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Waste wool, a protein-based waste from textile and livestock industries, represents a promising yet
underexplored feedstock for clean hydrogen production. In supercritical water, its keratin structure
undergoes rapid hydrolysis and depolymerization, enabling efficient conversion into hydrogen-rich gas
with minimal char formation. In this study, a systematic investigation of wool SCWG was conducted by
evaluating the effects of temperature, feedstock concentration, residence time, and catalyst addition.
Compared with conventional biomass feedstocks, the unique protein structure of wool leads to distinct
gasification behavior and high hydrogen production potential. Higher temperature, lower feedstock
concentration, and moderately long residence time significantly enhance carbon conversion and gas
yield. Under optimal conditions (600 °C, 2 wt% feedstock concentration, and 5 min residence time),
carbon conversion efficiency reached 95.71%, hydrogen efficiency reached 119.26%, and gas yield

reached 4272 mol kg~% Furthermore, the addition of Cu-3% Al,Os catalyst significantly improves
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Accepted 26th May 2026 hydrogen production and gasification efficiency, highlighting the synergistic role of catalytic effects and
feedstock characteristics. These findings provide new insights into the gasification behavior of protein-

DOI: 10.1039/d6ra03076a rich biomass and demonstrate that supercritical water gasification is a promising and efficient pathway
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1. Introduction

As global demand for clean, efficient energy grows, hydrogen
has gained popularity for its high energy density and ecological
benefits."”> When burned, hydrogen has a lower LHV of 142.3 M]
kg ' and produces water as a byproduct, with no greenhouse
gases or pollutants. For this reason, hydrogen is recognized as
one of the most promising secondary energy sources.>*
Hydrogen is rarely elemental, and must be produced by energy
conversion. The methods used to produce hydrogen directly
affect the performance of hydrogen energy systems.” Currently,
most hydrogen production worldwide relies on fossil-fuel-based
processes, commonly referred to as “grey hydrogen”, which
primarily include steam reforming of natural gas and coal
gasification.® These processes are mature and economically
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for converting waste wool into clean hydrogen energy.

viable; however, they are associated with significant CO, emis-
sions. In addition, water electrolysis is another alternative
technology for hydrogen production, which can produce high-
purity hydrogen but suffers from high energy consumption
and strong dependence on electricity sources.”” Against the
backdrop of the “carbon peak and carbon neutrality” goals,
there is therefore an urgent need to develop cleaner, more
sustainable hydrogen production technologies to replace
traditional high - carbon approaches.”

As the only renewable carbon-based resource, biomass is
regarded as a key feedstock for green hydrogen production.
Biomass gasification for hydrogen production can achieve
a carbon - neutral cycle to a certain extent, but biomass has
high volatile content and low energy density under conventional
gasification or steam reforming conditions. It easily generates
tar and coke during the conversion process, which impairs the
quality of the product gas and increases the operational
complexity of the system."** High-temperature steam reform-
ing further aggravates the formation of coke and polycyclic
aromatic hydrocarbons (PAHs), which severely limit hydrogen
yield and reaction stability.">'® To reduce byproduct formation
and improve hydrogen production performance, researchers
have developed various catalyst systems, including alkali
metals, alkaline earth metals, and nickel-based catalysts, and
these systems have brought about partial improvements in
hydrogen yield and tar conversion efficiency."”*® For example,
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Zhang et al.** used LAO and LSAO-supported nickel catalysts in
toluene steam reforming, raising the hydrogen yield to 78.18%;
Kuchonthara et al** added K,CO3/NiO/y-Al,O; during the
steam reforming of rice husk - derived tar, cutting the tar yield.
from 36.2% to 28.9% while increasing the hydrogen yield from
24.1% to 33.5%; Luo et al.*® added CaO to the steam gasification
of pine sawdust, achieving a 2.39-fold increase in hydrogen
yield and a 16% reduction in tar yield. Even so, catalytic gasi-
fication still faces challenges such as catalyst deactivation,
carbon deposition, and complex reaction pathways, which
means the core problem of tar formation has not been funda-
mentally solved.

Supercritical water, defined as water above 374.3 °C and
22.1 MPa, exhibits unique physicochemical properties such as
high diffusivity, low dielectric constant, and enhanced mass
transfer capability.>**® Supercritical water decreases the polarity
of water and thus enhances solubility of organic compounds
while the higher ion product promotes radical and ionic reac-
tions.”** Biomass is rapidly hydrolyzed, pyrolyzed and
reformed in homogeneous state, which inhibits formation of
phenolics and tar and allows efficient and clean gasification.
Recently, SCWG has been applied to various biomass feedstocks
such as agricultural and forest waste, food waste, sewage sludge
and oily waste.”®*" The main parameters that influence
hydrogen production are reaction temperature, feed concen-
tration, residence time, and catalyst type. Different feedstocks
have different hydrogen yields under optimal conditions.**~**
For instance: Su et al.** reported a hydrogen yield of 1.74 mol
kg~ ' from food waste at a concentration of 5 wt%, a tempera-
ture of 450 °C and a residence time of 20 min; Nanda et al.*®
achieved a hydrogen yield of 3.37 mol kg~ " from fructose at
4 wt%, 700 °C and 1 min, and fructose is a model compound for
fruit and vegetable waste. In addition, catalysts, especially noble
metal and nickel-based catalyst systems, can improve hydrogen
yield and selectivity.*”~** Borges et al.*” found that using NiFe,0O,
in the gasification of eucalyptus sawdust increased the
hydrogen content by 60%, while Huang et al.>® demonstrated
that nickel nanoparticles can enhance the hydrogen yield from
glucose gasification. Overall, SCWG has the advantages of high
gasification efficiency, minimal coking, and high-quality
product gas, which makes it highly suitable for processing
complex biomass feedstock systems.

