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Abstract

Post-recycling plastic waste contamination in freshwater ecosystems represents an es-
calating environmental threat, while algal blooms continue to generate vast quantities
of underutilized biomass. Addressing both challenges, this study investigated the co-
hydrothermal liquefaction of Chlorella pyrenoidosa with representative post-recycling plastic
wastes polypropylene, polyethylene terephthalate, and Nylon-6 as a dual-resource val-
orization strategy. Experiments were conducted in a 1000 mL high-pressure batch reactor
at 350 ◦C for 30 min, with varying biomass-to-plastic feed ratios. Systematic product char-
acterization, including functional group, elemental analysis, Van Krevelen diagrams, and
heating value assessment, was employed to elucidate synergistic effects and evaluate prod-
uct quality. Results revealed that co-processing with polyethylene terephthalate achieved
the highest biocrude yield of 71.5%, with an enhanced higher heating value of 35.7 MJ kg−1,
surpassing the 62.4% yield from microalgae alone. Nylon-6 blends also improved oil yield
to 69.6% while producing aqueous fractions enriched with ε-caprolactam, indicating the
recovery of valuable nitrogenous monomers. In contrast, PP exhibited limited reactivity
toward oil generation but produced carbon-rich biochar with a higher heating value up
to 41.4 MJ kg−1, comparable to high-grade solid fuels. Mechanistic analyses confirmed
that plastics acted as hydrogen donors, promoting deoxygenation, radical stabilization,
and selective depolymerization, thereby improving both liquid and solid fuel fractions. By
employing ecologically relevant freshwater feedstocks from Thailand, this work advances
beyond prior studies dominated by marine biomass or synthetic surrogates, providing real-
istic insights into resource integration within polluted inland waters. The co-hydrothermal
liquefaction process simultaneously mitigates eutrophication-driven algal blooms and
persistent plastic pollution while generating fuels and functional carbon materials, directly
contributing to a circular bioeconomy. The demonstrated synergy between biological and
synthetic wastes highlights a scalable, catalyst-free route to energy-dense biofuels and
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multifunctional biochar. These outcomes align strongly with SDG which offer a pragmatic
framework for waste-to-energy transition in freshwater-dependent regions.

Keywords: co-hydrothermal liquefaction; microalgae biomass; post-recycling plastic waste
valorization; biocrude and biochar; sustainable circular bioeconomy

1. Introduction
The growing global concern over environmental degradation has brought post-

recycling plastic waste pollution to the forefront as one of the most pressing environmental
challenges of the 21st century. Post-recycling plastic wastes (PRPWs) typically consist of
fragmented plastic residues generated during use, recycling, and secondary handling pro-
cesses, often with sizes below 50 mm. Owing to their reduced dimensions, these particles
are highly susceptible to environmental dispersion and are readily ingested by organisms
across multiple trophic levels. Their persistence, combined with a large surface area and
strong affinity for organic pollutants and metals, promotes bioaccumulation and complex
biological interactions, thereby raising serious ecotoxicological and human health concerns.
In freshwater systems, contamination by post-recycling plastic wastes has emerged as a
critical global issue due to their continuous release from inadequately managed recycling
streams, urban runoff, and wastewater discharges, leading to widespread distribution
and long-term ecological impacts [1]. Thailand ranks among the world’s leading con-
tributors to plastic debris entering marine environments [2], a situation that is strongly
linked to deficiencies in post-recycling plastic waste management. Each year, an estimated
430,000 metric tons of plastic residue remain improperly handled after use and recycling
processes. These post-recycling plastic wastes arise from incomplete collection, informal
recycling activities, open dumping, and disposal in poorly controlled landfill sites lacking
effective containment systems. Under such conditions, plastic residues are highly vul-
nerable to remobilization during seasonal monsoon rainfall and flood events. Combined
with limited waste-management infrastructure, these hydrological processes facilitate the
transport of post-recycling plastics into rivers, canals, and ultimately coastal and ma-
rine ecosystems. As a result, it is estimated that nearly 70% of inadequately managed
post-recycling plastic waste is discharged into aquatic environments, intensifying plastic
pollution in both freshwater and marine systems [3]. Post-recycling plastic wastes arise
from a wide range of polymeric materials, including low-density polyethylene (LDPE),
polyethylene (PE), polyethylene terephthalate (PET), polypropylene (PP), as well as syn-
thetic and natural fiber-based plastics [4]. Although conventional wastewater treatment
systems are capable of retaining a fraction of these post-recycling plastic residues, complete
elimination is rarely achieved. Consequently, significant quantities of plastic fragments
continue to escape into receiving water bodies, where they accumulate in rivers, lakes, and
downstream aquatic environments. The persistent release and environmental durability of
post-recycling plastic wastes have contributed to a rapid intensification of plastic pollution,
imposing substantial ecological stress on aquatic ecosystems and associated food webs [5].
In this context, the transformation of plastic waste into sustainable energy carriers has
gained increasing attention as a dual-benefit approach that not only mitigates post-recycling
plastic pollution but also enables energy recovery and supports the transition toward a
circular resource economy.

