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Catalytic hydrothermal upcycling of end-of-life
automotive plastic waste in near-supercritical

water: process optimization and product

characterization
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* James Butler, Weiguo Ma, Kevin Austin and Samira Lotfi

This study investigates the catalytic hydrothermal conversion of heterogeneous end-of-life automotive

shredder residues (ASR)

waste

in near-supercritical water, focusing on process optimization,

thermodynamic behavior, and multi-phase product characterization. Factorial screening identified
temperature and residence time as critical parameters, with 350 °C and 90 minutes yielding maximum

hydrochar through enhanced carbonization and repolymerization, accompanied by reduced liquid yields

and CO,-rich gas production. Thermodynamic analysis revealed significant increases in water ionization
constant (K,,) during non-isothermal heating, peaking at 1.44 x 107* mol® kg~2 at 350 °C, while density
decreased to 0.619 g cm~> under autogenous pressure. Isothermal reactions at 350 °C exhibited highly
exothermic behavior (AH = —143 kJ mol™?!) and strong ordering effects, correlating with peak hydrochar

and gas yields. Catalyst screening demonstrated Ni-based catalysts' superior selectivity for phenolics and

aromatic amines in the oil-phase, increased aqueous-phase total organic carbon, and minimized tar

formation. Ru/ALLO3 favored ketone production, while non-catalyzed runs produced a broad range of
Ce—Cyp9 oil products and 341 g (CO,)/kg(feed) as the only gas product. The optimized NiSiAl catalyst
yielded a maximum hydrochar of 64.4 wt% with enhanced thermal stability (onset degradation ~425 °C),

higher calorific values at 5 wt% feedstock concentration and feedstock-to-catalyst ratio of 9. The highest
H, production (5 g kg™* feed) occurred at a catalyst ratio of 5, while the best liquid yield (36%) was
achieved at the lowest ratio of 1. The GC-MS analysis revealed feedstock concentration influenced
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reaction pathways, shifting from phenolics and amines at low solids loading to hydrocarbons and

ketones at higher concentrations. These findings highlight catalytic hydrothermal conversion as a viable

DOI: 10.1039/d5ra09706a

rsc.li/rsc-advances and chemical production.

1. Introduction

The global market value of automotive plastics was $28.1 billion
in 2020 and is projected to increase to about $37 billion by
2028." The shift from metals to increased use of plastics and
composite materials continues to reshape the automotive
industry due to advantages such as light weight, corrosion
resistance, ease of processing, cost-effectiveness, and safety.>?
Renewable-powered vehicles, including electric vehicles (EVs),
have contributed to the growth in vehicle production and
increased plastic use in both hybrid and conventional vehicles.
However, the attempt to solve fossil fuel-based environmental
challenges may accelerate plastic pollution in the automotive
industry especially when vehicles reach their end-of-life (EOL)
or decommissioning stage.* One study suggested that even

Clean Energy Innovation, National Research Council of Canada, Ottawa, ON, K1AOR6,
Canada. E-mail: emmanuel.galiwango@nrc-cnrc.gc.ca; Tel: +1 343-990-7709

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

circular-economy route for ASR valorization, combining thermodynamic efficiency with targeted fuel

before EOL, plastic composite-containing vehicles with light
weight that have covered about 132 000 km posed a negative
environmental impact.®

The conventional EOL vehicle recycling focuses on recov-
ering valuable metals, with the remaining components
shredded into automotive shredder residue (ASR).*” ASR
contains a highly heterogeneous mixture of plastic polymers
and hazardous substances, making recycling difficult due to low
value and high treatment costs, leading to landfill disposal.®*™**
The growing ASR accumulation, stricter waste regulations, and
environmental advocacy have prompted the automotive
industry to explore sustainable management options.”” Some
countries like Japan consider ASR as hazardous waste due to the
high content of heavy metals contained therein, thus, ASR has
attracted more attention for sustainable treatment
approaches.™

ASR is rich in carbon and hydrogen, offering significant
energy potential that can be recovered through circular
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economy approaches.**** Thermal conversion approaches such
as incineration, combustion and pyrolysis have been used to
reduce waste and recover energy,'™*® but these methods often
generate pollutants due to halogenated additives and heavy
metals.”*** Apart from incineration, thermochemical conver-
sion route coupled with feedstock pre-treatment or product post
treatment processes is widely considered as a viable alternative
for upcycling ASR.>*** Pyrolysis is one of the most extensively
studied thermochemical techniques for converting ASR into
high-value products. Harder and Forton published a critical
review of ASR pyrolysis developments, identifying key opera-
tional parameters such as temperature (500-850 °C), residence
time, and feed composition as crucial for process optimiza-
tion.>* The review highlighted that the ASR pyrolysis can be
tailored to maximize gaseous products since the production of
oils or liquid fuels would require large space and high capital
investment for the additional distillation plant. The ASR
pyrolysis char contains high levels of metals, which can be
repurposed in the cement industry where ASR char is generally
excessive.”**® Despite these advantages, large-scale ASR pyrol-
ysis has received limited attention due to chlorine contamina-
tion. During ASR pyrolysis, chlorine compounds were reported
to corrode reactors, equipment liners, leading to higher oper-
ation costs and environmental risks.>” In addition, chlorine
affects pyrolysis products such as the decreased char reactivity,
thus, lowering the char quality and economic value.?® Moreover,
ASR plastics contain other contaminants like halogens (Br) used
as flame retardants in cars. During pyrolysis, these halogenated
compounds breakdown into dioxins and persistent organic
pollutants (POPs).'® Catalysis is primarily used to improve the
quality of pyrolysis products. For instance, zeolite catalysts
reportedly improved carbon concentration in the char, and
reduced organic contaminants in the ASR o0il.** However,
zeolites are prone to coke formation and deactivation chal-
lenges, and there are limited studies on ASR dichlorination.
In contrast, hydrothermal conversion offers a cleaner and
potentially more efficient route. In situ dichlorination via
hydrothermal conversion might be an interesting option since
PVC, the main chlorine carrier in ASR can be dissolved at
subcritical water and chlorine transferred as soluble chloride
salts, hence, produce chlorine-free products like 0il.**** Appli-
cation of catalysts such as nickel, accelerated hydrothermal
dichlorination efficiency of PVC up to 87%.** Other studies re-
ported the potential reduction of other pollutants in e-waste
using hydrothermal conversion. For instance, Li and team
published a review on hydrothermal treatment of per- and
polyfluoroalkyl substances (PFAS), reporting >99% degradation
and >60% defluorination of PFAS. The review recommended
further studies beyond PFAS precursors but rather real-world
waste streams and product characterization to elucidate on
reaction kinetics and thermodynamics.*® Nickel-based catalysts
are stable in supercritical water, and titanium alloys were re-
ported to deter corrosion and hydrothermal-induced equip-
ment failures.**** However, the cost of titanium (Ti) would make
ASR commercial scale up adoption cost ineffective. Thus, using
Ti-based catalyst precursor in stainless steel and cheaper alloys
will likely reduce the equipment cost. Therefore, there is
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a literature gap on catalytic hydrothermal optimization and
products characterization for a real-world complex waste stream
like ASR at near-supercritical water to achieve complete degra-
dation of the different type polymer plastics.