Notably, most fundamental studies on SCWG have been con-
ducted in batch-type reactors, which provide a closed and well-
controlled reaction environment. In such systems, the gradual
heating process and relatively long effective residence time enable
prolonged interaction between intermediates and supercritical
water, thereby promoting secondary reactions such as steam
reforming and water—gas shift. As a result, hydrogen yields in batch
SCWG systems typically fall within the range of 1-5 mol kg™ * for
carbohydrate-based feedstocks under comparable conditions,
whereas significantly higher hydrogen production can be achieved
for protein-rich feedstocks due to their distinct chemical compo-
sition and enhanced participation of water in hydrogen genera-
tion.”” Therefore, batch reactors are widely regarded as an
appropriate platform for investigating intrinsic reaction mecha-
nisms and gasification behavior of complex biomass.
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Wool is one of the most abundant protein-based waste
materials generated from the textile and livestock industries
and has attracted increasing attention due to its high keratin
content.**** Global annual wool production exceeds 1-2 million
tons; however, less than 10% of waste wool is effectively recy-
cled, with most being discarded or converted into low-value
products.”>* In China, large quantities of waste wool are
generated every year, while the effective recycling rate remains
relatively low.*® The accumulation and improper disposal of
waste wool may lead to environmental concerns and resource
waste.As a protein-rich biomass, wool keratin contains abun-
dant peptide bonds and heteroatoms, making it a potentially
valuable feedstock for hydrogen-rich gas production. Compared
with conventional thermochemical processes such as pyrolysis
and dry gasification, supercritical water gasification (SCWG) is
more suitable for treating wet and nitrogen-containing biomass
without the need for energy-intensive drying. Therefore, the
utilization of waste wool through SCWG provides a promising
pathway for resource recovery, clean hydrogen production, and
high-value utilization of protein-based waste biomass.*"**

Compared with other protein-rich biomass such as sewage
sludge, algae and animal residues, wool keratin exhibits a rela-
tively homogeneous and well-defined molecular structure
dominated by keratin, with abundant disulfide bonds and
stable peptide linkages. In contrast, sewage sludge often
contains high ash content and inorganic impurities that may
inhibit catalytic performance, while microalgae typically
present highly variable compositions and moisture content,
leading to less stable gasification behavior.***° These differ-
ences suggest that wool may follow distinct reaction pathways
during SCWG, particularly in terms of sulfur evolution, inter-
mediate formation, and hydrogen production mechanisms.
However, systematic studies on wool SCWG focusing on
hydrogen production, product distribution and catalytic effects
are still lacking.

This paper uses waste wool as the feedstock to study the
hydrogen production behavior by SCWG. By monitoring
gaseous and liquid products simultaneously, we evaluate gasi-
fication performance in terms of CE, HE, hydrogen selectivity,
gas lower heating value (LHV), molar fractions of gas compo-
nents and gas yield. Carbon and hydrogen conversion pathways
are investigated along with the reaction mechanism. Unlike
conventional studies that primarily focus on process optimiza-
tion, this work emphasizes the intrinsic relationship between
protein structure and gasification behavior, and the theoretical
and experimental results are presented to support clean
hydrogen production from proteinbased biomass and high
value resource utilization of waste wool.

1.1. Materials

The wool used here is composed mostly of keratin and contains
a few elements, including moisture, lipids, and inorganic salts.
Keratin is the largest component of the wool, accounting for 80-
95% of the mass, while moisture is 10-17%. Lipids and inor-
ganic salts each make 0.5-2% of the sample. The wool was
collected in Xingtai, Hebei Province, shredded, and stored in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Proximate and ultimate analyses of wool samples

Ultimate analysis (wt%)

C H N (6] S

42.93 6.2175 14.305 28.5415 2.586

Industrial Analysis(wt%)

Moisture  Ash content Volatile component Fixed carbon Total

9.805 0.355 76.6 13.24 100

a sealed desiccator for subsequent experiments. Ultimate and
closest estimates of the wool are summarized in Table 1. The
lower heating value (LHV) of wool was calculated to be
approximately 17.17 MJ kg ".

1.2. Experimental apparatus

We used quartz tubes as experimental containers due to their
small size, rapid heating, and transparency. The tubes had an
inner diameter of 2.08 mm, an outer diameter of 5 mm, and
a length of 200 mm. Fig. 1 shows the schematic of the micro
quartz tube reactor, which consists mainly of a temperature
controller, heating wire, thermocouple, and pull rod. The
reactor is designed for operation at 1000 °C (with a monitoring
accuracy of +0.1 °C) and can withstand a maximum internal
pressure of 40 MPa (with a monitoring accuracy of +0.1 MPa).
Using quartz tubes helps to prevent side reactions caused by
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Fig.1 Schematic diagram of the quartz tube reactor system. (1 sliding
rod; 2 support frame; 3 insulation layer; 4 heating filament; 5 internal
cylinder; 6 quartz tube; 7 thermocouple; 8 insulation cover; 9
temperature controller).
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slow heating. All experiments were performed using a high-
temperature and high-pressure resistant reactor system.
Temperature and pressure were continuously monitored during
operation to ensure safe and stable experimental conditions
under supercritical water environments.

1.3. Experimental procedure

Before SCWG experiments, wool samples were weighed
(0.01 mg precision, analytical balance), placed on the quartz
tube bottom, ultrapure water was injected via a 10 pL micro
syringe for mixing, nitrogen purging to remove the internal air,
tube opening was sealed with an oxy-hydrogen flame to ensure
bubble- and crack-free sealing.

During the experiment, the quartz tubes in the reactor will
gradually be heated to the set temperature. At this point, the
timing begins. After reaching the specified residence time, the
quartz tubes will be removed and allowed to cool down. After
cooling is complete, the products will be collected. The gas
products will be collected in a stainless steel tube. The specific
collection method is as follows: first, blow high-purity nitrogen
gas through the stainless steel tube to expel the internal air.
Then, place the quartz tube inside and seal it with a rubber
stopper. Next, use another steel tube to strike forcefully, causing
the quartz tube to break. The gas was collected in the steel tube,
and then connect one end of a rubber tube to the exhaust valve
of the steel tube and the other end to a U-shaped tube with
a scale. Open the exhaust valve and observe that the liquid level
in the U-shaped tube drops. The difference between the liquid
levels before and after is the volume of the produced gas. The
liquid products were collected in test tubes, and the specific
collection method is as follows: first, vigorously shake the
quartz tube to cause the liquid to accumulate at the other end.
Then, use a glass knife to make a circular cut at an appropriate
position in the quartz tube, and then break the quartz tube by
hand, collecting the liquid product in the test tube. All experi-
ments were performed in triplicate, and gas composition
measurements were repeated to ensure data reliability and
reproducibility.

