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ARTICLE INFO ABSTRACT

Keywords: Creating a sustainable society hinges on efficient chemical and fuel production from renewable cellulosic
Biomass waste biomass, necessitating the development of innovative transformation routes from cellulose. In this investigation,
Cellulose we unveil a pioneering chemocatalytic method, utilizing an H-ZSM-5 catalyst within a batch reactor under a
Wet torrefaction . . . . . .

Bio-Ethanol nitrogen atmosphere, for the simultaneous one-pot generation of levulinic acid (LA) and/or ethanol during wet
Levulinic acid torrefaction (WT) of wood cellulose pulp residue (WCPR), yielding high-quality solid fuel. WT parameters
Hydrochar include a temperature range of 180 to 260 °C, HoO/WCPR = 10, and reaction durations of 15 to 60 min. Optimal

conditions for bio-ethanol production are identified at 180 °C and 15 min, achieving an outstanding 89.8 %
selectivity with H-ZSM-5 catalyst. Notably, 69.5 % LA formation occurs at 240 °C after 60 min. Hydrochar as-
sessments include higher heating values (HHVs), decarbonization (DC), dehydrogenation (DH), deoxygenation
(DO), enhancement factor, carbon enrichment, surface area, pore diameter, weight loss, and yields of solid,
carbon, hydrogen, and energy. The highest carbon content of 76.7 % is attained at 260 °C for 60 min, resulting in
an HHV of 29.0 MJ/kg, an enhancement factor of 1.44, and carbon enrichment of 1.59, with a sequence of
element removal as DO > DH > DC. A proposed reaction pathway elucidates WT of WCPR with the H-ZSM-5
catalyst, emphasizing the direct cellulose conversion into hydroxyacetone and subsequent ethanol generation
through C-C cleavage of hydroxyacetone. Through this research approach, both ethanol and LA can be produced
efficiently from renewable cellulosic biomass, offering a novel pathway to reduce dependence on fossil resources.

Biomass, comprising approximately 40 to 60 % cellulose, 15 to 30 %
hemicellulose, and 10 to 25 % lignin, alongside inorganic minerals and

1. Introduction

The depletion of non-renewable fossil resources has led to global
issues such as energy shortages and environmental degradation, such as
air pollution and global warming [1]. Fortunately, biomass, the sole
source of renewable carbon, shows significant promise for conversion
into valuable biochemicals and biofuels, offering a path to tackle both
energy and environmental challenges [2]. Biomass possesses the capa-
bility to undergo various thermochemical conversion technologies,
resulting in solid, liquid, and gaseous biofuels [3]. These biofuels offer a
sustainable and environmentally friendly energy source. With its nearly
carbon-neutral properties and widespread natural availability, biomass
has the potential to significantly reduce fossil fuel consumption and
environmental pollution, especially in terms of mitigating greenhouse
gas emissions [4].
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organic extractives (ash), faces inherent limitations when compared to
coal [5]. These challenges encompass its heterogeneous nature, lower
calorific value, higher moisture content, hydrophilic properties, poor
grindability, handling and storage difficulties, and lower energy density
relative to fossil fuels, collectively impacting its viability as an alterna-
tive energy source [6]. Moreover, biomass combustion tends to be
inefficient and costly, prompting the necessity for thermal conversion
processes to overcome these limitations and produce high-density bio-
fuels. Various thermal conversion processes, including torrefaction,
pyrolysis, hydrothermal liquefaction, gasification, and combustion, are
employed to transform biomass into valuable energy resources [3].
Notably, torrefaction stands out as a significant green thermochemical
process for producing solid biofuel, known as biochar or hydrochar,
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from diverse biomass resources like woody and non-woody residue,
agricultural waste, agro-industrial waste, and municipal solid waste [7].
Hydrochar, recognized for its versatility, finds applications in green-
house gas sequestration, cost-effective adsorbents, soil enhancement,
catalyst support, and more [8]. Torrefied biomass, sharing properties
similar to coal, emerges as a potential partial substitute. Post-
torrefaction, biomass can be densified through briquetting or pellet-
izing using standard equipment, effectively increasing material density
and enhancing hydrophobic characteristics [9]. Torrefaction, a mild
pyrolysis process for thermal pretreatment, aims to improve higher
heating values and energy densities, reduce atomic O/C and H/C ratios,
lower moisture content, enhance water resistance, increase grindability
and reactivity, and achieve uniform properties [10]. Dry torrefaction
(DT), conducted in an oxygen-free environment with low heating rates
(generally below 50 °C/min), occurs within a temperature range of
200-300 °C [11].

Wet torrefaction (WT), commonly known as hydrothermal torre-
faction, is a high-pressure (up to 4.6 MPa) thermal pretreatment process
carried out in hot compressed water under inert conditions, typically at
temperatures ranging from 180 to 260 °C [12,13]. WT offers several
advantages over DT. WT requires notably lower temperatures and
shorter holding times than DT to achieve equivalent solid yields,
resulting in higher energy yields, greater higher heating value (HHV),
and improved hydrophobicity. As a result, WT proves to be a more
effective method for biomass energy densification and conservation
compared to DT. Moreover, WT holds significant potential as a cost-
efficient approach for producing cleaner biomass fuels from inexpen-
sive, lower-quality biomass resources. WT can efficiently handle wet,
and even extremely wet, biomass materials, which pose challenges for
DT [14].

Cellulose, the main component of lignocellulose, composed of C6
sugars, is an ideal raw material for ethanol production; nevertheless, the
direct conversion of abundant non-edible cellulose into ethanol via
chemical catalysis remains a substantial challenge [15]. Bio-ethanol is a
key renewable low-carbon fuel that plays a pivotal role in meeting en-
ergy demands, reducing greenhouse gas emissions, and serving as a
valuable partial substitute for gasoline in various sectors, including
chemical industries, medicine, healthcare, and agriculture production.
Commercial ethanol is commonly produced through either classical
fermentation (a biological method) or gasification followed by syngas
conversion (a thermochemical method), but both methods face technical
challenges and complex processes, resulting in higher production costs
[16]. On the other hand, a chemocatalytic approach using a solid acid
catalyst presents an alternative avenue for ethanol production from
cellulose, with a particular preference for converting cellulose and its
derivatives into ethanol. Solid catalysts offer economic and environ-
mental advantages. They are favored in industrial applications for their
straightforward recovery and recyclability, making them a preferred
choice [17].

Only a few catalysts have been used in the production of ethanol
through catalytic biomass/cellulose conversion [15,18-20]. Liu et al.
[18] successfully synthesized ethanol through a one-pot cellulose
hydrogenolysis process, utilizing graphene-layer-encapsulated nickel
(Ni@C) catalysts with the assistance of H3PO4 in water. This reaction
took place at 200 °C for 3 h in a 100 mL autoclave with stirring, resulting
in an impressive 69.1 % ethanol yield under a 5.5 MPa H; atmosphere.
In a similar vein, Yang and his co-authors [19] also generated ethanol
with a yield as high as 43.2 % using a one-pot cellulose conversion
method, employing the Mo/Pt/WOy catalyst in a 50 mL autoclave at
245 °C for 2 h with a purged 6 MPa H;, atmosphere. Wu and his col-
leagues [15] performed a one-step conversion of cellulose into ethanol,
employing the Pt/WOy and hollow Pt@HZSM-5 catalysts, yielding 54.4
% ethanol in a 100 mL autoclave at 245 °C while stirring for 4 h with 4
MPa Hj. Furthermore, Li et al. [20] achieved an outstanding 87.5 %
ethanol yield from 1 wt% cellulose through a one-pot process using the
Ru-WOx/HZSM-5 catalyst at 235 °C, stirring for 20 h in water under a 3
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MPa H, atmosphere.