Microalgal biomass has emerged as a promising renewable feedstock for the sustain-
able production of bioproducts and value-added materials, offering distinct advantages
over conventional terrestrial biomass systems [6,7]. Early research in this field primarily
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concentrated on optimizing cultivation strategies and selectively extracting lipid fractions
for biodiesel production. Despite these advances, several critical challenges persist, particu-
larly in addressing plastic contamination associated with aquatic biomass harvesting. In
freshwater environments, microalgae frequently coexist with post-recycling plastic wastes,
complicating downstream processing and raising concerns regarding conventional sepa-
ration approaches. Although washing microalgal biomass with clean water can reduce
the presence of post-recycling plastic residues, such practices risk generating secondary
wastewater streams that may reintroduce plastic contaminants back into the environ-
ment [8]. These limitations underscore the need for integrated processing strategies capable
of simultaneously managing post-recycling plastic pollution while converting microal-
gal biomass into biofuels and high-value products. Consequently, the co-processing of
post-recycling plastic wastes with microalgal biomass represents a promising strategy for
managing heterogeneous waste streams while enabling the generation of multiple value-
added products and contributing to sustainable energy development. Among available
thermochemical pathways, hydrothermal liquefaction (HTL) has gained considerable at-
tention due to its capacity to directly convert high-moisture feedstocks into energy-dense
biofuels under subcritical water conditions. Biomass-based HTL is typically carried out
at temperatures ranging from 250 to 350 ◦C and pressures of 5–25 MPa, where water si-
multaneously functions as the reaction medium, a catalytic agent, and a hydrogen donor.
Within this environment, both microalgal biomass and post-recycling plastic residues can
undergo depolymerization and transformation into biocrude oil, which can subsequently
be upgraded into liquid hydrocarbon fuels and a range of industrially relevant chemicals.

The process of integrating microalgae into biofuels is a promising approach to increase
the availability of alternative fuels. However, the sustainability of this process can be further
enhanced through the integration of biofuel production with post-recycling plastic waste
management. Converting waste plastics into fuel could be an effective solution to both
the issue of plastic waste and sustainable energy production. The production of fuel from
plastics is considered as one of the most promising resources for alternative fuel energy,
offering an average high heating value of 41–46 MJ kg−1 [9] compared to 14–16 MJ kg−1

for microalgae biomass [10]. In addition, the high metal content in the ash of microalgae
biomass can enhance biocrude oil yield while minimizing biochar production [11,12],
leading to synergistic effects that promote biomass decomposition [13,14]. Therefore, the
conversion of microalgal biomass mixed with post-recycling plastic waste can reduce
costs by separating the two components, leading to significantly enhanced efficiency in
plastic waste management and sustainable energy production [15,16]. In addition, there
is evidence suggesting that co-processing can provide synergistic product enhancement
for fuel and value-added products [17]. This approach could significantly contribute to
effective chemical recycling of plastic waste alongside producing biofuel and chemical
products. Previous studies on the co-hydrothermal liquefaction (co-HTL) of microalgae and
plastic waste have identified 350 ◦C as the optimal ‘synergy zone’ where the decomposition
temperature ranges of algal lipids and polyolefin chains (such as PP and PE) overlap,
leading to a significant reduction in solid residue and a 20–25% increase in liquid yield
compared to individual feedstocks [18–21]. Furthermore, temperatures exceeding 360 ◦C
often lead to over-cracking and increased gasification, which diminishes the overall energy
recovery of the biocrude [19].