1.4. Analytical methods

1.4.1. Analysis of gaseous products. The analysis of
gaseous products is carried out using an Agilent 8890 gas
chromatograph, equipped with a thermal conductivity detector.
The temperatures of the chromatographic column, the injection
port, and the thermal conductivity detector are set at 250 °C.
The carrier gas is high-purity argon (99.99%), with a flow rate of
30 ml min~". Prior to sample analysis, the GC system was
calibrated using standard gas mixtures containing H,, CO, CO,,
CH,, C,H,4, C,Hg, and N,. Quantification of gaseous products
was performed based on calibration curves obtained from the
peak areas of the standard gases. Repeated measurements were
conducted to ensure analytical reliability.

1.4.2. Analysis of liquid-phase products. First, add an equal
amount of ethyl acetate to the liquid phase product collected in
the test tube. Then, centrifuge the mixture. After centrifugation,
use a micropipette to collect the upper layer of the extracted
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liquid. Inject this upper layer into the Agilent 7000D gas
chromatography-mass spectrometer (GC-MS) manually. Set the
column chamber to 60 °C as the starting temperature. Heat the
chamber to 95 °C at 35 °C per minute and hold for 5 minutes.
Then, raise the temperature to 120 °C and hold for 6 minutes.
Subsequently, increase the temperature to 200 °C, hold for 3
minutes, and finally raise it to 250 °C, holding for 4 minutes.
Start the detection by pressing the start button on the GC-MS.

1.5. Gas production performance indicators

To assess the conversion behavior of wool during the gasifica-
tion process, multiple quantitative parameters were adopted to
characterize system performance. These parameters comprise
CE, HE, hydrogen selectivity, LHV, molar distribution of
gaseous components, and overall gas yield. The detailed
mathematical expressions used for their determination are
presented below:

CE(%) = — S8 5 100%
MC feedstock
HE(%) = —e o 100%
MY feedstock
.. Yu
H,selectivity (%) = 2
: y() Yco+ Yen, + Yo, + Yo, + Youu,
x 100%

LHV(MJ Nm®) = 10798 % YH2+126~3160;0YCO+358.18 % Yen,

. The mol number of gaseous product
G 1d 1kg™') =
as e (mo 5 ) The mass of feedstock

Gas molar fraction =

The mol number of gaseous product

The mol number of all the gaseous products
x 100%

In the equations, mcg,s stands for total mass of carbon
in.gaseous product, 7¢ feedstock Stands for total mass of carbon
in feedstock, my g, stands for total mass of hydrogen in
gaseous product, My feedstock Stands for total mass of hydrogen
in feedstock. LHV stands for the low heat value of gas.Yy,, Yco,,
Yen,, Yco, Ye,u, and Y¢ u, represent the gas yield of component
H,, CO,, CHy, CO, C,H, and C,Hg, respectively.

2. Results and discussion
2.1. Wool gasification characteristics

This section discusses wool gasification characteristics under
varying conditions: reaction temperature (°C), feedstock
concentration (wt%), and residence time (min). For context, the
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primary reactions in supercritical water gasification of organic

matter include steam reforming, water-gas shift, and

methanation.***>
Steam reforming: C + H;O — CO + H; AHggx
=131.29 KJ mol™!

Water—gas shift: CO + H,O < CO, + H, AH 93¢
=41.17 KJ mol ™!

Methanation: CO + 3H2 > CH4 + Hzo AHzggK
= —206.10 KJ mol "

CO + 4H2 <« CH4 + 2H20 AHzggK
= —164.93 KJ mol™!

2.1.1. Effect of reaction temperature. We investigated the
effect of reaction temperature on wool SCWG at 2 wt% feedstock
and 5 min residence time with reaction temperatures at 400 °C,
450 °C, 500 °C, 550 °C, and 600 °C (50 °C interval). Fig. 2(a)
shows the different effects of reaction temperature on CE and
HE in the test conditions (5 min residence time, 9 wt%). CE
increases by 48.25% to 95.71% with temperature increase of
400 °C to 600 °C, indicating more wool organic carbon is con-
verted to gas phases at higher temperature. In addition, HE is
up by 43.53% to 119.26%. In the low temperature range (400-
450 °C), CE and HE remain relatively low. This is due to the
stability of wool proteins, where intramolecular peptide and
disulfide bonds are incompletely fractured. Thermal cracking
dominates the reaction system, and water-involved reforming
and water-gas shift reactions restrict carbon and hydrogen to
the gas phase. At 500 °C CE and HE show distinct growth,
suggesting that high temperatures facilitate deep cracking of
keratin macromolecules while further reforming intermediate
oxygenated organics, tar, and solid residual carbon. Tempera-
ture increases to 550-600 °C, the CE approaches 100%, confirm
near-complete conversion of wool carbon to gas-phase products
with significant reductions in coking and refractory solids. This
is due to increased water dissociation and diffusion in the high-
temperature supercritical environment, which intensifies steam
reforming and water-gas shift reactions. At low temperature,
the carbon conversion efficiency curve is higher than the
hydrogen production efficiency curve, and the two curves
intersect around 500-550 °C. Above 500 °C, HE is above CE.
This is because the release of carbon and hydrogen during
SCWG depends on different pathways of the kinetic and ther-
modynamic, respectively. At low temperature, the pyrolysis and
primary cracking of large organic molecules kickstart their
decomposition, leading to rapid progress of carbon conversion
reactions. At low temperatures, only a few active sites are
needed for hydrolysis and reforming reactions. At the temper-
ature above 500 °C, steam reforming and water-gas shift reac-
tions increase much more intensely, and both the
decomposition of organic intermediates and direct dissociation
of water molecules produce large amounts of hydrogen. Water
is highly reactive in a supercritical environment, allowing the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Influence of reaction temperature on the supercritical water gasification of wool at a feedstock concentration of 2 wt% and a residence

time of 5 min: (a) CE and HE; (b) gas yields and total gas yield; (c) molar fractions of gas and LHV.

hydrogen production to exceed the hydrogen content of the
feedstock, pushing the HE value above 100%, and the CE rea-
ches saturation. To further verify this phenomenon, a hydrogen
balance analysis was conducted. The hydrogen balance based
on gaseous products was approximately 119%, indicating that
additional hydrogen was generated from water via reactions
such as water-gas shift and steam reforming. A carbon balance
analysis was performed under a representative condition, and
the carbon balance closure was approximately 94%, indicating
that most of the carbon was accounted for in the gaseous
products. The apparent gas yield relative to the feedstock was
estimated to be around 90%. It should be noted that this does
not represent a complete mass balance of the system, as liquid-
phase products and dissolved intermediates were not fully
quantified.