Levulinic acid (LA) or also known as 4-oxopentanoic acid or gamma
ketovaleric acid, a versatile renewable C5 platform molecule with
various potential industrial applications, serves as the foundation for the
production of a wide range of high-volume chemicals and fuels [21].
However, its commercial production currently relies on homogeneous
acid catalysts like sulfuric acid, which contributes to increased pro-
duction costs due to its expense, the need for neutralization, and the
challenges associated with separating it from levulinic acid [17].

Regarding the formation of LA from cellulose over solid acid cata-
lysts, there have been several studies [17,22-25]. Weingarten and col-
leagues [17] achieved a successful conversion of cellulose into LA,
utilizing Amberlyst 70 as a catalyst at a temperature of 220 °C for 30
min. This resulted in a maximum yield of LA, reaching 28 % of the
theoretical yield in reactor vessels with capacities of both 100 and 160
mL, operating under a helium atmosphere at a pressure of 4-5 MPa. In a
subsequent study, Chen et al. [23] employed Amberlyst 36 as the cata-
lyst within a temperature range of 120-150 °C and accelerated the
production of LA, achieving yields between 13 % and 17 % in just 5 min,
utilizing microwave heating. Meanwhile, Xu et al. [22] obtained LA
using a carbon foam-supported heteropolyacid catalyst. They achieved a
cellulose conversion rate of 89.4 % and a LA yield of 60.9 % at a reaction
temperature of 180 °C for a duration of 4 h, employing a stainless steel
reactor. In another approach, Xiang and colleagues [24] harnessed ETS-
10 zeolite and accomplished a high LA yield of 91.0 % while conducting
the reaction in an Hy atmosphere.

In this investigation, we present an innovative chemocatalytic
method for the simultaneous one-pot generation of LA and/or ethanol
during WT of wood cellulose pulp residue (WCPR), utilizing a H-ZSM-5
zeolite catalyst and yielding high-quality solid fuel within a batch
reactor under a nitrogen atmosphere. This process was carried out under
varying conditions of reaction time and temperature, with water serving
as the reaction medium. In this investigation, our main goal was to
optimize the production of hydrochar, aiming for an increase in both
higher heating value and carbon content. Concurrently, we set out to
obtain valuable liquid by-products, such as ethanol and LA, and delve
into the intricate mechanisms underlying these transformations. In
addition to these objectives, we conducted an extensive analysis of both
WCPR and the resulting hydrochar generated during the WT process. To
achieve this, we employed a range of characterization techniques,
including X-ray diffraction (XRD), scanning electron microscopy (SEM),
Brunauer-Emmett-Teller analysis (BET), elemental analysis encom-
passing carbon, hydrogen, nitrogen, oxygen, and sulfur (CHN(O)S), as
well as thermogravimetric analysis (TGA).

2. Experimental section
2.1. Materials

The H-ZSM-5 zeolite catalyst with a SiO2/Al,03 ratio of 30 was ac-
quired from the commercial supplier Zeolyst International (Con-
shohocken, PA, USA). Prior to use, the zeolite underwent a calcination
process at 550 °C (10 °C/min) in the air for 6 h to eliminate impurities.
Others chemical reagents, calibration standards, and gases used in this
study were sourced commercially and did not require additional puri-
fication. The specific chemicals and their respective suppliers are as
follows: ethanol (>99.8 %, Merck, Germany), levulinic acid (99.5 %,
Merck, Germany), hydroxyacetone (99.5 %, Merck, Germany), 5-
hydroxymethylfurfural (>97 wt%, Carbosynth, UK), 5-methylfurfural
(99 wt%, Merck, Germany), furfural (>99 wt%, Merck, Germany),
methanol (>99.9 %, Merck, Germany), guaiacol (99.5 %, Merck, Ger-
many), 2,3-butanedione (99 %, Merck, Germany), phenol (>98.5 %,
Merck, Germany), 2-butanone (99.5 %, Merck, Germany), acetone
(>99.5 %, Merck, Germany), acetoin (>99.5 %, Merck, Germany),
acetic acid (>99.7 %, Merck, Germany), cyclopentenone (>99 %,
Merck, Germany), acetylacetone (>99 %, Merck, Germany), 2,5-
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hexanedione (>99.5 %, Merck, Germany), hydrogen (5.0, Messer, Ger-
many), nitrogen (5.0, Messer, Germany), helium (5.0, Messer, Ger-
many). The feedstock, referred to as WCPR (wood cellulose pulp
residue), was provided by the biotechnology company Vertoro (Geleen,
Netherlands). A detailed composition of WCPR can be found in Table S1.

2.2. Analysis

The vario EL cube elemental analyzer from Elementar in Hanau,
Germany, was used in CHNS mode to determine the levels of carbon,
hydrogen, nitrogen, and sulfur. Carbon, hydrogen, and nitrogen were
detected using a thermal conductivity detector, while sulfur was
measured with an infrared detector. To set up the instrument, a low-
level standard provided by Elementar, containing 67.65 % carbon,
4.95 % hydrogen, 0.72 % nitrogen, and 0.84 % sulfur, was employed for
calibration. The combustion tube was heated to 1150 °C, and the
reduction tube to 850 °C. The CHNOS content was ultimately assessed
on a dry basis after subtracting the water content.

O =100 % - C% — H% — N% — S% — moisture% — ash% — Si% — Al% (1)

To study the pyrolysis of dehydrated and torrefied cellulose, a TGA-
IR (Thermogravimetric Analysis-Infrared Spectrometry) system known
as Spectrum 3 with EGA 4000, manufactured by PerkinElmer, was uti-
lized. Each analysis involved employing approximately 10 mg of the
sample, which underwent heating from 40 to 750 °C at a rate of 10 °C/
min. Nitrogen gas with a purity exceeding 99.999 %, flowing at a rate of
20 mL/min, was employed as the carrier gas. The experimental out-
comes from the TGA were automatically recorded using a computer.

The determination of moisture, volatile matter, fixed carbon, and ash
content in both untreated and wet torrefied WCPR was carried out using
proximate analysis, employing a thermal gravimetric analyzer, specif-
ically the Spectrum 3 with EGA 4000 by PerkinElmer. The American
Society for Testing and Materials (ASTM) standards E-871, E-1755, and
E-872 were employed for assessing moisture, ash, and volatile matter,
respectively [26,27]. In this analytical process, approximately 10 mg of
the sample underwent controlled heating within a nitrogen atmosphere.
The process commenced at 40 °C and progressed to 120 °C, with a 10
min pause to measure the moisture content (MC, wt%). Subsequently, a
heating rate of 50 °C/min was applied until reaching 800 °C, with a 20
min hold to determine the volatile matter (VM, wt%). To determine the
ash content (Ash, wt%), the cooling phase was initiated with a cooling
rate of —-50°/min until it reached 450 °C, at which point the nitrogen
atmosphere was replaced with air. Following this, 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, wt%) was calcu-
lated using Eq. (2) as follows:

FC = 100 — (MC + Ash + VM) @3]

Eq. (3) was used to calculate the higher heating value (HHV) for both
the WCPR and WT + ZSM-5 samples [28].

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 A 3)

In Eq. (3), C, H, O, S, N and A represent the carbon, hydrogen, ox-
ygen, sulfur, nitrogen, and ash contents, respectively, obtained from the
elemental analysis and expressed as weight percentages on a dry basis.
The use of these equations enables the calculation of both the higher and
lower heating values of the biomass. This, in turn, offers a comprehen-
sive understanding of the energy properties of the biomass during tor-
refaction conditions. The formulas used to determine the solid yield and
energy yield of the torrefied samples were as follows:

Ysolid = (mpoduct/mfeedslock) x 100 % @

Yenergy = ((Ysolid X HHVproduct)/HHeredslock) x 100 % %)
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within these equations, Yiq represents the solid yield, and Yepergy
corresponds to the energy yield. The variables mfeedstock and Mproduct
signify the mass of the initial samples and the solid product following
torrefaction, respectively. HHVfeedstock and HHV product denote the higher
heating value (in MJ/kg) of the initial samples and the solid product
after torrefaction, respectively [29]. The enhancement factor was
defined as follows [30]:

Enhancement factor = HHV proquc/ HHV feedstock (6)

Carbon yield (Y¢) and hydrogen yield (Yy) were calculated as follow:
Yc (Wt%) = Yolia (Wt%) X (Cproduct/Creedstock) (@]
Yu (Wt%) = Ysolia (Wt%) X (Hproduct/Heedstock) ®

where Cproduct, Hproduet 8nd Ceedstocks Hfeedstock are the dry ash free car-
bon and hydrogen content of the WT + ZSM-5 and WCPR samples,
respectively.

