t, H,O/WCPR Proximate analysis (Wt%) Elemental analysis (wt%) BET surface area, PDS, A

°C min ratio , N b A , mz/g
Moisture VM FC Ash + Si + C H 0] N S Si+
Al Al

WCPR - - - 1.5 75.5 19.8 3.2 48.3 6.2 40.3 0.1 0.5 0 3.4 393.7
WT + Beta_180 180 30 10 3.0 57.2 15.6 24.2 57.9 5.0 30.8 0.1 0.1 6.1 106.3 60.3
WT + Beta_200 200 30 10 7.6 48.7 17.7 26.0 60.4 4.7 23.7 0.1 0.2 10.9 97.5 70.9
WT + Beta_220 220 30 10 2.3 28.6 28.1 41.1 78.9 3.4 12.0 0.1 0.1 5.5 29.1 196.5
WT + Beta_240 240 30 10 3.8 29.1 31.2 35.9 74.0 3.3 15.4 0.1 0.1 7.1 49.3 128.7
WT + Beta_260 260 30 10 2.6 29.0 31.3 37.1 74.7 3.2 16.1 0.1 0.1 5.8 8.9 173.2
WT_WCPR_220" 220 30 10 1.2 76.2 21.7 1.0 51.6 6.1 39.9 0.1 0.1 0 2.7 369.1

2 VM - volatile matter.
b FC - fixed carbon.

¢ PD - Average pore diameter measured from the desorption branch according to the BJH method.
4 WT_WCPR_220 — wet torrefaction of wood cellulose pulp residue without presence of catalyst.

values (HHVs) of untreated WCPR and WT + Beta samples. The results of
this analysis are meticulously tabulated in Table 3 and visually depicted
in Fig. 7a. It’s noteworthy that the HHVs of the WT + Beta samples,
tested in a controlled environment using No, consistently increase as the
temperature rises.

This increase ranges from 20.1 MJ/kg for untreated WCPR to an
impressive 30.3 MJ/kg for the WT + Beta_220 sample. This rising HHV
at 220 °C is a promising outcome of the WT process. In simple terms, this
means that WT-treated biomass can be a much better quality and more
energy-dense solid fuel compared to untreated WCPR. These findings are
significant and suggest that WT in the presence of a zeolite catalyst is a
robust method for improving the energy content and quality of bio-
based fuels. At higher temperatures (240 and 260 °C), WCPR compo-
nents undergo thermal decomposition reactions, leading to the release
of volatile compounds and leaving behind a charred residue. This
decomposition process can result in a decrease in the HHV as the original
energy content of the WCPR is lost which is similar to the results ob-
tained by Li et al. (2020).

Table 3 provides crucial data on solid yield, reflecting the proportion
of solid material obtained after the WT treatment of WCPR. Notably, as
the severity of the WT treatment escalates, there is a significant reduc-
tion in solid yield. The untreated WCPR sample, which serves as the
reference point, does not have a specified value. However, the solid yield
decreases from 83.0% (WT + Beta_180) to 39.7.9% (WT -+ Beta_260)
under more rigorous treatment conditions. This decline in solid yield is
attributed to the removal of volatile components and the conversion of
biomass into a more carbon-rich, energy-dense form, thereby enhancing
fuel quality.

Furthermore, the van Krevelen diagram, thoughtfully presented in
Fig. 7b, depict weight profiles alongside atomic H/C and atomic O/C
ratios. This diagram unveil a consistent linear pattern in which H/C and
O/C ratios decrease with rising temperatures under an Ny atmosphere.
This aligns with observations from previous studies (Zhang et al., 2019).
The decrease in H/C and O/C ratios observed in the van Krevelen dia-
gram indicates a notable enhancement in carbonization (He et al.,
2018). This reduction in ratios implies a refinement in the carbonization
process with increasing temperatures, highlighting a significant corre-
lation between temperature and the efficacy of carbonization.

Energy yield, as indicated in Table 3 and Fig. 7a, measure the effi-
ciency of the WT process in preserving the energy content of the WCPR
post-treatment. Notably, as the severity of WT treatment increases, the
energy yield decreases. For instance, WT + Beta_180 sample maintain
relatively high energy yields at 94.5%. However, with heightened
severity (WT + Beta_260), the energy yield decreases to 55.6%. These
results indicate that more intense WT conditions result in reduced en-
ergy yield, primarily due to the loss of volatile components and
increased liquid product formation.