Fig. 2(b) shows the temperature dependence of gas products
in gasification. Gas products consist mostly of H,, CO,, CO,
CH,, C,H,, and C,Hg. As the reaction temperature increases, the
gas production increases to 42.72mol kg™ ' at 600 °C compared
to 17.02 mol kg™' at 400 °C. High temperature favours gas
formation. Major gas species form at higher temperatures. H,
and CO, yields increase significantly from 1.59 and 2.46 mol
kg~ ! at 400 °C to 11.91 and 6.09 mol kg~ * at 600 °C, respectively.
Notably, the yield of CO exhibits a pronounced increase
between 450 °C and 500 °C, rising from approximately 8.04 mol
kg™ to 12.11 mol kg . This behavior arises from thermal
cracking and decarboxylation of oxygenated intermediates
(carboxylic acids, aldehydes, ketones) generated during initial
wool keratin decomposition. The effect is reflected in an
increased extent of cracking and decarboxylation of these
intermediates (e.g., from 8.04 mol kg™" to 12.11 mol kg '). At
the relevant temperatures, the intermediates acquire sufficient
energy to overcome activation barriers for C-O and C-C bond
cleavage, which leads to release of carbon monoxide. In addi-
tion, partial oxidation reactions and the limited extent of the
water-gas shift (WGS) reaction at moderate supercritical
temperature favour CO accumulation. As a result, the conver-
sion of CO to CO, is not complete under these conditions,
leading to relatively higher CO yields. This imbalance between
CO formation and its subsequent conversion contributes to the
observed CO-dominant behavior in the gas products. In turn,
the 450-500 °C interval is the critical time when secondary

© 2026 The Author(s). Published by the Royal Society of Chemistry

decomposition pathways are significantly accelerated. The
increase in H, yield above 500 °C can be attributed to the
combined effects of primary decomposition and secondary
gasification reactions. At elevated temperatures, the thermal
cracking of wool keratin is significantly intensified, leading to
the continuous formation of intermediate gaseous species such
as CO, CH,, and light hydrocarbons. Meanwhile, steam
reforming and water-gas shift reactions are also enhanced
under supercritical conditions, contributing to additional
hydrogen production. However, the simultaneous increase in
CO and CH, yields suggests that the formation rates of these
intermediates exceed their consumption rates via secondary
reactions. Therefore, the observed increase in H, is not solely
due to the consumption of CO and CHy, but rather results from
a dynamic balance between rapid generation of intermediates
and their partial conversion into hydrogen. Similar behavior
has been reported in SCWG of other biomass feedstocks, where
parallel reaction pathways dominate at high temperatures.
Fig. 2(c) shows the distribution of the fractions and lower
heating value of product gases at different temperatures.
Reaction temperature changes the composition of gas and
energy quality: if temperature increase from 400 °C to 600 °C,
gas composition shifts dramatically from a temperature
increase from 2.41 to 5.84 MJ Nm? (significantly up). H, frac-
tion changes with temperature (9.35% increase from 400 °C to
27.87% increase from 600 °C), CO and CH, fractions decrease
(44.30% decrease from 31.01% and 21.08% increase to 18.84%,
respectively). C,H¢ and C,H, fractions decrease with tempera-
ture increase. At 400 °C, product gas is predominant by CO, and
CH,4, low H, and CO fractions, which results in LHV of only
2.41-2.59 MJ Nm >, suggesting wool first thermal cracking with
limited water reforming, leading to low combustible gas
proportions and low energy density. As the temperature reached
500 °C, H, and CO fractions increased significantly, LHV
reaching 3.77 MJ Nm°, reflecting the increase of steam
reforming and water-gas shift reactions in supercritical water,
which further convert wool-cracking intermediates (oxygenated
organics, tar and light hydrocarbons) into small molecules
combustible gases, improving gas energy quality. At 550-600 °C,
H, and CO became the main gas components (with significant
increases), while CH, and other light hydrocarbons were stable
or decreased. LHV reached 5.13-5.84 MJ Nm *, suggesting that
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high temperatures favor hydrogen-rich high-energy-density
syngas production due to water reactivity at high tempera-
tures which promote deep reforming of tar and solid carbon
and inhibiting methanation, shifting reaction system toward H,
and CO production.

2.1.2. Effect of feedstock concentration. Supercritical water
gasification experiments were carried out using wool feedstock
at concentrations of 2, 5, 7, 9, and 11 wt% while maintaining
a reaction temperature of 600 °C and a residence time of 5 min.
The corresponding variations in carbon conversion efficiency
(CE) and hydrogen conversion efficiencyt (HE) are presented in
Fig. 3(a). Overall, increasing feedstock concentration leads to
a decline in both CE and HE; however, a slight recovery is
observed at higher concentrations (9-11 wt%), resulting in
a non-monotonic trend. At a concentration of 2 wt%, the CE and
HE reached 95.71% and 119.26%, respectively. Under the same
temperature and residence time conditions, increasing the
feedstock concentration to 9 wt% led to decreases of 62.61%
and 79.36% in CE and HE, respectively. When the concentration
was further increased to 11 wt%, both indicators showed
a slight recovery, with CE and HE increasing by 27.84% and
40.05%, respectively, relative to their minimum values. At
relatively low feedstock concentrations, the higher water-to-
organic matter ratio may provide more favorable conditions
for water-mediated reactions under supercritical conditions,
which could contribute to higher carbon and hydrogen
conversion efficiencies. In addition, the relatively abundant
aqueous phase may facilitate mass transfer and intermediate
conversion during gasification. As the feedstock concentration
increased, the relative water availability decreased, which may
suppress reactions associated with steam reforming and inter-
mediate conversion, thereby reducing CE and HE. Under these
conditions, some intermediates may not be fully converted into
gaseous products and could instead participate in competing
side reactions. However, when the feedstock concentration
further increased from 9 to 11 wt%, the decreasing trend of CE
and HE was no longer strictly maintained. This behavior may be
related to the increasingly complex reaction environment under
relatively high organic loading. At elevated concentrations, the
formation and interaction of keratin-derived intermediates may
become more significant and could influence subsequent
gasification pathways and product distribution. Previous
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studies have also suggested that feedstock concentration and
intermediate interactions under supercritical water conditions
can affect reaction behavior and gaseous product formation.*>**
Therefore, the slight rebound in CE and HE at 11 wt% may be
associated with the combined effects of intermediate formation
and secondary conversion processes under high-concentration
conditions.