Decarbonization (DC), dehydrogenation (DH), and deoxygenation
(DO) are three metrics used to measure the reduction in the mass of
carbon, hydrogen, and oxygen during biomass torrefaction [30]. DC
quantifies the percentage of carbon loss in the biomass due to WT and
can be determined using the following formula:

DC (wt%) = 100-Y o1iq (Wt%) X (Cproducl/cfeedslock) ©

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

DH (wt%) = 100-Yolia (Wt%) X (Hproducl/eredslock) (10)
DO (wt%) = 100-Yolia (Wt%) X (Oproducl/ofeedslock) 11

where Oproduct and Ofeedstock are the dry ash free oxygen content of the
WT + ZSM-5 and WCPR samples, respectively.

A metric known as carbon enrichment (CE), employed to evaluate
the extent of carbonization in WT + ZSM-5, is defined as follows:

CE = Cproducl/Cfeedslock (12)

Lastly, the weight loss (WL) or conversion of WT + ZSM-5 is
expressed as follows:

WL (Wt%) = 100 — Ysond (13)

N adsorption—desorption at the temperature of liquid nitrogen (77
K) was performed using a Micromeritics micropore analyzer, specifically
the Micromeritics ASAP 2020 instrument. This analysis was conducted
to determine the BET surface area for both the untreated and moistened
torrefied samples. Furthermore, a high-resolution scanning electron
microscopy (HR-SEM) inspection was carried out on WCPR and wet
torrefied WCPR samples, using the FE-SEM SUPRA 35-VP instrument
manufactured by Carl Zeiss.

X-ray diffraction (XRD) analysis was carried out using the PAN-
alytical XpertPro powder X-ray diffraction instrument. CuKal radiation
with a wavelength of 1.54056 A was employed at 45 kV and 40 mA,
covering a scanning range from 5 to 50° with increments of 0.033°. To
assess the impact of WT on the overall crystalline structure of the
feedstock, the crystallinity index (CI) was determined using the Segal
method [31]. This method involved evaluating the intensities of the
(200) plane (Izgg) at 20 = 22.4° and the amorphous regions (I,n,) at 20 =
18.0°, which corresponds to the minimum point between the 200 and
110 peaks [32,33].

CI = ((200~Tam)/T200) % 100 % a4

The crystallite size (CS) was determined using the Scherrer equation
[34].

CS = (k X M/(P x cosb) (15)
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within the Scherrer equation, the variable « signifies the Scherrer con-
stant (with a value of 0.90), A represents the X-ray wavelength (0.15406
nm), p denotes the full width at half maximum (FWHM) of the (200)
peak, and 0 specifies the diffraction angle for the (200) plane [35].

The structural characteristics of H-ZSM-5 zeolite catalyst were
determined by various methods and are listed in Table S2. Table S3
displays the acid properties of the H-ZSM-5 zeolite catalyst, which were
assessed through the analysis of temperature-programmed desorption of
ammonia (NH3-TPD). This investigation utilized a Micromeritics
Autochem 2920 II apparatus equipped with a Pfeiffer Vacuum Ther-
mostar quadrupole mass spectrometer. Additionally, pyridine adsorp-
tion diffuse-reflection infrared spectroscopy (Pyridine-DRIFTS) was
performed using a Frontier IR spectrometer (Perkin Elmer) equipped
with an MCT detector and the DiffusIR® accessory from Pike Scientific
[36].

2.3. Experimental apparatus and procedure

The WT process for WCPR reactions was carried out using a stainless
steel autoclave consisting of six Parr 5000 Multiple Reactor System
vessels, each with a capacity of 75 mL. These vessels were equipped with
real-time pressure and temperature control regulators, as illustrated in
Fig. S1. Each vessel has an inside diameter of 1.50 in., inside depths of
2.69 in. (with a flat gasket) and 2.50 in. (with an O-ring), a weight of 6 1b
(including head-mounted valves), and a maximum temperature and
pressure rating of 300 °C and 200 bar, respectively. A magnetic stirring
bar rotating at 800 rpm was employed to ensure thorough mixing of the
reaction mixture. Each reactor was loaded with precisely 3.0 g of WCPR.
In the case of the heterogeneously catalyzed reaction, 1.0 g of H-ZSM-5
zeolite with a SiO5/Al;03 ratio of 30 was introduced into the reactor
vessel. The electric heating temperature was meticulously regulated by
the temperature control system, and the temperature within the reactor
was continuously monitored using an inline thermocouple. The official
start of the reaction occurred when the target reaction temperature was
achieved. After the reaction, the autoclave was promptly cooled in an ice
bath. The separation of solid catalyst and product solutions was
accomplished through filtration, and the product solutions were
collected using a 0.22 pm membrane HPLC filter. After the separation
procedure, the hydrochars were dried overnight at 105 °C. The collected
liquid products underwent offline analysis using a gas chromatography-
mass spectrometry system, specifically, an Agilent GC-7890A coupled
with an Agilent 5977B GC/MSD. This system featured a DB-WAX Ultra
Inert capillary column with a length of 30 m, an internal diameter of
0.25 mm, and a film thickness of 0.25 pm. To identify and quantify the
liquid products, an external calibration method was employed. The ex-
periments encompassed five different torrefaction temperatures: 180,
200, 220, 240, and 260 °C, representing a range from light to severe
torrefaction. Different durations of 15, 30, and 60 min were considered,
while the water/cellulose ratio remained fixed at 10. The selection of a
water-to-WCPR ratio of 10 was based on our previous research, where
we optimized the water quantity for the WT of WCPR.

The carbon product distribution (selectivity) S(C;) was calculated
using the equations below:

mol(P;)xC,

S(G;)(mol%) = S mol(P)xC, x 100 16)

n(P;) and C, are specified carbon product and carbon number, respec-
tively. The values in this article are in C mol%. The standard deviations
of liquid product distribution were determined to be within the range of
+ 3.96 % based on a minimum of three experimental repetitions.
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3. Results and discussion

3.1. Effect of process parameters on the liquid product distribution of WT
+ ZSM-5 samples

3.1.1. Effect of reaction time and temperature on the product distribution in
the liquid phase of WT + ZSM-5 samples

Fig. 1 exhibits the results of a study the effect of reaction time and
temperature on the WT of WCPR with the addition of H-ZSM-5 zeolite
catalyst. The focus of the study appears to be on the product distribution
in the liquid phase, specifically the conversion of cellulose into various
chemical compounds such as ethanol, LA, formic acid, etc. in the pres-
ence of different reaction conditions such as reaction time from 15 to 60
min and WT temperature in the range of 180-260 °C. The data high-
lights a distinct pattern: the formation of ethanol tends to decrease with
prolonged reaction time and temperature, while there is an observed
increase in the production of LA. This trend suggests that ethanol is an
early product, particularly under relatively low WT temperatures,
reaching its highest concentration of 89.8 % after just 15 min at 180 °C.
Conversely, after a 60 min duration at 240 °C, LA emerges as the primary
product, achieving the highest selectivity recorded at 69.5 %.