Hydrothermal conversion has emerged as a viable thermo-
chemical technology for processing complex feedstocks such as
plastics, wet heterogeneous wastes, and hazardous materials by
utilizing water's physicochemical properties near or above its
critical point.***” This process enables efficient solubilization of
organics and precipitation of inorganics, facilitating waste-to-
energy and product recovery.*®** Although still in early indus-
trial development, hydrothermal conversion shows promise for
sustainable treatment and valorization of various feed-
stocks.*>*" Hydrothermal processes are commonly classified as
carbonization, liquefaction, or gasification.**** However,
focusing on one subdivision can misrepresent by-products as
waste. For instance, many researchers reported optimal hydro-
thermal carbonization temperature in the range of 180-280 °
C.***¢ However, complex feedstocks such as ASR whose plastic
fractions such as polypropylene and polyethylene (PP, PE), have
degradation temperature above 300 °C and thus, are difficult to
carbonize using most literature defined temperature range.*” To
address this, hydrothermal conversion incorporating catalysis
at 350 °C has been redefined to promote near-supercritical
reactions for complex plastic feedstocks.”® This study extends
that work by optimizing multiple parameters and catalyst
systems for converting automotive fluff (AF) or ASR into low-
carbon fuels and high-value products.

2. Materials and methods

2.1. Material preparation

Automotive fluff waste was collected from Quebec, Canada.
Catalysts were purchased from Sigma-Aldrich (USA) and used
without pretreatment. The highly heterogeneous AF waste
contained hard plastics, rubber, sponge, wood, fines, etc., as
shown in Fig. 1 and was sorted prior to size reduction to remove
larger inorganic particles such as glass, stones, metals that
could damage the knife mill. In addition, the feedstock was
soaked in water overnight to reduce ash content and sedment
the fine, hard-to-mill materials. All AF fractions were then
combined and shredded together in a SM 100 knife mill grinder
(Retsch, Germany) to an average particle size of less than 1 mm,
which was used for the characterization and hydrothermal
reaction processes. The hydrothermal reactions were performed
in a dedicated 4570 fixed head and a movable 250 mL-sized
Inconel-T model vessel reactor (Parr instruments, USA). The
system was equilibrated with 48 atm argon at 20 °C under
constant stirring prior to the start of heating, to ensure no leak
and inert reaction media. The reactor was heated from room
temperature (20 °C) at an average non-isothermal heating
ramping of 5.5 °C min~" to achieve an isothermal set reaction
temperature, and maintained there for a specified time.
Parameter screening of reaction temperatures (230, 260 and 290
°C) and time of 30, 60 and 90 minutes were investigated. The
reactor assembly schematic details were published in the
previous study.*®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Picture of main components making up AF ground waste feedstocks.

2.2. Materials characterization

Feedstock and product fractions were characterized for thermal
stability using thermogravimetric analysis, (TGA, Q5000 series,
TA Instruments, USA). Following equilibration at 30 °C for 5
minutes, the samples were pyrolyzed at 20 °C min™" to 900 °C
under inert N, flow at 20 mL min~*. The thermal decomposition
profiles of weight as a function of temperature and time were
continuously recorded and processed using TRIOS software (TA
instruments). Elemental composition was analyzed using
a CHNS analyzer (Elementar Vario EL cube, Germany). The
carbon in the aqueous phase after reaction was analyzed using
a total organic carbon analyzer coupled with a total nitrogen
measurement unit (TOC-L CSH, TNM-L, Shimadzu, Japan). The
changes in functional groups were studied using Fourier
Transform Infrared Spectroscopy, Nicolet 6700 FT-IR instru-
ment (Thermo scientific, USA). The spectra analysis on solid
samples were performed within the range of 4000-500 cm "
wavelength using 16 scans and 4 cm ™" resolutions. Additional
analyses included; Brunauer-Emmett-Teller (BET) (ASAP 2020
series micromeritics, USA), and scanning electron microscopy-
energy dispersive X-ray (SEM-EDX) SU5000 Hitachi SEM (Hita-
chi, Japan and Oxford instruments, USA). Gaseous and organic
liquid products were analyzed using 8890A gas chromatography
(GC) and the 7890A GC-5975C inert XL mass spectrum detector
(Agilent technologies, USA), respectively. The details of the
experimental set up and characterization procedures were
published in the previous study.*®

2.3. Calculations

The percentage yield of hydrochar or solid product (Yys) in eqn
(1) was obtained as a weight ratio of product (Mys) to AF feed-
stock (M,r) loaded to the reactor on a dry basis.

Myg

Yy =
HS MAF

x 100 (1)

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

The percentage volumes of individual gas products analyzed
through an off-line GC were converted to their respective mass.
The total gas yield in eqn (2) was obtained as ratio of sum of
weight ratio of gas products (M) to AF feedstock (Mur)

2 M,

Y,= -
¢ MAF

x 100 )

The percentage yield of the liquid products was determined
according to eqn (3).