As shown in Fig. 3(b), feedstock concentration affects indi-
vidual gas component yields in wool SCWG. H, yield drops from
11.91 mol kg™ at 2 wt% to 1.16 mol kg™ at 9 wt%. The drop is
particularly steep between 2 wt% and 5 wt%. CO and CO, yield
drop from 13.25 mol kg™ and 6.09 mol kg™ * to 3.35 mol kg "
and 2.07 mol kg™, respectively. This drastic decrease in H, and
CO, yields is mainly attributed to the reduced water-to-carbon
ratio at higher feedstock concentrations. At low concentra-
tions (2-5 wt%), excess supercritical water promotes steam
reforming and water-gas shift reactions, enabling efficient
conversion of keratin-derived intermediates into gaseous
products. However, as the concentration increases, the relative
water availability decreases, limiting these water-mediated
reactions. As a result, intermediate products are not fully con-
verted and may instead undergo condensation, polymerization,
or char formation, thereby suppressing the formation of
gaseous species such as H,, CO, and CO,. Therefore, the limited
water availability also suppresses the formation of CO, leading
to its decreasing trend with increasing feedstock concentration.
However, at the highest concentration (11 wt%), a slight
increase in CO yield is observed. This may be attributed to
enhanced thermal cracking under high organic loading, which
promotes the formation of CO from intermediate species,
partially offsetting the limitation imposed by reduced water
availability. As shown in Fig. 3(c), the H, fraction of the product
gas generally decreases with increasing feedstock concentration
from 2 wt% to 9 wt%, due to the reduced water-to-carbon ratio
that limits steam reforming and water-gas shift reactions.
However, when the concentration further increases to 11 wt%,
this trend is no longer strictly followed. This deviation may be
attributed to enhanced thermal cracking and secondary reac-
tions at high organic loading, which promote the formation of
gaseous products and partially offset the limitation of water
availability. Gas lower heating value (LHV) is decreasing, then
increasing. At low concentrations, large water participation

colcy iy,  GH, o Gl Co, * LHY

a5 100

2n
L]

(a) 18 F
—+—CE
+—HE

Gas yield,mol’kg

CE and HE,%
B

2098
.

(b) co, [N

. (©) N
[}  |iN - 40 LS
cH, Il co 20k

®  Total gas yicld

kg
5%

LHV MJNm®

80 f y, ] “T
10 N 3

2 5 7 9 1

Feedstock concentration,wt.%

17.88
| | I
5 7

Feedstock concentration,wt%

21.28 E

. = :
1 10 0
9 1

Feedstock concentrations,wt.%

Fig.3 Effect of feedstock concentration on the gasification behavior of wool under supercritical water conditions at 600 °C for 5 min: (a) CE and

HE; (b) gas yields and total gas yield; (c) molar fractions of gas and LHV.

29520 | RSC Adv, 2026, 16, 29515-29528

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra03076a

Open Access Article. Published on 01 June 2026. Downloaded on 6/19/2026 6:55:32 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

favors steam reforming and water-gas shift reactions,
promoting H,. As concentration increases, the effective water-
to-carbon ratio decreases, making organic intermediates more
susceptible to methanation and condensation, thus increasing
CH, and reducing H, fraction. The largest decline in H, fraction
occurs between 2 and 5 wt% feedstock concentrations (from
27.87% to approximately 14.94%), while the decrease is more
moderate at higher concentrations (for example, from 5 wt% to
11 wt%). This pattern indicates a critical threshold in the
hydrodynamics and reaction chemistry: at 2 wt% the water-to-
carbon ratio is sufficient to sustain near-complete steam
reforming and water—gas shift activity, maximizing H, selec-
tivity. At higher feedstock loadings, the greater CH, mass frac-
tion compensates for reduced H, production and contributes to
the observed rebound in gas LHV.

2.1.3. Effect of residence time. In order to investigate the
influence of residence time on the gasification characteristics of
wool, experiments for gasification were conducted under the
reaction conditions of 600 °C and 9 wt% with residence times of
1, 3, 5, 7, and 9 minutes, respectively. The corresponding carbon
conversion efficiency (CE) and hydrogen conversion efficiency
(HE) are illustrated in Fig. 4(a). Both CE and HE exhibit a non-
monotonic trend, increasing with residence time and then
slightly decreasing at longer residence time. As the residence
time is extended from 1 min to 7 min, CE and HE increase
strongly. CE increases from 34.54% to 79.66%, and HE
increases from 39.43% to 101.17%, indicating that prolonging
the reaction time promotes deeper hydrolysis and thermal
cracking of wool keratin and completes the decomposition of
complex macromolecular structures. The most significant
increase of CE and HE is between 5 min to 7 min, CE increases
about 41 percent, and HE about 53 percent, because we ob-
tained optimal kinetic conditions, as at 5 min, the initial rapid
cracking of wool has produced large quantities of intermediate
compounds (amino acids, peptides, and oxygenated organic
compounds), but they have not yet fully responded to gaseous
products. At 7 min intermediates can undergo second reactions
like steam reforming, water-gas shift, gasification to CO, CO,,
H,, CH, and other combustible gases. High temperature (600 °©
C) ensures a high reaction rate, and a supercritical water envi-
ronment facilitates mass transfer and diffusion, allowing effi-
cient contact between organic fragments and reactive water
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species. Therefore, the period between 5-7 min is the window
when the system transitions from primary decomposition to
advanced reforming, and carbon and hydrogen utilization
dramatically increase. The decrease was seen at 9 min. This
suggests that too long residence time can trigger side reactions,
such as secondary polymerization of volatile intermediates into
secondary char or gaseous products from reverse reactions.
Overall, the non-monotonic variation of CE and HE with resi-
dence time reflects the balance between enhanced gasification
reactions at moderate residence times and the occurrence of
side reactions at prolonged residence time.