The product distribution undergoes a significant change with the
introduction of the H-ZSM-5 zeolite catalyst. Specifically, it enhances
the formation of certain compounds, such as ethanol and LA, while
reducing others like 5-hydroxymethylfurfural (5-HMF) and furfural
compared to the WT of WCPR without a catalyst, as studied in our
previous research work.. The catalyst is likely promoting specific reac-
tion pathways, influencing the selectivity of product formation. In
summary, the data suggests that the product distribution in the WT of
WCPR is intricately influenced by reaction time, temperature, and the
presence of the H-ZSM-5 catalyst.

Fig. 2 shows a valuable comparison of the influence of reaction time,
temperature, and the presence of an H-ZSM-5 zeolite catalysts on the
production of ethanol, LA and formic acid during the WT of WCPR. It
was observed that the ethanol yield decreases consistently with
increasing WT temperature across all studied durations (15, 30, and 60
min). For both LA and formic acid production, there is a noticeable in-
crease as the reaction time is extended from 15 to 60 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 WCPR
to LA.

The observed maximum in LA at 220 °C after 15 min can be attrib-
uted to the optimal temperature for the conversion of WCPR to LA
(Fig. 2a). However, as the temperature increases beyond 220 °C, the
formation of humins intensifies, leading to a decline in the amount of
levulinic acid. This reduction is significant due to the deposition of
insoluble humins on the catalyst surface, altering the product distribu-
tion and resulting in a decrease in the total soluble products [7]. This
phenomenon is well-documented in literature [15], where humins for-
mation not only affects product distribution but also leads to catalyst
deactivation. A similar situation is observed with ethanol, where higher
temperatures accelerate undesirable reactions, causing a shift in the
product distribution. Additionally, Table 1 highlights a notable differ-
ence in BET surface area and pore diameter between 220 °C (24.6 m?/ g,
23.5 nm) and 240 °C (14.3 mz/g, 17.6 nm). This difference can be
attributed to the intense formation of humins on the catalyst surface at
higher temperatures.

Interestingly, the increase in LA production between 30 and 60 min
is particularly pronounced at 260 and 240 °C, indicating that these
temperatures are conducive to further conversion of cellulose into LA
with extended reaction times. On the contrary, the production of formic
acid did not exhibit a strong correlation with reaction time. However, it
was noted that the quantity of formic acid increased with a rise in WT
temperature within the range of 180-220 °C (15 and 60 min) or
180-240 °C (30 min). Subsequently, as the temperature increased
further, the amount of formic acid declined for all WT reaction times.



A. Kostyniuk and B. Likozar

Chemical Engineering Journal 485 (2024) 149779

(a)
100
EtOH H-ZSM-5
X t=15min
o 80+
£
c
2 60-
>
2
2 40+ LA
g
EtOH
B 204
e MeOH l
0Ll ~
180 200 220 240 260
Reaction temperature, °C
(©
80 1EtoH tH‘ZG%M‘fs
=60 min
£ 701 LA
LA LA
E 604 "
&
b= 50+
el
S 40
@
g 30+
2 20 EtOH
e) FA FA
o 40 MeOH FA
oLk j] LL. 2
180 200 220 240 260

Reaction temperature, °C

(b)
70+ H-ZSM-5 LA
X t =30 min
2 601€toH
< 50 EtOH
K= LA
_g 40 - EtOH
= LA EtOH
2 30
©
S | AcOH
g% e
< 5-HMF EtOH
o 10 | l FA
olALll AL
180 200 220 240 260

Reaction temperature, °C

I Acetone
[ Ethanol

B Furfural
[ Hydroxyacetone

B 5-Methylfurfural
Bl Guaiacol

B 5-HMF

[ 2,3-Butanedione
I Phenol

[ 2-Butanone
[ Acetoin

[ Acetic acid

[ Cyclopentenone
[ Acetylacetone
[ 2,5-Hexanedione
[ ] Lewvulinic acid

I Methanol
[ ] Formic acid

Fig. 1. Effect of reaction time (a — 15 min, b — 30 min, ¢ — 60 min) and temperature on liquid-phase product distribution for the WT + ZSM-5 samples. Reaction
conditions: 3.0 g of WCPR, 30 mL of water, 1.0 g of H-ZSM-5 catalyst, stirring speed at 900 rpm, reaction temperature ranging from 180 to 260 °C, and a reaction time

of 15 to 60 min.

This phenomenon can be attributed to an increased formation of
humins. As illustrated in Fig. 2d, the highest yield for LA (48.2 wt%) was
attained at 240 °C after 60 min. Subsequent temperature increases to
260 °C resulted in a reduction in LA yield, attributed to factors such as
the formation of by-products (humins), deactivation of some active
catalyst sites responsible for LA formation, and a shift in product dis-
tribution towards ethanol.

In Fig. 3, it is evident that the liquid product distribution during the
wet torrefaction of WCPR, under identical reaction conditions, signifi-
cantly differs in the absence of a catalyst compared to the distribution
observed in the presence of the H-ZSM-5 catalyst (Fig. 1c). In the
absence of a catalyst, the primary reaction product for the samples was
5-HMF at 220 °C (Fig. 3a) or acetic acid at 260 °C (Fig. 3b), with se-
lectivities exceeding 60 % and 20 %, respectively. This observation
underscores the catalytic effect, as the introduction of a catalyst with
acid sites facilitates the conversion of 5-HMF into levulinic acid and
formic acid. Conversely, at higher wet torrefaction temperatures
without the catalyst, the primary products shift to acetic acid, furfural,
and methanol, rather than levulinic acid, highlighting the influence of
the catalyst in steering the reaction pathway. This reaction pathway has
been experimentally validated and is further expounded upon in the
accompanying discussion, elucidating the reaction mechanism as pre-
sented in Fig. 11.

Additionally, the results presented in Fig. 4 underscore the signifi-
cant impact of the H-ZSM-5 catalyst on the wet torrefaction of WCPR
under uniform reaction conditions (T = 260 °C, t = 60 min, HoO/WCPR
= 10) compared to WT WCPR without a catalyst. This comparison en-
compasses key parameters such as HHV, enhancement factor, carbon
enrichment, and elemental analysis. The presence of the H-ZSM-5

zeolite catalyst resulted in notable improvements across various metrics.
Specifically, HHVs increased from 26.9 to 29.0 MJ/kg, indicating an
enhanced energy content. Carbon content exhibited a substantial in-
crease, rising from 67.6 to 76.7 wt%. Furthermore, the enhancement
factor experienced a modest increase from 1.40 to 1.44, suggesting a
slightly more efficient reaction. Carbon enrichment demonstrated a
more pronounced rise, increasing from 1.40 to 1.59, underscoring the
positive influence of the catalyst on carbon-based products. These
comprehensive findings emphasize the favorable impact of the H-ZSM-5
zeolite catalyst on the specified reaction parameters, highlighting its
pivotal role in enhancing both the energy content and structural char-
acteristics of the resulting products.

3.2. TG analysis of WCPR and WT + ZSM-5 samples

The thermogravimetric analysis (TG) was conducted on both WCPR
and WT WCPR samples, providing valuable insights into their pyrolysis
behavior under various temperature conditions in a nitrogen atmo-
sphere (Fig. 5). These insights significantly contribute to a comprehen-
sive understanding of the thermal stability and decomposition
characteristics inherent in these materials. To explore the thermal
degradation and combustion behaviours, we examined a temperature
range from 50 to 750 °C. Simultaneously, we analyzed samples at 180
and 260 °C after 15 min, and at 220 °C with WT durations of 15, 30, and
60 min. The choice of 220 °C for WT aligns with our previous research,
identifying it as the optimal temperature in the absence of a catalyst.
Additionally, 180 °C for 15 min was determined as the optimum con-
dition for bio-ethanol production, while 260 °C was chosen for com-
parison with the sample at 180 °C.
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Fig. 2. Effect of reaction time (a) — 15 min, (b) — 30 min, (¢) — 60 min, and temperature on the amount of levulinic and formic acids; (d) — effect of reaction
temperature on the product yield for the WT + ZSM-5 samples. Reaction conditions: 3.0 g of WCPR, 30 mL of water, 1.0 g of H-ZSM-5 catalyst, stirring speed at 900
rpm, reaction temperature ranging from 180 to 260 °C, and a reaction time of 60 min.