Yl == 100 - (YHS + Yg) [3)

Estimation of energy recovery was determined from the high
heating values of solid (HHVys) and gas products (HHVg,) in
M]J kg were calculated using elemental analysis, ash and gas
composition results using mathematical correlations as shown
in eqn (4) and (5).* The energy and carbon recovery of the
hydrochar were estimated according to eqn (6) and (7).*°

HHVys = 3.49 x %C + 11.78 x %H + %S — 1.03%0

—0.15 x %N — 0.21 x %Ash (4)
HHV,; = 141.7 x %H, + 55.5 x %CHy4 + 51.9
x %CyHg + 50.4 x %CsHg (5)
HHVHS X MHS
0 —
Energy recovery(%) = HAV, x M, x 100 (6)
0
Carbon recovery(%) = /oCus X Mus x 100 (7)

%FCF X M]:

where HHVy, Mys, My, %Cys, and %FCy are the high heating
values of feedstock, mass of hydrochar, mass of feedstock,
percentage of carbon and fixed carbon, respectively.

The ionic product and thermodynamic properties (enthalpy
(AH), Gibbs free energy (AG) and entropy (AS)) of water products

RSC Adv, 2026, 16, 6595-6611 | 6597
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at experimental temperatures and pressures were calculated
using Marshall and Franck's empirical function.*

3. Results and discussion

3.1. Physicochemical properties

Table 1 shows the proximate, ultimate analysis and the surface
properties of the feedstock and corresponding hydrochars of
different reaction conditions. Proximate analysis results
revealed elevated ash content and decreased volatile matter in
all hydrochars. This was plausibly due to the elevated concen-
tration of the inorganic materials such as metals and minerals
in the automotive fluff as a result of conversion of the organic
volatiles into carbonaceous products.”® The elevated high ash
content in Ti-based catalyst can be attributed to hydrothermal
structural evolution of titanium dioxide enabling enhanced
crystallization in form of ash.> Thus promoting An increase in
feedstock concentration increased ash content and decreased
volatile matter owing to increased inorganic content and
extensive thermal decomposition causing polymerization reac-
tions, respectively. Catalyst-based hydrothermal processing
produced hydrochars with lower carbon content and high
heating values compared to non catalyst upcycling. The
observed improved energy recovery across increasing feedsc-
tock concentration in NiSiAl-catalyzed reactions was attributed
to the enhanced carbon content and the higher calorific value,
that enabled feedstock valorization into more uniform (surface
area) and stable products.

View Article Online
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3.2. Product analysis

3.2.1 Hydrothermal parameter screening. Reaction
temperature and residence time are critical parameters for
hydrothermal conversion of different feedstocks to various
products. Two-factor, 3 level factorial design of experiment was
performed to investigate the effect of temperature and time on
solid, liquid and gas yields as the response variables. As shown
Fig. 2(A and B), hydrochar yield increased with both reaction
time and temperature. In addition, the time-temperature
interactions revealed that carbonization increased in order of 90
> 60> 30 minutes and 350 > 305 > 260 °C, respectively. The
increased hydrochar yield was attributed to the increased
thermal kinetics that favors repolymerization reactions of the
organic components in the liquid phase.>* Moreover, following
the depolymerization of the feedstock to yield the observed
initial high liquid monomers, the liquid yield as shown in
Fig. 2(C and D) decreased in similar trend to that of hydrochar.
The liquid yield reduction can be attributed to improved
conversion rates of water-soluble organics towards gas phase.*
Similar results of higher solid yield and reduced liquid product
were reported in a study of simulated municipal solid waste
containing PE, PET and pistachio hull.*® The gas yield shown in
Fig. 2(E and F) increased with temperature for 1 hour of reac-
tion, owing to thermal cracking of the feedstock and the formed
liquid product. However, when isothermal reaction time was
increased from 60 to 90 minutes, the mean gas yield reduced by
1.5 from 4.8 wt%, plausibly due to the fractionation of the
condensable gases back to liquid and eventually hydrochar.
Noteworthy, the hydrothermal valorization achieved at 350 °C,

Table 1 Physicochemical analysis of hydrochar produced at different conditions®

Hydrochar

NiSiAl-at feedstock concentrations (wt%)

Properties Raw ASR No catalyst 5 10 20 Ru Ti
Proximate analysis (%)

Ash 40.03 + 0.52 75.07 £ 0.20 72.89 £+ 0.12 73.53 £ 0.52 78.17 £+ 0.02 67.78 £ 0.12 84.83 £ 0.42
VM 38.43 £ 0.24 21.77 £ 0.20 25.92 £ 0.40 24.89 £+ 0.22 19.21 + 4.60 30.51 £ 0.10 13.57 £ 0.1
FC 21.54 £ 0.20 2.15 £ 0.04 1.73 £ 0.02 1.58 + 0.24 1.65 + 0.04 1.70 + 0.02 1.20 £ 0.1
Ultimate analysis (%)

C 32.40 £ 2.00 16.06 + 2.66 9.32 + 1.20 10.3 £+ 0.85 14.46 £ 2.58 8.96 + 2.70 4.87 + 1.02
H 3.95 £ 0.20 2.03 £ 0.10 1.93 £ 0.19 2.23 £0.10 2.15 £ 0.38 1.76 + 0.16 1.47 £+ 0.08
N 0.82 + 0.0 0.47 + 0.07 0.27 + 0.01 0.19 + 0.02 0.29 + 0.02 0.24 + 0.07 0.14 £+ 0.01
S 0.23 £0.1 0.22 £ 0.05 0.79 £ 0.24 0.74 £ 0.19 0.34 £ 0.07 0.64 £ 0.14 0.03 + 0.00
O* 22.57 £ 0.1 6.15 + 2.83 9.52 + 1.40 12.92 £ 0.98 9.87 + 2.83 20.62 £ 2.93 8.66 + 1.10
O/C ratio 0.70 = 0.10 0.38 = 0.04 1.02 £ 0.16 1.24 + 0.12 0.68 £ 0.15 2.30 £ 0.07 1.78 £+ 0.08
H/C ratio 0.12 £ 0.01 0.13 £ 0.01 0.21 4+ 0.01 0.22 + 0.01 0.15 + 0.01 0.20 + 0.01 0.30 £+ 0.01
HHVyc (MJ kg ™) 12.81 5.80 2.98 3.45 5.06 1.71 0.76
HHV,,, (M] kg™") NA 0.04 0.22 0.64 0.36 0.28 0.55
Carbon recovery (%) NA 26.37 17.03 18.34 28.74 16.26 10.04
Energy recovery (%) NA 24.10 13.77 15.41 25.45 7.87 3.96
Surface area and porosity measurement