Fig. 4(b) shows the distribution of gaseous products (H,,
CO,, CH,, CO, and light hydrocarbons C,Hs and C,H,) under
different residence times. Total gas yield increased from
11.88 mol kg ' to 27.87 mol kg ' when residence time was
extended to 7 min, and then decreased significantly to
21.08 mol kg~ ' at 9 min. This suggests that 7 min is sufficient
for complete wool gasification, while longer residence time
accelerates the loss of reaction intermediates and triggers
competitive side reactions. Gas production characteristics show
that CH, and CO dominate the product gas. Yields of H, and
CO, were increased continuously in the first 7 min. C,H, was
only at trace levels at 1 min, while C,Hg was suppressed in the
reaction. The sharp increase in CH, and CO, yields occurs
between 5 min and 7 min, the period of maximum gas
production. This is due to the completion of primary thermal
cracking and intensive secondary reforming reaction. By 5 min,
most of the keratin macromolecules have been decomposed
into oxygenated organic intermediates (carbon acids, alde-
hydes, ketones, tar-like substances) through hydrolysis and
pyrolysis. These intermediates are not fully converted into
gaseous products yet. Extending the residence time to 7 min
provides enough time for these reactive species to undergo
further transformation via steam reforming, water—gas shift,
and gasification reactions in a supercritical water environment.

Fig. 4(c) shows the variation of gas fractions and lower
heating value as a function of residence time. As residence time
increased from 1 to 7 min, CO, and H, fractions increased to
different degrees while the CO proportion decreased. At 1 min,
CO, CO,, and H, fractions were 34.26%, 14.26%, and 8.98%,
respectively. Gas composition reached quasi-equilibrium after
7 min, CO and CO, stabilizing at 22.37% and 22.07%,
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respectively, H, reached 10.46% at 5 min. Energy density
increased significantly after 5 min to a maximum of 4.48 MJ
Nm ™ at 7 min. In the first reaction phase, oxygen groups in
wool cracking with decarboxylation and carbonyl cleavage
reactions produced rapid CO and CO, production; however
incomplete water—gas shift reaction produced high CO molar
fractions. As the residence time extended to 5-7 min, CO was
consumed by water-gas shift reaction and converted into H,
and CO, with reduced CO content and continuous H, increase.
This improved gas system reducibility and energy density,
leading to maximum LHV at 7 min.

2.2. Influence of catalyst selection and loading amount on
gasification performance

Catalytic gasification tests were carried out at 600 °C using
awool feedstock concentration of 9 wt% and a residence time of
5 min, with the catalyst-to-feedstock mass ratio fixed at 1:1.
Copper-containing catalysts are generally considered to facili-
tate the decomposition of large organic structures, while Al,O;
may contribute to improved dispersion and structural
stability.**** Based on these considerations, Cu and Cu-Al,O3
composite catalysts were employed in this work.

The corresponding hydrogen conversion efficiency (HE),
carbon conversion efficiency (CE), and hydrogen selectivity ob-
tained with Cu, Cu-3% Al,O3;, and Cu-7% Al,O; are summarized
in Fig. 5(a), with the non-catalytic case serving as the reference.
Compared with the non-catalytic run, the addition of Cu slightly
increased hydrogen selectivity, while the carbon conversion
efficiency (CE) remained nearly unchanged and the hydrogen
efficiency (HE) showed a slight decrease. The addition of Cu-3%
Al,O; increased wool CE and HE from 38.32% and 48.17% to
77.95% and 99.23%, respectively, but with lower hydrogen
selectivity. Cu-7% Al,O; led to decreases in CE, HE, and
hydrogen selectivity. These results suggest that different Cu-
based catalysts may influence the reaction pathways during
wool SCWG.

Cu species may facilitate reactions such as CO hydrogena-
tion and water-gas shift, thereby contributing to enhanced
hydrogen selectivity. However, their ability to promote deep
cracking of macromolecular organic structures and aromatic
intermediates may be limited, which could explain the relatively

10
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small improvement in CE and HE observed with Cu alone. The
presence of Al,O; in Cu-3% Al,O; may contribute to increased
surface area and provide sites that could facilitate chain scis-
sion, reforming, and gasification of keratin-derived intermedi-
ates, leading to improved carbon and hydrogen conversion
efficiencies. However, enhanced cracking and reforming may
also increase the formation of CO and CO,, thereby reducing
hydrogen selectivity. When the Al,O; content is further
increased to 7%, the proportion of non-selective reactions may
increase, which could explain the observed decrease in
hydrogen selectivity. These observations suggest that the metal-
support ratio in the Cu-Al,O; system may play an important
role in determining the gasification performance.>>*

Fig. 5(b) shows individual component gas yields and total
gasyields under different catalysts. Cu addition slightly lowered
the total gas yield compared to the non-catalytic control,
whereas Cu-3% Al,O; and Cu-7% Al,O; increased total gas yield.
All three catalysts slightly increased H, yields and influenced
gas-phase reactions. Cu species may promote hydrogenation or
equilibrium conversion of specific CO/CO, species, thereby
adjusting gas composition with limited impact on total gas
production. In contrast, Cu-Al,O; composite catalysts may
enhance overall gas formation due to the combined effects of
Cu species and the Al,O; support. Al,O; may act as a thermally
stable support and could help maintain the dispersion of Cu-
containing species under supercritical conditions.>™* In addi-
tion, its surface properties may facilitate interactions with
intermediates and water, which could contribute to enhanced
gasification reactions. As a result, increases in CH,, CO, and
CO, yields are observed with composite catalysts, suggesting
a shift toward more extensive gasification pathways.

Fig. 5(c) presents the gas mole fractions and LHV under
different catalysts. The gas composition and LHV vary signifi-
cantly with catalyst type. The Cu-only catalyst increases the H,
molar fraction while slightly reducing LHV. This behavior may
be associated with reactions such as water-gas shift, which
increase H, production but may suppress the formation of
higher-heating-value hydrocarbons such as CH, and C,Hs. In
contrast, Cu-Al,O; composite catalysts may exhibit dual cata-
Iytic functions, where Cu species contribute to reforming and
water—gas shift reactions, and the Al,O; support may influence
the adsorption and transformation of organic intermediates.