Table 1
Proximate and elemental analysis, BET surface area, pore diameter (PD), crystalline index, and crystallite size of the WT + ZSM-5 samples after 60 min as compared to
the WCPR.
Samples T,°C  Proximate analysis (Wt%) Elemental analysis (wt%) BET surface area, PD3, Crystalline index,
) 1 2 X . m’/g nm %
Moisture VM FC Ash + Si + C H (¢] 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 39.4 76.6
WT + ZSM- 180 3.0 58.9 15.3 22.8 57.3 4.6 31.7 0.1 0.1 6.2 55.8 11.2 75.7
5180
WT + ZSM- 200 5.2 44.1 20.9 29.9 64.8 4.0 22.5 0.1 0.2 8.4 32.4 16.9 66.0
5.200
WT + ZSM- 220 2.0 32.1 29.5 36.4 72.6 3.1 19.0 0.1 0.1 5.2 24.6 23.5 36.6
5220
WT + ZSM- 240 3.4 31.0 30.3 35.3 72.1 3.0 18.1 0.1 0.1 6.6 14.3 17.6 25.7
5240
WT + ZSM- 260 4.1 27.9 28.8 39.2 76.7 3.1 12.9 0.1 0.0 7.3 19.3 18.3 30.0
5.260

1 VM - volatile matter, 2FC — fixed carbon, *PD — Average pore diameter measured from the desorption branch according to the BJH method.
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conditions: 3.0 g of WCPR, 30 mL of water, stirring speed at 900 rpm, reaction time of 60 min.

In the TG curves, the residual mass exhibited an increasing trend,
rising from 21.2 % to 67.0 % with the elevation of WT temperature. This
trend is attributed to a higher proportion of mass in WCPR having been
previously lost during the WT process at higher temperatures [37].
Notably, the residual masses of WT_180_15 (37.0 %), WT_220_15 (62.8
%), WT_220_30 (65.1 %), WT_220_60 (64.5 %), and WT_260_15 (67.0
%) were 1.75, 2.96, 3.07, 3.04, and 3.16 times higher than that of the
WCPR raw material (21.2 %), respectively. This observation suggests
that the thermal stability was enhanced with the escalating WT pre-
treatment temperature. TG analysis revealed that WCPR experienced the
highest weight loss within the temperature range of 275-350 °C. At the
same time, the WT sample at 260 °C (WT_260_15) displayed the highest
thermal stability. Remarkably, the WT_260_15 sample not only
demonstrated exceptional thermal stability but also exhibited the pres-
ence of ethanol and levulinic acid. This observation strongly suggests
that WT at this specific temperature setting imparts outstanding thermal
resilience to the material while simultaneously promoting the formation
of valuable liquid products within the defined parameters of our study.
Simultaneously, the sample torrefied at 180 °C (WT_180_15) exhibited
the lowest thermal stability (highest weight loss) but still higher than the
WCPR feedstock. Notably, the WT_180_15 sample produced the highest
yield of bio-ethanol. Furthermore, for the samples torrefied at 220 °C for
15, 30, and 60 min (WT_220_15, WT_220_30, WT_220_60), a correlation
was observed wherein thermal stability increased with an extension of
WT time.

3.3. HR SEM analysis of WCPR and WT + ZSM-5 samples

The morphology of both the WCPR and the sample obtained through
wet torrefaction with and without ZSM-5 catalyst at 260 °C for 60 min
was examined using SEM-EDX. The SEM scan images presented in Fig. 6
illustrate notable differences between the WCPR, WT_WCPR, and WT +
ZSM-5 samples.

The hydrochar resulting from WT exhibited significant variations in
morphology and particle size compared to the untreated WCPR feed-
stock. While WCPR exhibited a porous structure typical of untreated
biomass materials, the cellulose surface underwent a transformative
process after WT in the presence of the H-ZSM-5 catalyst (Fig. 6¢). This
transformation resulted in a flatter and smoother texture with some
grooves, yet it retained elements of the original fiber morphology. This
notable change in morphology is attributed to the thermochemical re-
actions occurring during the WT process. Additionally, the surface area
and pore characteristics were detailed in Table 1. Evidently, wet torre-
faction treatment improved the surface area of the hydrochar, albeit
with a simultaneous reduction in pore diameter. Moreover, the presence
of H-ZSM-5 particles was identified on the WT samples (Fig. 6¢). The H-
ZSM-5 zeolite catalyst plays a crucial role in facilitating the WT process,
likely by promoting the formation of intermediates and selectively cat-
alysing specific reactions, leading to the production of ethanol and/or
LA and other valuable products. The acidic and porous nature of the H-
ZSM-5 zeolite provides an ideal environment for catalytic reactions,
enabling the effective conversion of cellulose into valuable chemicals.

The surface of the WT_WCPR sample (Fig. 6b) undergoes a noticeable
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transformation, exhibiting a flatter and smoother texture when
compared to the original WCPR feedstock. This alteration in
morphology is likely a result of the thermochemical reactions taking
place during the WT process.

The SEM-EDX analysis offers valuable insights into the elemental
composition of the WCPR raw material and the alterations that take

place following WT, both in the presence and absence of the H-ZSM-5
catalyst (Table S4). The carbon content in the dried cellulose ranges
from 57.97 to 58.57 %, which is expected for cellulose, primarily
composed of carbon. Following WT, the carbon content decreases
significantly, ranging from 45.68 to 45.26 %. This reduction in carbon
indicates that the torrefaction process caused the breakdown of carbon-
rich cellulose molecules, leading to the release of volatile components
and the conversion of cellulose into other products, such as LA and other
degradation byproducts. Surprisingly, the oxygen content in the wet
torrefied sample ranges from 42.01 to 43.95 %, showing a slight increase
after torrefaction. This could be attributed to the loading of zeolite,
including SiOy and AlyOs, as confirmed by the detected amount of Si
(10.65-11.68 %) in the torrefied sample with the catalyst.

Silicon is detected in trace amounts in the feedstock, and its presence
becomes more pronounced in the wet torrefied sample, along with the
appearance of aluminum. These elements are likely attributed to the
introduction of the H-ZSM-5 catalyst during the torrefaction process. On
the other hand, calcium is detected in trace amounts in the feedstock and
remains at low levels in the wet torrefied sample, possibly originating
from impurities in the biomass or catalyst.

Following WT at 220 °C for 30 min without presence of catalyst, Si, S,
and Ca were undetectable in the treated samples. The primary alter-
ations observed included a marginal rise in carbon content and a minor
reduction in oxygen content after WT of WCPR. Despite these changes
being relatively modest, the overall composition appears to maintain a
similarity to the original feedstock.

3.4. XRD analysis of WCPR and WT + ZSM-5 samples

The X-ray diffraction (XRD) patterns obtained for both the WCPR and
the corresponding WT + ZSM-5 samples (Fig. 7) revealed distinct peaks
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Fig. 7. X-ray diffraction pattern of the wet torrefied samples with H-ZSM-5 zeolite at 180-260 °C (“WT + ZSM-5_180" — “WT + ZSM-5_260") as compared to
the WCPR.

at 20 values of 15.6, 22.4, and 34.4°. These peaks were identified as the characteristics [38]. These findings highlight a significant alteration in
crystalline planes indexed as (110), (200), and (004), respectively, the crystalline integrity of cellulose during the WT process. This trans-

within the cellulose type I allomorph’s crystal structure. It is essential to formation includes modifications in the polymorphic structure of cel-
highlight that cellulose is the only component exhibiting a crystalline lulose I, resulting in a noticeable decrease in its crystallinity and, in some
structure, whereas hemicellulose and lignin display amorphous cases, the eventual disappearance of characteristic peaks.
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Simultaneously, the XRD pattern of the H-ZSM-5 zeolite catalyst, asso-
ciated with MFI topology (JCPDS 42-0024), exhibited a high degree of
crystallinity and strong intensity diffraction peaks in the 20 region of
20-25° at 23.1, 23.3, 23.7, 23.9, 24.4°, and in the 260 region of 7-10° at
7.9, 8.8, and 9.1° [39]. Notably, the most prominent characteristic peaks
for the MFI framework were identified in the WT + ZSM-5_220 and WT
+ ZSM-5_260 samples.