Sper (m? g7) NA 3.970 12.20 12.17 23.21 8.650 10.45

Dp (nm) NA 14.78 16.14 13.42 15.09 19.88 16.28

Pore vol. (cm® g7%) NA 0.015 0.049 0.041 0.088 0.043 0.043

¢ Sget; specific surface area Dp; average pore width, pore vol.; total pore volume, O*; calculated as a difference between 100-sum(CHNS + ash).
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Fig. 2 Factorial plots showing the interaction effects of temperature and residence time on product yields. Plots (A) and (B) illustrate the effects

and interactions for hydrochar yield, (C) and (D) for liquid products, and

was largely attributed to in situ synergistic contribution from
different plastic types, cellulose and transitional metal inor-
ganics within the heterogeneous feedstock that reduced the
higher thermal degradation temperatures often required for the
individual polymers.?” Results in Table 2 show the statistical fit
of the parameters and the products. The p value < 0.05 signifies
that both temperature and time were relevant for the hydro-
thermal valorization with the coefficient of determination (R?)
>0.99. The higher F statistics values signifies the more signifi-
cant effect on the product yield.*® Therefore, time had a higher
effect on hydrochar and liquid formation, while temperature
was critical to the formation of gas products. Based on the
highest hydrochar yield obtained at 350 °C and 90 minuets, and
the complex polymeric nature of the feedstocks, further
parameter optimizations such as catalyst loading, feedstock
concentration and different catalysts were performed to eluci-
date on the effect of product yields and their physicochemical
properties.

3.2.2 Ionization and thermodynamic properties water
products. The ionization constant (K,,) and density (p) of water
are among the major thermodynamic drivers that makes water
a fluid above its critical point, thus, enabling it to solubilize and

(E) and (F) for gaseous products, respectively.

precipitate organics and inorganic compounds. During the non-
isothermal heating ramping below 350 °C as shown in Fig. 3(A),
K, increased significantly by 278 times from 18 to 351 °C owing
to higher dissociation of hydrogen bonds of water to ions at
increasing temperature. In addition, the average enthalpy
change (AH) during non-isothermal reaction was 36 k] mol %,
an endothermic process that takes in heat and shifts the equi-
librium towards more dissociation. As a result of the autoge-
nous pressure generated due to the increasing temperature to
break down the feedstock, the water became compressed and
hence, p decreased.

However, transitioning from non-isothermal to isothermal
reaction duration, the ionization product of water reduced
which was attributed to the effect of dielectric constant that
becomes low at high temperature, thus lowering ionization
potential of water. As shown in Fig. 3(B), at near-critical water
a slight change in pressure increased K,, proportionally with
density because greater molecular proximity enhances
hydrogen bonding networks and ionic stabilization. Table 3
shows the average thermodynamic property changes during the
90 minutes isothermal reaction at three different reaction
temperatures. At about 260 °C, the density and ionic products

Table 2 Factorial model analysis of variance for the solid, liquid and gas products produced at 30, 60, 90 minutes and 260, 305, 350 °C

Hydrochar Liquid Gas

Temperature Time Model Temperature Time Model Temperature Time Model
Sum of squares 0.240970 0.234927 0.240970  0.213222 0.369776 0.582997  0.98773 0.29949 1.28723
Mean squares 0.060242 0.117464 0.060242  0.106611 0.369776 0.145749  0.493867 0.149746 0.321806
Degrees of freedom 2 2 4 2 2 4 2 2 4
F-Value 99576.62 194159.50 99576.66  1511.75 2621.73 2066.74 293.73 89.06 191.39
P-value 0.0001 0.0001 0.000 0.0001 0.0001 0.000 0.0001 0.0001 0.000
Remark — Significant — — Significant — — Significant —
Error 0.000002 0.000002 0.000002  0.000282 0.000282 0.000 0.000002 0.000002 0.000002
R’ 1.00 1.00 1.00 0.9995 0.9995 0.9995 0.9948 0.9948 0.9948
Adjusted R 0.9999 0.9999 0.9999 0.9990 0.9999 0.9999 0.9999 0.9999 0.9999

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(A) Variation of the ion product and density of water with temperature over a reaction duration of 150 minutes, and (B) variation of the ion

product and density of water with pressure under isothermal conditions at 350 °C for a reaction duration of 90 minutes.

were moderate possibly due to hydrolysis reactions solubilizing
more organics, resulting in low heat released (AH) and small
ordering effect (AS).

The isothermal reactions at all investigated temperatures
proceeded exothermically and the heat energy released
increased sharply with increase in temperature. At elevated
temperature (~305 °C), more exothermic and more ordering
was observed, plausibly due to the radical cracking in the
polymer structure becoming pronounced, thus, yielding more
hydro char. At ~350 °C, very exothermic reaction and strong
ordering effect were obtained. Hence yielding the highest
hydrochar and gas products as observed in Fig. 2.

3.3. Parameter optimization

3.3.1 Effect of catalyst loading. Previous work involving
comparison of nickel on silica-alumina (NiSiAl) and alkali-
based catalysts, the former was performed on a fixed one

feedstock-to-catalyst ratio to investigate the gas selectivity.*®
Thus, the effect of catalyst loading on different product yields
was investigated as shown in Fig. 4. Significant increase in
liquid yield was observed with a decrease in feedstock-to-
catalyst ratio, with highest yield of 36% registered at the ratio
of 1. The increase in Ni loading was selective in promoting the
breakdown of complex polymers and organic component in ASR
into more liquid products than solid and gas yields. In addition,
at higher Ni loading, reaction conditions such as temperature
and pressure were optimized to favor the formation of more
liquid products. Moreover, nickel-based catalyst was reported to
suppress tar formation because of enhanced ability to crack
organic compounds.> Contrary to the liquid yield trend, the
hydrochar and gas yields decreased with decreasing feedstock-
to-catalyst ratio. This was attributed to the formation of carbo-
naceous deposits enhanced at low catalyst loading. As observed
in the liquid reactions, increasing catalyst loading suppressed