[€6) Cll, 11, Gl Glly €O, @ Luv
5

100

100 F G = (a) Co.

HLE 40125

*  Hselectivity

so | % Total gas yicld

0.1169
*

CE and HE,%

1095
0.1991 0.1¢; 0.110 * 1338 *13.73

23 1’ (C) 4.44
| °
0

L

LHV,MJNm®

Molar
)
oL,
°

W

L3N

*17.09

No catalyst Cu Cu3%AL0,  CuT%ALO, No catalyst Cu

Catalyst type

Fig.5

Catalyst ype

Cu3%ALO,  CuT%ALO, No catalyst Cu Cu3%ALO,  CuT%ALO,

Catalyst type

Influence of catalyst type on the supercritical water gasification behavior of wool at 600 °C with a residence time of 5 min and a feedstock

concentration of 9 wt%: (a) CE, HE, and hydrogen selectivity; (b) gas yields and total gas yield; (c) molar fractions of gas and LHV.

29522 | RSC Adv, 2026, 16, 29515-29528

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra03076a

Open Access Article. Published on 01 June 2026. Downloaded on 6/19/2026 6:55:32 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 2 Catalyst loading of Cu-3%AlLOs and corresponding wool
mass

Cu-3% Al O3 Cu-3% Al O3 Wool
loading ratio mass/mg mass/mg
0.5 4.5 9

1 9 9

1.5 13.5 9

This combined effect could promote the formation of light
hydrocarbons and improve LHV.

Preliminary experiments showed that Cu-3% Al,O3; promotes
wool SCWG; therefore, its loading effect was further investi-
gated at 600 °C, 9 wt% feedstock concentration, and 5 min
residence time. The specific catalytic masses are shown in
Table 2.

Fig. 6(a) presents CE, HE, and hydrogen selectivity under
different catalyst loadings. The catalyst loading is defined as the
mass ratio of catalyst to biomass (wool), excluding water.
Compared to the non-catalytic control, all loadings improved
CE and HE, whereas hydrogen selectivity increased only at the
highest loading. At a catalyst loading of 1, CE and HE reached
their maximum values of 77.95% and 99.29%, respectively,
while hydrogen selectivity slightly decreased. This improvement
may be associated with a more favorable distribution of active
sites, which could enhance the interaction between catalyst
surfaces and reactive intermediates without significant mass
transfer limitations. At moderate loading, catalytic sites may be
sufficient to promote hydrolysis, reforming, and water—gas shift
reactions, enabling efficient conversion of organic carbon and
hydrogen into gaseous products.?*%

At higher loading (1.5), CE and HE decreased, while
hydrogen selectivity increased. This behavior may be related to
possible particle aggregation or mass transfer limitations,
which could reduce the accessibility of active sites and hinder
the conversion of intermediates. As a result, fewer secondary
reactions may occur, allowing a larger fraction of hydrogen to
remain as H,, thereby increasing selectivity.

Fig. 6(b) shows gas yields under different Cu-3% Al,O3
loadings. All loadings increased total gas yield, with the highest
value observed at loading 1. This may be attributed to a balance
between active site availability, dispersion, and mass transfer.
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At lower loading, limited catalytic sites may restrict gasification,
whereas at higher loading, possible aggregation and diffusion
limitations may reduce catalytic efficiency.>*>*

As shown in Fig. 6(c), catalyst loading of 1 yields the highest
CH, molar fraction and favorable gas composition for improved
LHV. The higher CH, yield may be associated with enhanced
methanation-related reactions, possibly facilitated by the
availability of H, and CO/CO, intermediates. Meanwhile, the
Al,O; support may influence the transformation of oxygenated
intermediates, contributing to the formation of CO, CO,, and
light hydrocarbons.

2.3.
water

Mechanism study of wool gasification in supercritical

Table 3 presents the distribution and relative proportions of
organic compounds in the liquid-phase products obtained from
wool SCWG at varying residence times. GC-MS analysis suggests
the liquid-phase transformation behavior of wool under
supercritical water conditions. At 1 min, the liquid products
mainly contain pyrrole and toluene, with peak areas reaching
100% (pyrrole) and 85% (toluene). This may indicate rapid
cleavage of keratin peptide bonds, accompanied by possible
cyclization of nitrogen-containing amino acids and conversion
of aromatic amino acids into alkylbenzenes. At 3 min, pyrrole
remains abundant, while the content of toluene decreases with
the appearance of trace unsaturated and cyclic hydrocarbons.
This could suggest continuous side-chain cleavage and possible
molecular rearrangement processes. At 5 min, ethylbenzene
(8.0%) and phenol are detected, while pyrrole content
decreases. This may imply that aromatic intermediates undergo
further transformation, possibly through alkyl rearrangement,
dehydrogenation, and partial oxidation reactions. At 7 min,
phenol and polycyclic aromatic hydrocarbons (PAHs, such as
naphthalene) are observed, which may be associated with
further dehydrogenation and condensation of monocyclic
aromatic intermediates. At 9 min, the peak area of phenol
increases significantly (7.1%), while pyrrole and toluene remain
at relatively high levels. This may suggest the coexistence of
relatively stable heterocyclic compounds and newly formed
oxygenated aromatic compounds. The formation of m-amino-
phenylacetylene at longer residence time may indicate deeper
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Table 3 Evolution of organic compounds in the liquid phase from wool SCWG

Peak area percentage/%
No. RT/min Compound name 1 min 3 min 5 min 7 min 9 min
1 5.24 Pyrrole 100 100 58.36 100 100
2 5.44 Toluene 85.01 67.8 100 73.48 99.52
3 8.27 Bicyclo[2.2.1]hept-2-ene, 1-methy — 11.33 — — —
4 8.29 Ethylbenzene — — 8.04 2.83 —
5 8.47 1,2-Cyclononadiene — 4.42 — — —
6 8.48 1,3-Cyclopentadiene, 5-(1-methylethylidene) — — 4.12 — —
7 8.49 1,7-Octadiyne — — — 2.83 —
8 11.74 Phenol — — 0.7 1.7 7.06
9 14.99 Azulene — — 5.13 — —
10 15 Naphthalene — — — 1.87 —
11 18.49 m-Aminophenylacetylene — — — 2.86 —
dehydrogenation and side-chain unsaturation of nitrogen-

containing aromatic intermediates under high-temperature
conditions.****%

Fig. 7 shows the evolution of chromatographic peaks in
liquid-phase products as a function of reaction time. At 1-
3 min, low-retention-time compounds such as pyrrole and
toluene exhibit high peak intensities, which may suggest rapid
primary cracking of protein structures and the formation of
nitrogen-containing and aromatic intermediates. At 5 min, the
increase in aromatic compounds such as ethylbenzene and
phenol may indicate the accumulation of secondary liquid-
phase intermediates. At 7-9 min, the peak intensities of
toluene and pyrrole decrease, while high-retention-time
compounds (e.g., naphthalene and m-aminophenylacetylene)
appear. This trend could suggest further aromatization and
condensation of liquid-phase intermediates. In addition,
cracking and reforming of aromatic intermediates may occur
simultaneously, which could contribute to reduced liquid
accumulation and enhanced gasification efficiency.>"**