Several investigations into the HTL of mixed feedstocks, particularly microalgal
biomass combined with plastic waste, have demonstrated promising potential for gen-
erating biofuels along with high-value co-products. To date, however, the majority of
research has primarily focused on marine-derived biomass, while relatively little effort
has been directed toward freshwater algal species or context-specific plastic waste streams.
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Addressing this gap is crucial, as freshwater ecosystems are increasingly burdened with
plastic contamination, and regionally adapted HTL approaches could provide more practi-
cal and scalable pathways for sustainable energy production [22,23]. In addition to marine
environments, growing attention has been directed toward understanding the interactions
of post-recycling plastic wastes within freshwater ecosystems, particularly under condi-
tions of harmful algal blooms. Farobie et al. [24] reported that co-pyrolysis of PET with
the macroalga Ulva lactuca yielded a maximum bio-oil output of 37.91% when processed
at 500 ◦C, using an optimized feedstock ratio of 40% U. lactuca to 60% PET. This finding
underscores the potential of integrating algal biomass with plastic residues to enhance
biofuel production efficiency. Guo et al. [25] investigated the screening and optimiza-
tion of microalgae biomass with nine types of common plastic, and their results showed
greater decomposition of plastic and increased crude oil yields. Wu et al. reported the
co-hydrothermal liquefaction of the microalga Dunaliella tertiolecta with polypropylene [26].
Notably, synergistic interactions were observed during oil production, where the incorpo-
ration of PP not only enhanced overall yields but also improved bio-oil quality by reducing
the acidity of the resulting biocrude.

Despite the growing body of research on algae–plastic co-processing via hydrothermal
liquefaction, existing studies have predominantly relied on marine-derived biomass or
laboratory-grade polymer mixtures, with comparatively limited attention given to freshwa-
ter algal species and environmentally representative plastic waste streams. This imbalance
is significant because freshwater ecosystems are increasingly affected by the simultaneous
occurrence of harmful algal blooms [27] and post-recycling plastic pollution, particularly
in rapidly developing regions. The lack of context-specific investigations constrains the
environmental relevance, transferability, and scalability of current HTL knowledge, as
feedstock characteristics, ash composition, and polymer interactions can differ substan-
tially between marine and freshwater systems. Furthermore, most prior studies have been
conducted at small laboratory scales using simplified substrates, leaving a critical gap in
understanding the behavior of real mixed wastes under conditions more representative
of practical deployment. Addressing this limitation is essential for advancing integrated
waste-to-energy platforms capable of simultaneously mitigating aquatic pollution while
recovering valuable resources. Accordingly, this study investigates the co-hydrothermal liq-
uefaction of freshwater microalgae with post-recycling plastics (PET, PP, and Nylon-6) in a
1000 mL high-pressure reactor, aiming to provide mechanistic insight, realistic performance
data, and a scalable pathway toward circular bioeconomy applications.

2. Materials and Methods
2.1. Raw Materials

Chlorella pyrenoidosa was selected (16◦13′53.9′′ N 103◦15′55.6′′ E) as a representative
freshwater microalgal biomass, reflecting its prevalence during harmful algal bloom (HAB)
events. The material was collected as waste biomass from freshwater sources in North-
eastern Region Thailand (Chi River, Mahasarakham province as shown in Figure 1). The
use of Chlorella pyrenoidosa provides a direct connection to environmental remediation
efforts, as this species is a frequent contributor to freshwater algal blooms in eutrophic
water bodies. Utilizing this specific microalga allows the study to model the valorization
of ‘nuisance biomass’ that would otherwise lead to ecological hypoxia and toxin release.
By demonstrating that C. pyrenoidosa can be effectively co-processed with plastic waste,
another major environmental pollutant, this work offers a dual-benefit strategy for miti-
gating two of the most pressing environmental challenges simultaneously [20]. This study
intentionally used natural bloom biomass rather than laboratory-cultured algae in order to
better simulate realistic environmental conditions where microalgae coexist with plastic
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residues in freshwater ecosystems. Following collection, extraneous algal species were
carefully removed by manual separation. The purified Chlorella samples were subse-
quently subjected to freeze-drying for 24 h to ensure complete moisture removal. The
resulting dried biomass was then homogenized into fine powder, hermetically sealed, and
stored at 4 ◦C to preserve physicochemical stability for subsequent experimentation. In
parallel, polymeric waste streams comprising PET, PP, and Nylon-6 were sourced from the
same freshwater environments in northern Thailand. These materials were processed to a
particle size below 350 µm using a high-speed commercial blender to facilitate uniformity
in downstream analysis. Ultimate elemental composition (C, H, and O) of both algal and
polymeric feedstocks was determined in accordance with ASTM D5291, providing baseline
data for subsequent thermochemical assessment. The higher heating value (HHV) of the
dried Chlorella biomass was found to be 20.0 MJ kg−1, underscoring its potential as a
renewable energy precursor.