Table 3 Averages of the thermodynamic properties of water during the 90 minutes isothermal reaction at temperature conditions of 260, 305

and 350 °C

T (°C) P (atm) p(gem™) Log K,, (mol kg~ ")* AG (k] mol ™) AH (kJ mol ) AS (k] mol K)
260.690 + 1.75 130.988 + 1.51 0.793 £ 0.00 —11.124 + 0.00 113.680 + 0.39 —5.914 + 1.7 —0.224 £ 0.00
305.200 £ 0.84 173.503 £ 1.46 0.720 £ 0.00 —11.294 £+ 0.01 125.043 £+ 0.24 —45.019 + 2.45 —0.294 £ 0.00
350.450 £ 1.71 234.578 £ 3.71 0.619 £ 0.00 —11.841 £+ 0.03 141.356 £ 0.77 —142.876 + 0.88 —0.456 £ 0.13
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the polymerization and condensation reactions that typically
lead to char formation, hence, low hydrochar at ratio of 1. Since
Ni can enhance hydrogenation reactions, increasing its loading
might have promoted hydrogenation and other reactions by
converting gaseous products to liquid products, hence,
reducing the overall gas yield. The non catalyzed reactions were
solely driven by thermal decomposition. Thus, produced the
lowest hydrochar and liquid yields, but had the highest overall
gas yield attributed to solely CO, production.

3.3.2 Effect of feedstock concentration. The balance of
ratio of water to feedstock is important variable for optimal
valorization of biomass and complex heterogeneous mixed
feedstocks.® As shown in Fig. 5, the hydrochar and liquid yields
increased with increase in water-to-feedstock ratio. Water acts
as a solvents that offers enhanced heat and mass transfer
during hydrothermal processing, and reduces viscosity in liquid
products, hence, leading to improved overall liquid yield.®* In
addition, rapid change in water physicochemical properties
such as density offer significant changes in solvation power and
molecular diffusivity leading to better quality liquid product

70
60 - /‘
Z 50 1 —&8— Hydrochar
°§ O liquid
= —9— Gas
s 40
[}
= | S
B 30 v
3 e 3
4 e o
o 20 RN
N
]
“w
10 ° °
0 T T T T
NO catalyst 5 10 20

Water to feedstock ratio

Fig. 5 Effect of feedstock concentration on product yield at 350 °C,
average 21.1 MPa, 1.5 h, feedstock-to-catalyst ratio of 5.
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than pyrolysis.®** Increasing water-to-feedstock ratio increased
the polymerization and decomposition of water-soluble prod-
ucts resulting in higher liquid and solid products.®** 20:1
water-to-feedstock was the optimal ratio for ASR recycling at the
investigated condition. Ong and team reported a range of 3: 1 to
10 : 1water-to-waste ratio as the optimal ratios for hydrochar
from hydrothermal co-processing LDPE and hyacinth.®® Darzi
et al., reported an optimal 30 : 1 water-to-waste ratio during the
hydrothermal valorization of polyethylene-terephthalate and
nylon-6 mixture to yield 75% yield of the solid product.*”
Hydrothermal carbonization (HTC) of PVC and PS produced
maximum hydrochar yield using water-to-waste ratio of 1:1 to
5:1 and 1:2 to 2:1, where these ratios enhanced di-
chlorination, reduced viscosity of liquids and effective heat
transfer.®®*”® Literature reported varying water-to-feedstock
ratios and this can be attributed to varying feedstock types.
However, to balance between reduced energy needs, reduced
reactivity and the reaction kinetics, plastics and mixed waste
HTC were reported to be optimized in the range of 5:1t020:1
water-to-waste ratio.”””* The lowest liquid and solid products
were obtained without catalyst, plausibly due to lower ionic
strength of water that did not favor accelerated hydrolysis and
depolymerization of plastic feedstock compared to when cata-
lyst was used. Thus, without catalyst reactions kinetics was
dictated by thermal water gas shift reaction, hence, more CO,
gas yield.

3.3.3 Effect of catalyst type. The application of catalysts is
important to achieve successful hydrothermal conversion of
plastics to valuable products at reduced temperatures. Catalysts
accelerate reaction rates and help in lowering activation energy
at subcritical water conditions, thereby enhancing product
selectivity and the thermal depolymerization of complex plastic
polymers into useful monomers.” Fig. 6 shows the role of
different catalysts towards gas selectivity and overall product
yields. All catalysts showed a similar overall product yield trend
in order of hydrochar > liquid > gas, while non catalyzed reac-
tions followed a hydrochar > gas > liquid trend. This was
attributed to catalysts ability to control reaction rates better
than non catalyzed reactions. Ni-based catalysts enhanced the
production of hydrochar and liquid products compared to Ru-
based and non catalyzed reactions. Ni catalysts offer strong
ability in cleavage of the C-C, O-H, C-H bonds, and promotes
tar cracking, resulting in improved conversion efficiency and
decomposition of recalcitrant long chain polymer derivatives to
simple monomers.”*”” NiSiAl catalyzed reaction promoted
water-gas-shift and hydrogenation reactions that led to
production of high hydrogen.” The below limit of detection for
carbon monoxide and methane confirms that Ni-based cata-
lyzed reactions did not proceed via steam reforming that was
reported to require high temperatures” or methanation.** Ru/
Al,O; produced the lowest hydrochar and the highest CO,
among catalyzed reactions. The low hydrochar was attributed to
Ru/Al,Oj; ability to limit char and tar formation.®* Other studies
reported Ni and Ru-based catalysts as robust catalysts for
decomposition of organic materials by promoting water-gas-
shift reaction to yield H,, and Ni performed better than Ru
catalysts.*” Noteworthy, without catalyst, the gas product was

RSC Adv, 2026, 16, 6595-6611 | 6601
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composed of only CO,, and low hydrochar and liquid yields.
This was attributed to water being the primary factor influ-
encing the product composition, thereby the feedstock thermal
decomposition to gas distribution was shifted to carbon
dioxide.