Fig. 8 presents a proposed reaction pathway based on the
analysis of liquid-phase products obtained during wool SCWG

9min

[ A A A

Tmin
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|| | | / Tmin

r - T T T 1
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Fig.7 GC-MS chromatograms of liquid products from wool SCWG at
various residence times (600 °C, 9 wt%).
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at different residence times. It should be noted that this
mechanism is inferred from product distribution and should
be interpreted as a possible pathway rather than a definitive
reaction scheme. The gasification of wool in supercritical water
may involve several sequential and parallel steps, including
macromolecular depolymerization, aromatization, and
secondary cracking reactions. In the initial stage (1 min),
keratin may be rapidly hydrolyzed into amino acid interme-
diates, which could undergo deamination and decarboxylation
reactions, leading to the formation of nitrogen-containing
heterocycles (e.g., pyrrole) and monocyclic aromatic
compounds (e.g., toluene).”* At intermediate stages (3-5 min),
compounds such as ethylbenzene and phenol begin to appear,
which may indicate that alkyl rearrangement, dehydrogena-
tion, and partial condensation reactions become more signif-
icant, resulting in a more complex mixture of liquid
intermediates.”® At longer residence times (7-9 min), early
intermediates may decrease or stabilize, while polycyclic
aromatic hydrocarbons (PAHs, such as naphthalene) are
formed. This could suggest further aromatization and
condensation reactions, leading to the growth of aromatic ring
structures. Meanwhile, the decrease in certain liquid inter-
mediates may imply that they are further converted into
gaseous products through C-C bond cleavage and possible free
radical reactions under supercritical water conditions.*”
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Based on the experimental observations and literature
reports, the gasification of wool in supercritical water is likely
to involve multiple parallel and consecutive reactions.
Initially, wool keratin undergoes hydrolysis and thermal
cracking to form smaller intermediates such as amino acids,
peptides, oxygenated compounds, and light hydrocarbons.
These intermediates may subsequently participate in steam
reforming, decarboxylation, methanation, and water-gas shift
reactions under supercritical conditions, leading to the
formation of H,, CO, CO,, CH,, and light hydrocarbon gases.
The final gas composition is therefore considered to result
from the dynamic competition between intermediate forma-
tion and secondary conversion reactions. In particular, reac-
tion temperature, residence time, feedstock concentration,
and catalyst composition may influence the relative contri-
bution of these pathways. It should be noted that the proposed
reaction pathways are mainly inferred from product distri-
bution trends and literature reports, while detailed kinetic
and mechanistic investigations remain subjects for future
study.

2.4. Comparison with previous SCWG studies

Compared with previously reported SCWG studies on protein-
rich biomass and other representative feedstocks, the wool
feedstock investigated in this study exhibited relatively favor-
able hydrogen production and gasification performance under
supercritical conditions. For example, Su et al?* reported
a hydrogen yield of only 1.74 mol kg~ from food waste at 450 °C
and 20 min residence time, while Nanda et al.**® obtained
3.37 mol kg™' H, from fructose gasification at 700 °C. In
contrast, the maximum H, yield obtained from wool SCWG in
the present work reached 11.91 mol kg ' under optimal
conditions, accompanied by a carbon conversion efficiency of
95.71%, indicating efficient conversion of keratin-derived
organic matter into gaseous products.

In addition, the gaseous products from wool SCWG were
mainly composed of H,, CO, CO,, and CHy, which is generally
consistent with previous SCWG studies on biomass feedstocks.
However, compared with conventional biomass systems where
CO, is usually dominant, relatively higher CO yields were
observed in this work. This behavior may be related to the
unique keratin structure of wool and the complex decomposi-
tion pathways of protein-derived intermediates under super-
critical conditions. Overall, the results demonstrate that waste
wool exhibits considerable potential as a protein-rich feedstock
for hydrogen-rich gas production through SCWG.

3. Conclusions

Waste wool was investigated as a protein-rich feedstock for
hydrogen production through supercritical water gasification
(SCWG). The effects of reaction temperature, feedstock
concentration, residence time, catalyst type, and catalyst
loading on gasification behavior and hydrogen production were
systematically evaluated in a quartz tubular reactor.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The results showed that increasing temperature significantly
promoted gas formation and improved gasification perfor-
mance. Under the optimal conditions of 600 °C, 2 wt% feed-
stock concentration, and 5 min residence time, the carbon
conversion efficiency (CE) and hydrogen efficiency (HE) reached
95.71% and 119.26%, respectively, with a maximum H, yield of
11.91 mol kg~ *. The gaseous products were mainly composed of
H,, CO, CO,, and CH,.

Among the tested catalysts, Cu-3% Al,O; exhibited the best
catalytic performance. Compared with the non-catalytic condi-
tion, the catalyst increased CE by 39.63%, HE by 51.13%, and
total gas yield by 13.35 mol kg~ ' under suitable conditions,
indicating that Cu-based catalysts can effectively promote the
gasification of wool-derived intermediates under supercritical
conditions.

Liquid-phase analysis indicated that pyrrole, phenolic
compounds, alkylbenzenes, and polycyclic aromatic hydrocar-
bons were important intermediates during wool SCWG, sug-
gesting that hydrogen production is closely associated with the
progressive conversion of keratin-derived organic compounds
into gaseous products.

Overall, the results demonstrate that waste wool has
considerable potential as a feedstock for hydrogen-rich gas
production via SCWG. However, detailed catalyst characteriza-
tion, kinetic analysis, and complete elemental balance analysis
were not conducted in the present study. Future work will focus
on catalyst structure-performance relationships, nitrogen/
sulfur transformation behavior, and more comprehensive
thermodynamic and mechanistic investigations.
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