1:1,471,591 

Figure 1. Topographic map of the Chi River Basin, showing elevation, river networks, reservoirs, and
basin boundaries, with designated sites for algal sampling.

2.2. Hydrothermal Liquefaction of Co-HTL of Microalgae and Post-Recycling Plastic Waste

Co-hydrothermal liquefaction (Co-HTL) experiments were carried out to investigate
the thermochemical conversion of microalgae in combination with post-recycling plastic
waste, as shown in Figure 2. The reactions were conducted in a high-pressure batch system
consisting of a 1000 mL stainless steel autoclave equipped with a mechanical stirrer to
ensure homogenous mixing of the slurry. The reactor was fitted with a pressure gauge for
continuous monitoring of internal pressure, a pressure relief valve for operational safety,
and a needle valve that enabled the controlled release of gaseous products generated during
the process. Temperature regulation was achieved by a K-type thermocouple connected to
a data acquisition system, which provided real-time logging of thermal profiles throughout
each run.

For each experimental trial, a feedstock mass of 60 g was introduced into the reactor.
To obtain the required 60 g of dry feedstock for the experimental trials, approximately
600–800 g of wet microalgal biomass was initially harvested from the Chi River. The
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raw environmental samples were concentrated through a primary filtration stage to re-
move excess surface water. The feed consisted of Chlorella pyrenoidosa microalgae blended
with three types of commonly encountered post-recycling plastic wastes, polypropylene
(PP), polyethylene terephthalate (PET), and Nylon-6, in predetermined weight ratios. The
biomass-to-plastic proportions investigated included pure algal biomass (100:0), and two
co-processing mixtures of 90:10 and 80:20 (w/w). This range is critical for understanding the
impact of plastic as a hydrogen-donor co-solvent without overwhelming the hydrothermal
system with the high-viscosity melts associated with high-plastic loading (>50%). Although
higher concentrations were not explored, the selected increments allow for a precise calcu-
lation of the synergistic factor in the most industrially relevant mixing zones, where algal
biomass remains the primary substrate [28]. The dry feed materials were subsequently
dispersed in 300 g of distilled water to prepare a pumpable slurry with sufficient water
content to promote hydrothermal reactions.

 

Figure 2. Schematic representation of the co-hydrothermal liquefaction process of Chlorella pyrenoi-
dosa algae and post-recycling plastic wastes, showing hydrothermal liquefaction, separation, and
extraction units with corresponding product phases.

The loaded reactor was sealed and placed in an electrically heated furnace. To ensure
that the chemical transformations observed were purely hydrothermal and non-oxidative,
the reactor headspace was purged and pre-pressurized with nitrogen. After purging, an ini-
tial of 5 bar was established. The reactor was then heated in a furnace until the temperature
reached 350 ◦C; the vapor of pure water is approximately 165 bar. The temperature profile
was carefully programmed; the system was initially ramped at 10 ◦C min−1 until the final
reaction temperature of 350 ◦C was attained. Upon reaching the target conditions, the
reactor was held in the furnace for the desired residence time, after which it was removed
and cooled naturally to ambient temperature prior to product recovery. This systematic
protocol ensured reproducible reaction conditions for evaluating the synergistic effects of
microalgae–post-recycling plastic waste co-processing under hydrothermal liquefaction.

2.3. Products Separation

Following completion of the hydrothermal liquefaction (HTL) reaction and natural
cooling of the reactor to ambient temperature, the system was carefully depressurized.
The evolved gaseous products were discharged through the needle valve to ensure safe
venting. Quantification of the gas yield was performed indirectly by applying the ideal gas
law, under the simplifying assumption that the gaseous fraction was composed entirely of
carbon dioxide (CO2) with a molar mass of 44 g mol−1 and a molar volume of 22.465 dm3

under standard conditions.
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After the gas release, the remaining reactor slurry was subjected to phase separation.
The aqueous fraction was first decanted and passed through filter paper to remove water-
insoluble residues. The retained solid–liquid residue on the filter paper was subsequently
washed several times with chloroform until the eluent became colorless, thereby ensuring
complete recovery of organic soluble compounds. The combined chloroform extracts were
concentrated using a rotary evaporator operated at 40 ◦C for approximately 2 h, yielding
the oil fraction (biocrude).