3.4. Product characterization

3.4.1 Organic liquid analysis. The chemical composition of
the organic oil phase was obtained using the GC-MS analysis as
shown in Fig. 7. The oil products consisted of majorly organic
compounds with carbon ranging from C6-C21, for instance,
hydrocarbons, phenols, phenol-derivatives (e.g., cresols and
eugenols), amines (majorly aniline), ketones, and other organic
compounds. The peak areas of major components with above
90% NIST match were the only chemical groupings considered
in this study. The term others represent all other compounds
<90% NIST match. As shown in Fig. 7(A), the product selectivity
was dependent on the catalyst type deployed. For example,
NiSiAl and Ni/TiO, catalysts promoted the production of rela-
tively lower carbon phenolic derivatives (<C10) and nitro-
aromatics. Ni sites promote hydrogen transfer and C-O bond
cleavage, while alumina or titania supports provide acid sites
that stabilize intermediates and enhance selectivity toward low-
carbon phenolics (<C10). For example, the observed conversion
of cresol to phenol at high water-to-solid ratios suggests a cata-
lytic hydro-dealkylation mechanism involving surface-mediated
C-C bond scission adjacent to the aromatic ring. While Ru/
Al,O; was selective for mainly ketones and <10% of phenolic
compounds. The formation of ketones such as 4-phenyl-
cyclohexanone, was attributed to Ru/Al,O;'s redox cycling of
intermediates like alcohols. Without catalyst, wide range of oil
products with carbon between C6-C29 were obtained, con-
taining a wide variety of chemical groupings. Thus, catalysis is
needed to control reaction pathways for selective production of
useful organics that can be upgraded with few additional post-
treatment steps. NiSiAl catalyst showed the highest selectivity of

6602 | RSC Adv, 2026, 16, 6595-6611

useful phenolics (such as phenol, cresols, etc.) and aniline,
therefore, was further investigated for feedstock concentration
and catalyst loading effects. As shown in Fig. 7(B), the change in
feedstock concentration from 5-10% maintained similar
carbon distribution in the range of C6-C9. However, there were
noticeable changes in the quantities of organic groupings and
reaction pathways owing to changes in reaction conditions. At
low feedstock concentration (5 wt%), oil products distribution
comprised of majorly phenolics and amines (namely aniline).
However, increasing the feedstock concentration to 10 and
20 wt%, reduced the amount of phenolics and amines while
promoting the production of hydrocarbons and ketones,
respectively. This can be attributed to the solubilization effect
whereby when the feedstock concentration is high, the water-to-
solid ratio drops, hence reducing the dilution of dissolved
organics lead to enhanced deoxygenation of phenolics to
hydrocarbons. In addition, the selectivity of ketones at high
feedstock concentration can be attributed to a series of reac-
tions such as oxidation followed by catalytic reduction to yield
ketones such as 4-phenylcyclohexanone. In contrast to the
former mechanistic pathways, for instance, the increase in
feedstock concentration from 5 to 20 wt% resulted in the C6
compounds such as phenol area percent increasing from 11 to
23%, and the C7 compounds such as p-cresol area percent
decreasing from 23 to 0%, respectively. The observed change in
reaction pathway from C7 (methyl phenol) to C6 (phenol)
compounds can be attributed to presence of high water-to-solid
ratio that offer excellent solubilization and selectivity for cata-
Iytic dealkylation reaction® while suppressing coke formation.®*
Noteworthy, that the plausible pathway from methyl phenol to
phenol was achieved in a single-reactor in situ conversion as
opposed to literature reported series of operations such as
feedstock fractionation to phenolic monomers followed by
hydro-processing and then dealkylation to yield phenol in
separate reactors.*® Therefore, this study offers a cost-effective
green alternative to production of high value-chemicals such

© 2026 The Author(s). Published by the Royal Society of Chemistry
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as phenol that find wide industrial application in agrochemical,
pharmaceutical, dyes, detergents and plastic sectors.*®
Optimal feedstock-to-catalyst ratio is critical to product
selectivity, therefore, altering the ratio of feedstock to catalyst
had an effect on the oil product distribution, suggesting
a change in reaction pathways (see Fig. 7(C)). For instance,
equal ratio of feedstock-to-catalyst yielded a total area percent >
90% of C13 aromatic amines and 3% area percent of cyclo-
dodecane. Increasing the ratio to 5, drastically reduced the
aromatic amines while enhancing majorly phenolic monomers
in the carbon range of C6-C10. The drop in aromatic amines
was plausibly due to reduced secondary reactions as catalyst
amount was reduced, hence deamination reactions leading to
dominant phenolic monomers from hydrothermal primary
cracking. Further increment in the feedstock-to-catalyst ratio
led to a wider products profile similar to observations without
catalyst. This was attributed to low catalyst amount over the
feedstock causing a reduction in the catalyst availability per

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

reacting molecule. The fraction categorized as “Others”
comprises a diverse range of compounds, including low-to high-
molecular-weight phenolics (e.g., phenol), carboxylic acid esters
(e.g., formic acid phenyl ester), cyclic ketones (e.g., 2,3,4-
trimethyl-2-cyclopenten-1-one), and heteroaromatic amines
(e.g, ethyl pyrazine). However, several compounds within this
group did not meet the required National Institute of Standards
and Technology (NIST) library quality match threshold of
greater than 90%. Consequently, their identification remains
tentative. Future work will involve more detailed characteriza-
tion to confirm the composition and molecular structure of this
fraction. Fig. 8 shows a summary of the different suggested
mechanistic reaction pathways from ASR polymers to valuable
oil products as identified in the GC-MS analysis.

3.4.2 Aqueous liquid analysis. Fig. 9 shows results of total
organic carbon (TOC), total carbon (TC) and inorganic carbon
(IC) distribution in the aqueous phase of the liquid product.
Catalyzed reactions generated higher organic and inorganic

RSC Adv, 2026, 16, 6595-6611 | 6603
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carbon in the aqueous phase than non-catalyzed reactions.
Catalytic hydrolysis enhanced breakdown of organic monomers
that were likely soluble in aqueous phase, hence increased total
carbon.®*® As shown Fig. 9(A), the increase in feedstock
concentration decreased the amount of organic carbon in the
aqueous products. This was attributed to the phase competition
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produced relatively equal carbon distribution in the aqueous
phase (see Fig. 9(B)). For instance, NiSiAl had the highest
16.68% total carbon followed by 15.13% and 14.87% for Ru/
Al,0; and Ni/TiO,, respectively. Noteworthy, nickel-based cata-
lysts were more selective for inorganic carbon than ruthenium-
based catalyst. Based on its highest total organic carbon, NiSiAl
was further investigated on feedstock-to-catalyst ratio basis as
shown in Fig. 9(C). Increase in feedstock-to-catalyst ratio from
1:1to 5:1 increased the TOC by 1.4% from 11.84%. However,
further increase to 9 : 1 ratio slightly reduced the TOC by 0.89%,
signifying the role of optimal catalyst amount in solubilizing
aqueous organic compounds.