3.5. Elemental components and surface properties of WCPR and WT +
ZSM-5 samples

Table 1 shows the proximate analysis data, offering valuable insights
into the compositional changes of WCPR during WT at different tem-
peratures in the presence of ZSM-5 zeolite catalyst. The volatile matter
content undergoes a notable decline as the torrefaction temperature
rises. Starting at 58.9 % for WT + ZSM-5_180, it decreases consistently
to 27.9 % for the WT + ZSM-5_260 sample. This reduction signifies the
release of volatile organic compounds as the WCPR undergoes thermal
treatment. The fixed carbon content exhibits a distinctive pattern during
torrefaction. It decreases from 19.8 % (for untreated WCPR) to 15.3 % at
180 °C. However, beyond 200 °C, there is a subsequent increase in fixed
carbon content, reaching 30.3 % at 240 °C. This trend suggests a com-
plex interplay between the degradation and stabilization of carbona-
ceous components during torrefaction. The combined percentage of ash,
silicon, and aluminum (Ash + Si + Al) reveals interesting trends in
residue/mineral composition. Starting at 22.8 % for WT + ZSM-5_180, it
steadily increases with temperature, reaching 39.2 % for WT + ZSM-
5_260. This rise could be attributed to the concentration effect as volatile
components are released, leaving behind a higher coke formation and
thus proportion of ash.

The elemental analysis data in Table 1 and Fig. 10b provides a
quantitative understanding of the compositional changes in WCPR
during WT with ZSM-5 zeolite catalyst at different reaction tempera-
tures. Starting with WCPR, the carbon content increases from 48.3 to
76.7 % in WT + ZSM-5_260, indicating a significant enrichment in
carbonaceous material. The hydrogen content exhibits a decline,
decreasing from 6.2 % in WCPR to 3.0 % in the case of the WT + ZSM-
5_240 sample. The reduction in oxygen content is evident as torrefaction
temperature increases. WCPR, with an oxygen content of 40.3 %, un-
dergoes a decrease to 12.9 % in WT + ZSM-5_260. This decline aligns
with the removal of oxygenated functional groups, indicative of biomass
waste transformation and improved fuel properties. Nitrogen and sulfur
remain at minimal levels across all samples. WCPR starts with 0.1 %
nitrogen and 0.5 % sulfur, and these values remain consistently low in
subsequent samples. The Si + Al content exhibits variation, showing an
increase from 0 % in WCPR to 5.2-8.4 % in the WT + ZSM-5 samples.
The presence of Si and Al can be attributed to the utilization of the H-
ZSM-5 catalyst compared to the WCPR feedstock alone. Discrepancies in
the amounts of Si and Al among samples could potentially be attributed
to experimental errors and the non-homogeneous distribution of zeolite
on wet torrefied material.

The structural and morphological characteristics of the studied
samples were studied (Table 1). The parameters under investigation
include temperature BET surface area (m2/g), average pore diameter
(PD, nm), crystalline index (%), and crystallite size (nm). The BET sur-
face area is a key parameter influencing the adsorption and catalytic
properties of materials. It is observed that the WT + ZSM-5_180 sample
exhibits the highest BET surface area (55.8 m?/g) among the samples,
indicating a substantial surface available for catalytic activities.

Conversely, the WCPR feedstock shows the lowest surface area (3.4
m?/g), suggesting differences in the porous structure between wet tor-
refied and untorrefied materials. The average pore diameter, as deter-
mined by the BJH method, provides insights into the pore size
distribution. The WCPR feedstock has a relatively larger average pore
diameter (39.4 nm) compared to lowest pore diameter (11.2 nm) of the
WT + ZSM-5_180 sample. This disparity in pore diameter may influence
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the diffusion and accessibility of reactants within the materials,
impacting their catalytic performance. Remarkably, the WT + ZSM-
5_180 sample exhibits the highest ethanol yield, accompanied by both
the greatest surface area and the smallest pore diameter when compared
to the other samples studied.

The crystalline index serves as an indicator of the degree of crystal-
linity within the samples. Notably, in the absence of a catalyst, the WT
samples within the temperature range of 180-220 °C exhibit elevated
crystalline indices (78.0 %, 76.4 %, and 74.4 %, respectively) in com-
parison to those at 240 and 260 °C. This discrepancy implies that the
latter two samples may possess a more amorphous and/or disordered
structure, particularly as the WT temperature exceeds 220 °C.

Conversely, the introduction of ZSM-5 results in a decline in the
crystallinity index. The reduction becomes apparent at 200 °C, where
the index decreases to 66.0 %, and further drops significantly to 36.6 %
at 220 °C, when compared to WT samples without the catalyst. Notably,
at 240 °C, the crystallinity indices of both samples (with and without
catalyst) align with each other. This discrepancy between wet torrefied
samples with and without catalyst can be elucidated by the increased
reactivity of WCPR in the presence of ZSM-5 catalyst. This catalytic
synergy leads to the production of a more amorphous solid material
(hydrochar) under identical WT conditions.

Crystallite size is a critical parameter influencing the catalytic ac-
tivity of materials. The crystallite size data indicates subtle variations
among the samples, ranging from 0.8 to 3.6 nm. Interestingly, the WT
samples 240 and 260 °C show significantly smaller crystallite sizes (0.8
nm) compared to the other samples. The smaller crystallite sizes in
certain samples may contribute to enhanced reactivity, particularly at
higher temperatures.

3.6. 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 + ZSM-5 samples

This research extensively investigates the higher heating values
(HHVs) associated with untreated WCPR and WT + ZSM-5 samples. The
HHVs of the hydrochar products exhibit a clear dependence on the WT
temperature. As the temperature increases from 180 to 260 °C, a
discernible trend in HHV is observed, indicating the significance of
temperature in influencing the energy content of the resulting hydrochar
(Table 2 and Fig. 8a). The HHV of WCPR (20.1 MJ/kg) is surpassed by all
WT + ZSM-5 samples. Analysis of the data reveals that the WT + ZSM-
5260 sample has the highest HHV (29.0 MJ/kg) among all tested
temperatures. This implies that 260 °C is the optimal temperature for
WT when seeking to maximize the higher heating value of the resulting
hydrochar.

Energy yield provides a quantitative measure of the effectiveness of a
system or process, reflecting the percentage of energy extracted or
generated compared to the total available energy in the input material.
At 180 °C, the energy yield is notably high at 92.0 %. This suggests that
the addition of H-ZSM-5 zeolite at this temperature significantly en-
hances the WT process, leading to a substantial increase in energy yield.
At 200 °C, there is a significant decrease in energy yield to 53.8 %. This
decline might be attributed to changes in the torrefaction kinetics or the
onset of undesired side reactions at higher temperatures, despite the
catalytic influence. The constant energy yield at 40.9 % for both 220 and
240 °C indicates a potential temperature range where the catalytic WT
process reaches a stable efficiency, suggesting that the catalysis has a
consistent impact within this temperature window. At 260 °C, there is a
slight increase in energy yield to 43.3 %, indicating that the catalytic
system may still exert influence at higher temperatures, albeit with a
more modest improvement.