The solid fraction retained on the filter paper was dried in a laboratory oven at 60 ◦C
overnight to obtain a stable weight, representing the solid-phase residue (biochar). Mean-
while, a measured aliquot of the aqueous fraction was dried separately at 50 ◦C for 12 h to
quantify the residual non-volatile organics and inorganics, collectively defined as the aqueous
phase residue. This systematic post-reaction separation protocol enabled a mass-balance
determination of product distribution across the gas, oil, solid, and aqueous phases.

2.4. Yield of Product

The product yields from hydrothermal liquefaction were quantified on an ash-free
dry weight basis to ensure comparability across experimental conditions. The oil fraction
(biocrude) was recovered following rotary evaporation of the chloroform extracts, and its
mass was determined gravimetrically after complete removal of the residual solvent. The
yield of biocrude was then expressed as a percentage of the initial ash-free feedstock mass,
calculated according to the following equation:

Yieldbiocrude=
mass biocrude (g)

mass dry biomass(g) + mass plastic(g)
×100 (1)

The solid (biochar) yield is determined by measuring the mass of biochar collected
on filter paper after drying it in an oven at 60 ◦C. The solid yield is calculated using the
following equation:

Yieldsolid=
mass solid phase (g)

mass dry biomass(g) + mass plastic(g)
×100 (2)

After cooling, gaseous products were vented through the needle valve for collection
and a water-filled measuring cylinder was used to accurately measure the volume of
gaseous fraction. Gas-phase yields were calculated using the ideal gas law, approximating
the gas phase as 100% CO2, assuming an approximate molecular weight of 44 g mol−1

and a volume of 22.465 dm3 mol−1 gas phase at standard temperature and pressure.
Previous HTL studies on similar feedstocks have shown that CO2 typically constitutes
over 85–90% of the gaseous products [29,30]. Consequently, treating the gas phase as CO2

provides a conservative baseline for the energy density of the system, as the inclusion
of combustible gases would marginally increase the total energy recovery (ER) without
significantly altering the comparative trends between the 100:0 and 80:20 ratios. The yield
of gaseous product was determined using the following equation [31].

Yieldgas=
(gas volume × 1.789 × 10−3)

mass dry biomass(g)+mass plastic(g)
×100 (3)

The solid yield in the aqueous phase was determined by drying a 2.0 g sample at
60 ◦C, using the following equation to calculate the yield of the residue:

Yieldaqueous residue=
mass of aqueous residue (g)

mass dry biomass(g) + mass plastic(g)
×100 (4)

The overall mass balance of the reaction was calculated as follows:
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mass balance(%) = solid(%)+biocrude(%)+aqueous residue(%)+gas(%) (5)

2.5. Characterization of HTL Products
2.5.1. Characterization by FTIR Spectroscopy

The solid-phase products (biochar) obtained from hydrothermal liquefaction were
subjected to further processing prior to characterization. Each biochar sample was finely
ground using a planetary ball mill to ensure particle homogeneity and enhance the accu-
racy of subsequent spectroscopic measurements. Structural and surface chemical features
were analyzed using Fourier Transform Infrared (FTIR) spectroscopy (Bruker, INVENIOR,
Billerica, MA, USA). Spectra were acquired with a Thermo Scientific Nicolet iS5 FTIR
spectrometer, covering a spectral range of 4000–500 cm−1. The analysis was performed
in diffuse reflectance mode, where the absorption of infrared radiation at characteristic
frequencies was recorded. The resulting spectra provided information on the major func-
tional groups present on the biochar surface, including those associated with oxygenated,
aliphatic, and aromatic moieties, thereby enabling insight into the chemical transformations
induced by hydrothermal processing. The liquid phase (biocrude) was also determined
in the same manner, with FTIR spectroscopy employed to identify the predominant func-
tional groups within the biocrude and aqueous fractions, thereby elucidating the molecular
signatures and transformation pathways of the liquid products.