3.4.3 Carbon balance. The carbon distribution in solid,
liquid and gas products at different optimized conditions is
shown in Fig. 10. As the feedstock-to-catalyst ratio increased
from 1:1to 5:1, there was a 41 and 12% carbon increase in the
gas and solid phases, respectively, at the expense of a 53%
carbon decrease in the liquid products. This was attributed to
carbon transfer across the three products caused by changes in
catalytic reaction pathways. Moreover, the many higher carbon
organics (>C10) in the oil phase observed by GC-MS analysis at
the 1:1 ratio were not detected at the feedstock-to-catalyst ratio
5:1. Therefore, the carbon distribution in the liquid product at
feedstock-to-catalyst ratio 5:1 can be attributed mainly to the
higher TOC and TC observed in the aqueous phase. When
feedstock-to-catalyst ratio was further increased to 9:1, the
>C10 compounds reappeared in the GC-MS results while lower
TC in the aqueous phase was obtained, hence, a similar carbon
transfer phenomenon plausibly happened.

Increasing feedstock concentration from 5 to 20 wt%
increased carbon in the solid product by 3.17% owing to
increase in elemental carbon as showed in Table 1. The high

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

carbon distribution in the liquid products at 5 wt% was
attributed to the wide range of organic carbon (C6-C13) in the
oil phase and the highest 13.42% carbon in the aqueous phase.
However, when feedstock concentration increased to 10 wt%,
more carbon was distributed toward gas products owing to 2.08
times increase in the grams of CO, produced per kilogram of
feedstock, and 2.05 times decrease of the carbon in the aqueous
phase. Comparatively, NiSiAl with Ru/Al,O3; and Ni/TiO,; Ru/
Al,O; catalysts showed similar carbon distribution as NiSiAl of
feedstock-to-catalyst ratio 5: 1 while Ni/TiO, catalyst products’
carbon resembled NiSiAl of feedstock-to-catalyst ratio 5:1.
Thus, a plausible similar catalytic reaction pathway, however,
leading to different products as observed in the different oil
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Fig. 11 TGA and corresponding DTG plots of hydrochar at conditions
of (A) no catalyst, (B-D) feedstock concentrations (20-5 wt%) with
NiSiAl catalyst ratio of 5, (E) Ru/Al,Os and (F) Ni/TiO, catalysts, reaction
conditions: 350 °C, 90 minutes.
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Fig. 12 Hydrochar FTIR plots obtained at conditions of (A) no catalyst,
(B—D) feedstock concentrations (20-5 wt%) with NiSiAl catalyst ratio
of 5, (E) Ru/Al,O3z and (F) Ni/TiO; catalysts, respectively.

phase products. The carbon distribution without catalyst was
highest in the gas products due to the highest levels of CO,
produced, 341.28 g Kg " of feedstock, as the only gas compo-
nent. Furthermore, due to the low carbon in the aqueous
product, and the many organic compounds in the oil phase (C6-
C29), the carbon distribution in the liquid product of without
catalyst was largely attributed to the carbon transfer in the
organic oil phase. In addition, carbon in the solid product
without catalyst was mainly as a result of elemental carbon
transfer as evidenced in high elemental analysis of Table 1.
Noteworthy, in all optimized runs, the carbon transfer in the gas
products was majorly towards CO,, it was the only detected
carbon-containing product in the gas phase.

i
SU3500:20.0kV x1.00k BSE-3D

¥
'50.0um ' |5U3500.20.0kV x1.00k SE

SU3500 20.0kV x1.00k £

View Article Online

Paper

3.4.4 Hydrochar analysis. The TG/DTG curves of hydrochar
at selected optimized conditions are presented in Fig. 11.
Hydrochar at all investigated conditions showed enhanced
thermal stability compared to the on-set degradation tempera-
ture of 425 °C, 200 °C higher than in original feedstock.*® The
enhanced stability was attributed to the concentration of inor-
ganic elements as observed in the increased ash content in
Table 1. NiSiAl catalyst with feedstock concentration >5% gave
similar thermal degradation profile to non-catalyzed hydrochar
with mass loss between 9-12%, thus, suggesting similarity in
their thermal degradation kinetics. Ni/TiO, catalyzed hydrochar
produced the highest mass loss of 31% at 476 °C, attributed to
the volatile components. Moreover, this mass loss was consis-
tent with the proximate volatile matter result (30.51%) reported
in Table 1. Noteworthy, the maximum mass loss occurred in the
temperature regime between 425-525 °C, signifying similarity
in the thermal properties of the decomposing species within
that temperature region.

Fig. 12 shows FT-IR spectra of the hydrochar at selected
optimized conditions. All hydrochar at lower wave length
<1500 cm " exhibited similar functional groups with different
vibrational strength. The major absorption spectra between
1500 and 950 cm " was assigned to C-O stretching vibration
attributed to the oxygen-containing functional groups such as
alcohols, esters, as a result of depolymerization reactions, and
the glycosidic bond often associated cellulosic material.** No
wonder, the feedstock comprised of visible cellulosic materials
as commonly used in the automotive cushions. Processing
parameters such as feedstock concentration dictate hydrochar
surface properties. For instance, at elevated feedstock concen-
tration (10 and 20%), there were enhanced C-O owing to
vibration of oxygen-containing compounds like phenols. In
addition, the C-H stretching vibrations in the regime of 2916~
2845 cm™ ' was attributed to the symmetric and asymmetric
aliphatic methylene groups of the aliphatic and aromatic

Fig. 13 SEM-EDX images and spectrum mappings of hydrochar produced at conditions of (A) no catalyst, (B—D) feedstock concentrations (20—
5 wt%) with NiSiAl catalyst ratio of 5, (E) Ru/Al,Os and (F) Ni/TiO, catalysts, respectively.
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Table 4 EDX elemental composition of selected spectrum labels of hydrochar produced at reaction conditions of 350 °C, 150 minutes,
feedstock-to-catalyst ratio of 5 and 5 wt% feedstock concentrations (for Ru/Al,Oz and Ni/TiO, catalyzed reaction)

Feedstock concentrations (wt%) (catalyst; NiSiAl)