Table 2 presents the carbon and hydrogen yield data, revealing
notable results at 180 °C with a significant carbon yield of 99.0 % and a
corresponding hydrogen yield of 62.1 %. This observation suggests that,
in the early stages of WT, there is minimal removal of carbon, with
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Table 2
HHV, solid yield, carbon yield, hydrogen yield, energy yield, DC, DH, DO, EF, atomic ratios, CE and WL of the WT + ZSM-5 samples after 60 min as compared to the
WCPR.
Samples T, H,0/ HHV, Solid Carbon Hydrogen Energy DC!, DHZ, DO3, EF* Atomic CE® WL,
°C WCPR MJ/ yield, wt  yield, yield, yield, % wt% Wt% wt% ratio Wt%
ratio kg % wit% wt%
o/ H/
C C
WCPR - - 20.1 - - - - - - 1.00 0.6 1.5 1.00 -
WT + ZSM- 180 10 22.2 83.5 99.0 62.1 92.0 1.0 31.6 27.6 1.10 0.4 1.0 1.19 16.5
5180
WT + ZSM- 200 10 25.0 43.3 58.1 27.7 53.8 41.9 65.6 69.9 1.24 0.3 0.7 1.34 56.7
5.200
WT + ZSM- 220 10 27.0 30.5 45.8 15.0 40.9 54.2 79.9 80.8 1.34 0.2 0.5 1.50 69.5
5220
WT + ZSM- 240 10 26.8 30.7 45.7 149 40.9 54.3 80.1 81.6 1.34 0.2 0.5 1.49 69.3
5240
WT + ZSM- 260 10 29.0 30.0 47.6 14.8 43.3 52.4 78.6 86.2 1.44 0.1 0.5 1.59 70.0
5.260

1 DC - decarbonization, 2DH — dehydrogenation, >DO — deoxygenation, “EF — enhancement factor, °CE — carbon enrichment, WL — weight loss (conversion).
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dehydration emerging as the primary reaction mechanism responsible
for hydrogen removal at the initiation of the process. However, at
200 °C, both carbon and hydrogen yields experience a decrease, a trend
attributed to the substantial removal of volatile components during the
WT process. Remarkably, at 220 and 240 °C, the yields stabilize, indi-
cating a potential temperature plateau in the torrefaction process. At
260 °C, a slight increase in carbon yield hints at continued torrefaction
activity, while hydrogen yield remains stable.

The van Krevelen diagram, depicted in Fig. 8b, reveals the atomic H/
C and atomic O/C ratios. This diagram unveils a relatively strong linear
correlation (R> = 0.9788) wherein both H/C and O/C ratios decrease
with increasing temperatures under an Ny atmosphere. The observed
reduction in H/C and O/C ratios in the van Krevelen diagram signifies
enhanced carbonization [40]. This decrease in ratios suggests an
improvement in the carbonization process as temperatures rise, indi-
cating a crucial correlation between temperature and the efficiency of
carbonization.

The enhancement factors exhibit a clear ascending trend, with values
increasing from 1.10 at 180 °C to 1.44 at 260 °C. This progression sig-
nifies an augmented efficiency in WCPR conversion with higher tem-
peratures, suggesting an intensified transformation of the raw material
into more energy-dense products. Concurrent with the enhancement
factors, carbon enrichment values also demonstrate a consistent rise
from 1.19 at 180 °C to 1.59 at 260 °C. The substantial increase in weight
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loss percentages is noteworthy, starting at 16.5 % at 180 °C and reaching
70.0 % at 260 °C. This signifies a temperature-dependent removal of
volatile components during torrefaction, contributing to the enrichment
of carbon in the solid residue.

In Fig. 9, the graphs depict enhancement factor profiles in relation to
the atomic O/C ratio and carbon enrichment for both WCPR and WT +
ZSM-5 samples.

Noteworthy is the strong linear trend observed in both correlations,
with the atomic O/C ratio (R2 = 0.9508) and carbon enrichment (R2 =
0.9883) exhibiting a significant association. An elevation in carbon
enrichment is associated with a higher enhancement factor, while an
increase in the O/C ratio is conversely linked to a lower enhancement
factor.

Table 2 and Fig. 10 present comprehensive data on decarbonization
(DC), dehydrogenation (DH), and deoxygenation (DO) for various
samples, encompassing elemental analysis of WCPR and WT + ZSM-5
samples at different reaction temperatures. The elemental removal
sequence during WT, with DO > DH > DC (excluding WT + ZSM-5_180),
underscores the substantial impact of torrefaction on reducing oxygen
content compared to other elements [41]. DC quantifies the reduction in
carbon content in WCPR during the WT process, revealing a gradual
increase in DC with escalating treatment severity. For example, the DC
rate in the WT + ZSM-5_180 (1.0 %) sample is low but experiences a
noteworthy increase in the WT + ZSM-5_200 (41.9 %) sample.
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samples in the temperature range of 180-260 °C.

A similar pattern is notably observed in DH and DO, with a more
pronounced increase, reaching 80.1 % and 86.2 %, respectively. This
consistent trend indicates that as the severity of WT conditions in-
tensifies, there is a substantial removal of oxygen, hydrogen, and carbon
from the WCPR. This outcome is of significant importance as it con-
tributes to a reduction in carbon content and enhances the C/H and C/O
ratios in the resulting hydrochar. These transformations render the
hydrochar more suitable as a solid fuel source, exhibiting improved fuel
characteristics suitable for a diverse range of applications.

To deepen the discussion and enhance the comparison with other
researchers’ results, we conducted a comprehensive data analysis. The
findings are presented in Table 3, which compares the HHV and ultimate
composition of biochar from various biomass types following wet tor-
refaction under optimal reaction conditions. Table 3 highlights that the
WT + ZSM-5_260 sample demonstrates the highest HHV (29.0 MJ/kg)
and carbon content (76.7 wt%) in biochar compared to a range of
biomass types, including bamboo sawdust [42,43], rice husk [44], corn
stalk [45], beech [46], wheat straw [46,47], spruce [48], birch [48], oil
trimmings and pulp [49], eucalyptus bark [50], palm oil empty fruit
bunches [51], grape pomace [52], and dried olive pomace [53].

Across all biomass types, there is a general increase in HHV with
temperature, and HHV strongly correlates with the biomass’s carbon,
hydrogen, oxygen, and nitrogen contents. Despite our wet torrefaction
temperature not being the highest compared to certain studies (e.g.,
[50-52]), where temperatures reached 300 °C, 350 °C, and 275 °C,
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respectively, our HHV and carbon content surpass theirs, while main-
taining the lowest oxygen content (12.9 wt%). We attribute this
enhancement in HHV of wet torrefied WCPR to the concentrated carbon
content and decreased oxygen content resulting from more intense
dehydration reactions in the presence of the H-ZSM-5 catalyst compared
to biomass feedstock from literature where the catalyst was not present.
We further suggest that the reduction in oxygen content primarily arises
from the degradation of cellulose due to the reaction with the acidic H-
ZSM-5 zeolite catalyst, given its oxygen-rich nature relative to lignin
[28]. This phenomenon also contributes to the decreased solid yield
with increasing temperature (Table 2).

Thus, the careful selection of the temperature range for WT of
lignocellulosic biomass is crucial, considering the diverse properties of
different biomass sources to ensure efficient production and cost-
effectiveness. With ongoing improvements in catalyst efficiency, selec-
tivity and heightened robustness, the one-pot chemocatalytic approach
is positioned to demonstrate significant potential for the practical pro-
duction of high-quality biochar, bio-ethanol, and levulinic acid products
from biomass waste in the future.

3.7. Reaction pathways of WCPR into hydrochar and the liquid products

Ethanol, levulinic acid, and biochar are produced simultaneously
during the wet torrefaction process of WCPR. However, the quantities
and qualities of each product vary depending on the specific reaction
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Comparison of higher heating value (HHV) and ultimate composition of biochar from different precursor biomass types following wet torrefaction under optimal

reaction conditions.