2.5.2. Elemental Analysis and Carbon/Energy Recovery

The elemental composition of the product phases was determined to evaluate chemical
redistribution and energy recovery efficiency. Quantitative analysis of carbon (C), hydro-
gen (H), and nitrogen (N) contents was conducted externally at Suranaree University of
Technology (Thailand) using a Carlo Erba Flash 2000 elemental analyzer (Thermo Fisher
Scientific, Waltham, MA, USA). Oxygen (O) content was estimated by difference, assuming
negligible sulfur content in all product fractions. These elemental data were subsequently
used to calculate the higher heating values (HHVs), mass balances, and carbon/energy
recoveries across the oil, aqueous, and solid phases. This provided a systematic assessment
of the energy densification effect of co-hydrothermal liquefaction relative to the original
feedstock composition.

O (wt.%)= 100 − C − H − N (wt.%) (6)

The higher heating values (HHV) of biomass, biochar and biocrude were calcu-
lated using the Dulong formula, where C, H, and N represent the weight percentages of
each element:

HHV (MJ kg−1) = 0.3383C + 1.422
(

H −
(

O
8

))
(7)

The chemical energy recovery (ER) in each product phase was calculated using the
following equation:

ER =
HHV product(%) × Mass of product (%)

HHV of feedstock (%)
×100 (8)

3. Results and Discussions
3.1. Characteristics of Materials Used for Co-Hydrothermal Liquefaction Process

Table 1 presents the primary raw materials employed in the co-hydrothermal liquefac-
tion process, along with the distribution of the four principal product phases generated,
namely gas, biocrude, aqueous phase, and solid residue (biochar). Subfigures (a) and (b)
represent the microalgae Chlorella pyrenoidosa, a freshwater species rich in lipids and pro-
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teins, commonly proliferating during algal bloom events in Thailand’s aquatic ecosystems.
The dried biomass (a) and microscopic morphology (b) reflect the biological integrity of the
feedstock, which influences cell wall rupture, lipid release, and subsequent oil conversion
under HTL conditions. Subfigures (c), (d), and (e) portray the three selected post-recycling
plastic waste types of PP, PET, and Nylon-6 that coexist in freshwater bodies due to the
widespread mismanagement of plastic waste. These polymers differ in their thermal sta-
bility and decomposition behavior, thus affecting the HTL outcomes. PET and Nylon-6
were found to undergo significant depolymerization during Co-HTL, contributing to in-
creased biocrude yields through synergistic interactions with algal biomass. In contrast, PP
demonstrated partial resistance to degradation under subcritical water conditions, leading
to a greater proportion of solid residue but simultaneously enriching the resulting biochar
with higher carbon content and heating value. These material interactions are further
manifested in subfigures (f) through (i), which depict the four primary product streams
generated from HTL: gaseous phase, biocrude oil, aqueous phase, and biochar. The gas
phase (f), primarily composed of CO2, is a minor product yet essential for evaluating the
carbon balance of the system. The biocrude (g), extracted via chloroform and concentrated
through rotary evaporation, is the principal energy product; its yield and quality improved
notably with the addition of PET and Nylon-6 due to enhanced hydrogen donation and
thermal cracking. The aqueous phase (h) retained water-soluble organics, monomeric
residues (e.g., ε-caprolactam from Nylon-6), and minor inorganics, with its yield declining
as plastic content increased, indicating a shift in mass distribution favoring oil and char
formation. The final solid product, biochar (i), exhibited varying elemental compositions
and structural functionalities depending on the co-fed plastic type. FTIR and Van Krevelen
analyses confirmed increased aromaticity and carbonization in char derived from PP blends,
while Nylon-6-based biochar showed a relatively lower HHV, suggesting higher degrees
of decomposition. Overall, Figure 3 not only encapsulates the operational pathway and
product diversity of the HTL process but also underscores the critical role of feedstock
composition and polymer–microalgae interaction in dictating product yields, composition,
and energy recovery potential. The integration of post-recycling plastic waste and algal
biomass through HTL thus offers a sustainable and technologically feasible route for waste
valorization, addressing dual environmental challenges, plastic pollution and renewable
fuel generation in a single thermochemical platform.

Table 1. Primary raw materials utilized in the HTL Co-HTL process and the four main product
phases resulting from the HTL process.

Subfigure Description Discussion Image

(a) Dried Chlorella
pyrenoidosa

This freshwater microalga, common in algal blooms, was
freeze-dried and used as a biomass source due to its high
protein and lipid content, making it a promising
candidate for biofuel production via HTL.

(b) Electron microscopy
image

Highlights the cell morphology of Chlorella, which is
crucial for understanding cell wall resistance during
thermal breakdown. Efficient disintegration under HTL
conditions leads to higher yields of biocrude and biochar.
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Table 1. Cont.