Table 3 also offers valuable insights into carbon yield, which signifies
the percentage of carbon content obtained following WT treatment of
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the WCPR, in comparison to the original untreated WCPR. The reference
point is the untreated WCPR sample, which lacks a specified value.
Carbon yield exhibits a decreasing trend as torrefaction severity in-
tensifies, diminishing from 83.0% (WT + Beta_180) to 39.7% (WT +
Beta_260) under the most rigorous treatment conditions. This reduction
in carbon yield primarily stems from the removal of volatile compo-
nents, decrease of solid yield, and the conversion of biomass into a more
carbon-rich form during wet torrefaction (Chen et al., 2022; Wang et al.,
2018).

Similar to carbon yield, the WCPR sample acts as the reference point
for hydrogen yield and does not possess a specified value. Hydrogen
yield also experiences a decrease as torrefaction severity increases,
dropping from 66.4% (WT + Beta_180) to 20.3% (WT + Beta_260) under
the most severe treatment conditions. The decline in hydrogen yield is
attributed to the removal of hydrogen-rich volatile components during
wet torrefaction. These findings underscore the influence of torrefaction
severity on carbon and hydrogen yield, with more severe torrefaction
conditions leading to a reduction in both, emphasizing the trans-
formation of biomass into a more carbon-rich and energy-dense form.
This dataset holds significant value in comprehending the compositional
changes during WT and its implications for biomass conversion
processes.

The enhancement factor, a ratio indicating the improvement in en-
ergy yield through WT treatment of WCPR, consistently exceeds 1.0 for
all WT + Beta samples. This underscores that the WT process enhances
energy yield in comparison to untreated WCPR (Table 3). The
enhancement factor increases as torrefaction severity rises, ranging from
1.14 (WT + Beta_180) to 1.51 (WT + Beta_220), signifying that more
intense treatment conditions result in a greater enhancement of energy
yield.

In Fig. 8, the profiles of enhancement factors are displayed against
the atomic O/C ratio and carbon enrichment for both WCPR and WT +
Beta samples. Notably, both correlations exhibit a good linear trend as
carbon enrichment or atomic O/C ratio increases. An increase in carbon
enrichment leads to a higher enhancement factor, while an increase in
the O/C ratio corresponds to a lower enhancement factor.

Table 3 and Fig. 9 provide data on decarbonization (DC), dehydro-
genation (DH), and deoxygenation (DO) for various samples and
elemental analysis, including untreated WCPR and WT + Beta samples
at different reaction temperatures. The element removal sequence dur-
ing torrefaction, where DO > DH > DC, highlights torrefaction’s pro-
nounced effect on reducing oxygen content compared to other elements
(Chen et al., 2022). Decarbonization measures the reduction in carbon
content in the biomass during the WT process, with the data revealing a
gradual increase in DC with rising treatment severity. For instance, DC
rate in the WT + Beta_180 (0.6%) sample is low but experience a sig-
nificant increase in the WT + Beta_200 (45.0%). A similar pattern is
notably present in DH and DO, but the increase is much more pro-
nounced, reaching 67.9% and 82.4%, respectively. This consistent trend
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signifies that as the severity of WT conditions intensifies, there is a
0r conN©®mn substantial removal of oxygen (O), hydrogen (H), and carbon (C) from
== =B8RS the WCPR. This outcome holds significant importance as it contributes

0w o to a reduction in carbon content and enhances the C/H and C/O ratios in

5] cagenns the resulting hydrochar. These transformations render the hydrochar
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& g . of other researchers, a thorough analysis of data was undertaken. The
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Fig. 7. HHV and energy yield - (a) and H/C versus O/C ratio in terms of atomic basis (van Krevelen diagram) — (b) for WCPR and WT + Beta samples.
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Fig. 9. (a) - profiles of decarbonization (DC), dehydrogenfation (DH), and deoxygenation (DO) and (b) — elemental analysis (H, O, C) of WCPR and WT + Beta
samples in the temperature range of 180-260 °C.

various compounds, prominently featuring levulinic acid, 5-HMF, The sequence for the conversion of cellulose into these valuable
hydroxyacetone, furfural, formic acid, acetaldehyde, ethanol, meth- compounds involves several discrete steps. Initiation is marked by cel-
anol, acetic acid, and others, as presented in Fig. 10. lulose hydrolysis into glucose, catalyzed by the H-Beta zeolite’s acid
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Fig. 10. The reaction pathways for the WT of WCPR with H-Beta zeolite catalyst into hydrochar and the liquid value-added products.

centers, notably Lewis and Brgnsted acid sites (LASs and BASs) (Kar-
anwal et al., 2022; Ma et al., 2021; Su et al., 2022). Subsequently,
glucose undergoes isomerization into fructose over LASs (Song et al.,
2019), and this isomerization may also transpire through a hydride shift
mechanism involving carbonyl group C1 and hydroxyl group C2 (Ramli
and Amin, 2015).