No catalyst 20 10 5 Ru/Al,O4 Ni/TiO,

Spectrum Spectrum Spectrum Spectrum Spectrum Spectrum

1 2 3 10 11 12 41 42 43 75 76 77 90 91 92 114 115 116
Elements (wt%) (wt%) (wt%) (Wt%) (Wt%) (Wt%) (wt%) (Wt%) (wWt%) (Wt%) (wt%) (wt%) (wt%) (Wt%) (wt%) (wWt%) (wt%) (wt%)
C 20.0 32.1 40.0 394 22.7 0.0 6.6 3.4 9.3 10.2 83 305 157 139 185 0 23.0 12.9
(e} 30.1 38.5 35.0 43.6 49.0 51.3 451 27.7 27.6 232 287 429 33.6 42.0 458 22.1 41.3 40.1
Si 12.8 6.0 55 4.6 6.2 15.7 3.2 2.0 3.0 1.0 10.3 7.3 5.5 2.5 7.6 123 7.0 3.5
Fe 17.4 182 101 5.0 12.0 15.8 2.6 3.6 11.3 56.2 44.8 6.5 3.6 324 103 8.8 7.0 33.3
Ni 0.0 0.0 0.0 0.0 0.0 0.0 4.7 5.7 4.7 0.0 0.0 0.0 32.6 554 7.3 473 13.9 4.0
Ca 82 13 24 14 1.8 1.0 0.62 1.2 1.5 2.6 4.8 0.8 3.1 2.3 0.6 0.9 0.7 0.8
Al 39 25 32 1.6 4.2 6.5 1.37 1.2 1.6 0.0 1.5 5.3 4.7 1.7 6.7 5.5 4.3 1.8
Na 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.3 0.0 0.0 0.0 0.0 0.0
K 1.6 07 03 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ti 0 0 0 0.0 0.0 0.0 30.7 401 27.6 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0
Ba 0 0 0 0.0 0.0 0.0 0.0 15.0 13.5 3.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Others 54 0.7 3.5 44 4.1 9.3 5.1 0.1 0.0 2.9 1.6 6.2 0.0 0.0 3.2 3.1 2.8 3.6

compounds, whose increased intensity signifies saturation of
such compounds during hydrochar formation.*” The presence
of weak hydroxyl O-H vibration around 3500 cm ' depicts
dehydration during hydrochar formation, hence, increased
thermal stability as observed in the TGA results.®**°

The results of surface morphologies of the selected hydro-
char produced at different conditions is presented in Fig. 13.
Without catalyst (Fig. 13(A)), the hydrochar produced regular
packed carbonaceous chunks and cylindrical morphologies.
The EDX spectral mapping in Table 4 revealed higher amount of
carbon and iron, silica and aluminum oxides. The high carbon
retention in the hydrochar as already revealed in the carbon
balance can be attributed to the complex heterogeneous nature
of the feedstock that without catalyst application, there is
limited carbon conversion. Fig. 13(B-D) showed that varying the
feedstock concentration altered the surface chemistries of
hydrochar due to variance in reaction pathways such as poly-
merization and the degree of hydrolysis. For instance, at high
feedstock concentrations (Fig. 13(B and C)) aggregates of fused
and irregular morphologies were observed, owing to the limited
amount of water resulting in incomplete hydrolysis causing
partial degradation that yielded irregular block solids. However,
at low concentration (5 wt%), regular morphologies were
observed, plausibly due to the increased water amount that
promoted complete hydrolysis and solubilization of organics
leaving dispersed regular-shaped carbonaceous particles. The
change in catalyst types such as Ru/Al,O3 and Ni/TiO, (Fig. 13(E
and F)) yielded hydrochar of different sized-irregular morphol-
ogies, owing to difference in reaction mechanisms promoted by
respective catalysts. Additional analyses on hydrochar using
such as XRD and Raman spectroscopy, to elucidate on the
degree of carbon ordering and better understand the structural
evolution for a specific advanced application will be considered.
Albeit limited equipment access, this study's assessment of
thermal stability, surface functional groups, and morphological
features, elucidate on the multi-purpose potential application

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

of ASR hydrochar such as cement additive, hydrothermal
metallurgical resource recovery, adsorbent, or as a fuel.

4. Conclusion

This study demonstrated the feasibility and optimization of
catalytic hydrothermal conversion of heterogeneous end-of-life
automotive fluff (AF) waste in near-supercritical water for the
sustainable production of low-carbon fuels and high-value
products. Temperature, reaction time, feedstock concentra-
tion, catalyst type, and catalyst loading were identified as key
factors influencing product yields and selectivity across solid
(hydrochar), liquid, and gaseous phases. The optimal condi-
tions of 350 °C, 90 min, NiSiAl catalyst, 5-10 wt% feedstock
concentration, and catalyst-to-feedstock ratio of 5: 1 enhanced
hydrochar stability, increased calorific value, and promoted
selective production of phenolics and aromatic amines in the
liquid phase, while minimizing undesirable gas-phase carbon
losses.

The application of Ni-based catalysis proved essential for
controlling reaction pathways, improving depolymerization
efficiency, and suppressing tar formation, thereby enabling
higher conversion of complex polymers into targeted mono-
mers. NiSiAl exhibited superior performance in enhancing
aqueous-phase organic carbon and phenolic selectivity, offering
significant potential for direct feedstock-to products during
industrial chemical production. In contrast, Ru-based catalysts
favored ketone formation, while non-catalyzed reactions
produced broader and less controlled product distributions
dominated by CO,.

Hydrochar characterization revealed improved thermal
stability and distinct morphological changes influenced by
feedstock concentration and catalyst choice. High ash content
and stable functional groups indicate potential for applications
in materials engineering or as solid fuels. Carbon balance
analysis confirmed that catalyst type and loading dictate carbon
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partitioning among product phases, with NiSiAl enabling effi-
cient carbon transfer to valuable liquid and solid fractions.

Overall, catalytic hydrothermal processing
supercritical water offers a viable circular economy pathway
for valorizing hazardous, energy-rich automotive shredder
residue. By optimizing operational parameters and catalyst
systems, this process can simultaneously address plastic waste
challenges, reduce landfill burdens, and produce market-ready
fuels and chemicals. Future work will address catalyst evalua-
tion, explore continuous-scale integration with CCUS and tar-
geted upgrading of phenolic-rich liquid products to maximize
economic and environmental benefits.
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