Biomass T, °C Time, min Biomass-to-liquid ratio, g:g HHV, MJ/kg Ultimate analysis (wt%) Ref.
C H o N S

Bamboo sawdust - - - 17.7 49.2 6.6 43.1 0.4 [42]
230 30 1:10 20.8 53.4 6.2 40.2 0.1

Rice husk - - - 16.2 40.8 5.7 40.5 1.2 - [44]
240 60 1:20 18.1 45.8 5.2 33.1 0.4 -

Corn stalk - - - 17.7 44.5 6.3 46.4 0.3 - [45]
220 30 1:15 21.2 53.3 6.0 40.0 0.4 -

Bamboo sawdust - - - 17.7 49.2 6.6 43.1 0.4 - [43]
240 30 1:10 20.9 64.8 4.4 30.3 0.2 -

Beech - - - 17.4 44.9 5.0 40.9 0.1 0.04 [46]
200 10 1:20 19.1 48.9 5.4 40.9 0.2 0.03

Wheat straw - - - 17.1 45.0 4.6 37.6 0.6 0.1
200 10 1:20 19.3 49.7 5.0 38.4 0.6 0.1

Spruce - - - 20.4 50.3 6.2 43.4 0.1 <0.02 [48]
225 30 1:5 23.0 57.0 5.9 37.1 0.1 <0.02

Birch - - - 20.0 48.9 6.4 44.6 0.1 <0.02
225 30 1:5 229 56.9 5.9 42.6 0.1 <0.02

Olive trimmings - - - 19.8 48.3 6.1 40.0 1.5 - [49]
250 30 1:10 27.2 60.3 6.3 28.2 1.8 -

Olive pulp - - - 21.7 50.3 5.8 39.2 1.6 -
250 30 1:10 27.6 62.9 6.3 24.8 1.7 -

Eucalyptus bark - - - 18.1 45.2 6.4 48.4 - - [50]
300 120 1:10 28.9 72.7 5.1 22.2 - -

Palm oil empty fruit bunches - - - 19.5 48.3 6.7 43.7 1.0 0.3 [51]
350 30 1:6.7 27.2 66.0 4.2 28.4 1.1 0.3

Grape pomace - - - 20.0 49.1 6.3 42.3 2.3 — [52]
275 30 1:4 28.3 68.3 5.9 23.5 2.3 -

Wheat straw - - - 17.6 45.0 5.7 44.6 0.4 0.4 [47]
240 60 1:10 23.9 60.7 5.6 29.5 0.6 0.4

Dried olive pomace - - - 22.5 53.5 6.8 38.6 1.1 — [53]
250 30 1:6 27.6 67.8 6.5 24.3 1.4 -

WCPR - - - 20.1 48.3 6.2 40.3 0.1 0.5 This study

WT + ZSM-5 260 60 1:10 29.0 76.7 3.1 129 0.1 -

conditions. We postulate that the WT of WCPR, in the presence of H-
ZSM-5 zeolite catalyst in an Ny atmosphere (Fig. 11), involves two pri-
mary pathways leading to ethanol production. The first and main
pathway involves the direct conversion of cellulose into hydrox-
yacetone, followed by the subsequent formation of ethanol through C-C
cleavage of hydroxyacetone. This route necessitates the activation and
cleavage of specific C-C and C-O bonds. While recent literature
[15,18-20,54-56] has demonstrated the direct generation of ethanol
from cellulose using different heterogeneous catalysts involving glyco-
laldehyde transformation into ethylene glycol and promoting the C-O
cleavage of ethylene glycol to yield ethanol, our study has identified
diverse reaction products. Consequently, we propose an alternative re-
action mechanism based on the observed hydroxyacetone product. In
addition to ethanol resulting from the C-C cleavage of hydroxyacetone,
our study detected byproducts such as methanol and acetaldehyde.
Furthermore, an additional quantity of ethanol can be obtained through
acetaldehyde transfer hydrogenation, while acetic acid is produced
through the oxidation of acetaldehyde. Finally, a minor amount of
formaldehyde and CO, was detected, likely arising from the hydrox-
yacetone cracking process.

The second pathway encompasses a series of distinct steps. The
process begins with cellulose hydrolysis into glucose, catalyzed by the
acid centers of H-ZSM-5 zeolite, particularly Lewis and Brgnsted acid
sites (LASs and BASs) [56-58]. Following hydrolysis, glucose undergoes
isomerization into fructose over LASs [55], and subsequently, fructose
undergoes a sequential transformation into hydroxyacetone through
retro aldol-condensation. Finally, hydroxyacetone is converted into
ethanol through C-C cleavage. Concurrently, we acknowledge the po-
tential conversion of glucose to hydroxyacetone via retro aldol-
condensation as well.

The synthesis of LA from cellulose derived from lignocellulosic
biomass involves a multi-step process. Initially, cellulose undergoes
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hydrolysis to form glucose, which is then converted to 5-HMF. The
subsequent transformation of 5-HMF into LA constitutes the final stage
[59]. In the first step, glucose resulting from cellulose hydrolysis un-
dergoes dehydration, leading to the formation of 5-HMF, with active
participation of LASs. Following this, 5-HMF is rehydrated into LA, the
primary target compound, accompanied by the concurrent generation of
formic acid. This transformative process is facilitated by BASs,
contributing to the cleavage of C-C bonds. Moreover, it is known
[60,61] that in acidic solutions, the direct dehydration of glucose
without the intermediate formation of fructose and 5-HMF is a plausible
process.

Simultaneously, glucose can undergo isomerization with the partic-
ipation of LASs to yield fructose. Subsequently, fructose undergoes a
dehydration reaction, leading to the formation of 5-HMF with the
involvement of BASs [58,62]. The rehydration of 5-HMF results in the
production of LA and formic acid. Additionally, within the product
mixture, furfural may be generated due to the release of formaldehyde
from the 5-HMF compound [60,62]. Notably, the observed formation of
humins aligns with existing literature [23,63], suggesting that under
acid catalysis, glucose polymerization and 5-HMF can produce humins
through aldol condensation with an intermediate compound, 2,5-dioxo-
6-hydroxyhexanal.

4. Conclusions

In this study, we introduce a novel chemocatalytic approach for the
one-pot production of levulinic acid (LA) and/or ethanol during wet
torrefaction (WT) of wood cellulose pulp residue (WCPR) in a presence
of H-ZSM-5 zeolite catalyst, concurrently yielding high-quality solid
fuel. We systematically explored the impact of acid catalyst and varied
reaction conditions on hydrochar properties and liquid product distri-
bution. The study underscores the significant influence of WT
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levulinic acid.

conditions, particularly WCPR with H-ZSM-5 zeolite catalyst, on
hydrochar characteristics and liquid product distribution. Detailed an-
alyses reveal substantial alterations in hydrochar composition with
elevated temperatures and durations. Optimal conditions for bio-
ethanol production were identified at 180 °C for 15 min, resulting in a
remarkable selectivity of 89.8 %. Similarly, optimal conditions for LA
production were found at 240 °C for 60 min, yielding a selectivity of
69.5 %. Additionally, an extensive assessment of various hydrochar
properties was conducted, encompassing higher heating values (HHVs),
decarbonization, dehydrogenation, deoxygenation, enhancement fac-
tor, carbon enrichment, surface area, pore diameter, and yields. The
highest carbon content, reaching 76.7 %, was attained at 260 °C after a
60 min treatment, resulting in an HHV of 29.0 MJ/kg, an enhancement
factor of 1.44, and carbon enrichment of 1.59. Furthermore, our
comprehensive reaction mechanism elucidates the WT of WCPR with the
H-ZSM-5 zeolite catalyst under optimized conditions. This study high-
lights the potential of WT as a valuable process for converting WCPR
into sustainable energy (high-quality hydrochar) and chemicals (ethanol
and LA).
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