Simultaneously, glucose is subjected to dehydration, leading to the
formation of 5-HMF, with active involvement of LASs. Thereafter 5-HMF
is subsequently rehydrated into levulinic acid, the primary target com-
pound, alongside the concomitant generation of formic acid. This
transformative process is facilitated by BASs, engendering the cleavage
of C-C bonds. Under highly acidic conditions, the direct conversion of
glucose into levulinic acid, without the intermediary formation of 5-
HMF, becomes a plausible pathway. This phenomenon occurs through
a cyclic route, with a notable portion of glucose being consumed via the
5-HMF intermediate. As such, the rate-determining step is shifted to the
initial dehydration of protonated glucose, thereby promoting the direct
conversion of glucose into levulinic acid (Azlan et al., 2022).

The enolate formation simultaneously facilitates the conversion of
glucose into fructose (Ma et al., 2021; Ramli and Amin, 2015). Subse-
quently, fructose undergoes a dehydration reaction, yielding 5-HMF
with the involvement of BASs. Fructose eliminates a water molecule to
form fructofuranosyloxocarbenium, and this oxocarbenium ion then
releases H' to generate an enolic compound. The enolic compound
undergoes tautomerization before expelling two water molecules to
produce 5-HMF. This 5-HMF is subsequently rehydrated in the presence
of water within the system. The end products of the rehydration reaction
of 5-HMF include levulinic acid and formic acid. Additionally, furfural
may be produced within the product mixture due to the release of
formaldehyde from the 5-HMF compound (Ramli and Amin, 2015).

Moreover, building upon the identified product distribution, the
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plausible formation of hydroxyacetone (acetol) through the retro-aldol
condensation of fructose is suggested. Meanwhile, ethanol, methanol,
and acetaldehyde are generated as a result of C-C cleavage of hydrox-
yacetone (Su et al., 2022). Moreover, an extra amount of ethanol can be
acquired through the process of acetaldehyde transfer hydrogenation,
while acetic acid is produced via the oxidation of acetaldehyde. These
findings align with prior research in the literature on specific product
outcomes (Song et al., 2019; Wu et al., 2022; Yang et al., 2019).
Nonetheless, the formation of humins was observed, as supported by
existing literature (Chen et al., 2017; Mikola et al., 2019), which in-
dicates that glucose polymerization and 5-HMF can also produce humins
under acid catalysis through aldol condensation with an intermediate
compound, 2,5-dioxo-6-hydroxyhexanal. Finally, a small amount of
formaldehyde and CO, was detected, likely resulting from the cracking
of hydroxyacetone.

4. Conclusions

Catalytic wet torrefaction (WT) presents a promising pretreatment
method for producing high-quality hydrochar and liquid products. In
this work the influence of acid catalyst and reaction conditions on
hydrochar properties and liquid product distribution was investigated.
The focus was on using wood cellulose pulp residue (WCPR) with the H-
Beta zeolite catalyst (0.5-1.5 g) in a nitrogen-rich environment,
covering a temperature range from 180 to 260 °C, and reaction dura-
tions of 15-60 min. The findings clearly demonstrate that WT condi-
tions, including the use of a WCPR with zeolite catalyst, significantly
impact hydrochar properties and the distribution of liquid products.
Elemental and proximate analyses revealed substantial changes in
hydrochar composition with higher reaction temperature and time,
resulting in increased carbon content and decreased oxygen content. The
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optimal temperature for levulinic acid production was identified at
260 °C, attaining a remarkable selectivity of 62.8% with 1.0 g of the H-
Beta zeolite catalyst and H,O/WCPR = 10. Additionally, an extensive
evaluation was conducted on various hydrochar properties, encom-
passing HHVs, decarbonization (DC), dehydrogenation (DH), deoxy-
genation (DO), enhancement factor, carbon enrichment, surface area,
pore diameter, and yields of solid, carbon, hydrogen, and energy. The
highest carbon content, reaching 78.9%, was achieved at 220 °C after
30 min of treatment for the WT + Beta_220 sample, resulting in an HHV
of 30.3 MJ/kg, an enhancement factor of 1.51, and carbon enrichment of
1.63 with the sequence of element removal during WT prioritized as DO
> DH > DC. Furthermore, it is noteworthy that the WT + Beta_220
sample exhibits the most substantial weight loss, demonstrating an in-
crease from 17.0 to 60.7%. Conclusively, a comprehensive reaction
pathway was suggested to elucidate the interaction between WCPR and
the H-Beta zeolite catalyst, shedding light on the reaction mechanism
under the optimized conditions. This research underscores WT’s po-
tential as a valuable process in biomass waste conversion for sustainable
energy and chemical production.
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