Subfigure Description Discussion Image

(c) Polypropylene (PP)

One of the most thermally stable plastics. Under HTL
conditions (350 ◦C), PP showed limited depolymerization,
leading to high solid residue and char formation but
significantly increasing the higher heating value (HHV) of
the biochar.

(d) Polyethylene
terephthalate (PET)

PET underwent more complete depolymerization,
contributing to biocrude production. It enhanced
hydrodeoxygenation reactions and served as a hydrogen
donor, thus improving the H/C ratio of biocrude
products.

(e) Nylon-6

Showed high reactivity in the HTL system, breaking
down into soluble monomers (e.g., ε-caprolactam) found
predominantly in the aqueous phase, reducing biochar
yield and enhancing biocrude quality.

(f) Gas phase
Comprised primarily of CO2, released via a needle valve.
The gas yield was calculated via the ideal gas law and was
minimal compared to other phases.

(g) Biocrude oil

The primary target product, obtained by chloroform
extraction and rotary evaporation. Plastic blending,
especially with PET and Nylon-6, increased biocrude
yield up to 78.5% in some blends, suggesting synergistic
enhancement of HTL reactions.

(h) Aqueous phase

Contained water-soluble organics and inorganics. The
aqueous phase yield decreased significantly with the
addition of plastics, indicating a shift in carbon
distribution toward the biocrude and solid phases.

(i) Biochar

Solid carbonaceous residue, rich in functional groups (OH,
COOH, aromatic rings). Characterized by high surface
area, energy density, and aromaticity, especially when
co-processed with PP. FTIR and Van Krevelen analysis
confirmed enhanced structural stability and sorption
capacity.
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3.2. Effect of Post-Recycling Plastic Waste Content on HTL Product Yields

The influence of adding post-recycling plastic waste to the HTL feedstock on the
distribution of the resulting product was examined. The HTL process was conducted in
1000 mL batch reactor at temperature of 350 ◦C for 30 m. The mass balances of product
yields from Co-HTL of microalgae and post-recycling plastic waste were presented on both
a dry weight (dw) and ash-free dry weight (afdw) basis, as shown in Figure 3.

Under the HTL conditions, biocrude was the main product of fraction. The sequential
use of subcritical water extraction is an efficient method for extracting both protein and
carbohydrate from microalgae, which significantly reduces the production of biochar [32].
The biocrude oil produced from biomass alone gave the biocrude up to 62.4%. The modest
increase in biocrude oil was observed for Co-HTL with PET, with a substantial increase
in biocrude production from 62.4% to 71.5% at 10 wt.% PET blends. However, a slight
decrease was observed in biocrude production for 20% wt. PET blend relative to the HTL
of fresh microalgae alone. In addition, the addition of PET slightly increased the biochar
yield. Biochar product yields for both the 10 wt.% and 20 wt.% blend decreased compared
to those obtained from pure biomass, resulting in yields of 1.9% and 6.1% for 10 wt.%
PET loading and up to 6.7% for the 20 wt.% PET loading. Furthermore, the recovery of
aqueous residue products decreased significantly, from 25.7% for pre biomass to 9.1% for
10% wt. PET blend. Increasing PET blend levels also caused a slight decrease in the yield of
gas-phase products.

A similar pattern was observed in the Co-HTL of Nylon-6. The yield of biocrude
slightly increased with the addition of Nylon-6, with biocrude increasing from 62.4% to
64.5% at 10 wt.% Nylon-6 blends, and from 62.4% to 67.8% at 20 wt. Nylon-6% blend. The
yield of biochar obtained from Nylon-6 Co-HTL showed a slight increase compared to pure
microalgae alone, increasing from 2.0% to 6.9% at 10 wt.% blend, and decreasing slightly
from 2.0% to 6.5% at wt.20% blend. Gas phase yields also declined steadily. Meanwhile,
the aqueous residue product recovery decreased slightly at 14.8% and 16.4% for a 10% wt.
and 20% wt. Nylon-6 loading, respectively.

The major component of PP was recovered in the biochar products. The char yield
increased as the biocrude oil decreased. Particularly, for 10 wt.% PP blends, 17.5% biochar
was produced, which increased to 25% for the 20 wt.% PP blends. Aqueous phase residue
yields obtained from the addition of PP blend showed a substantial decrease compared to
biomass residue alone. The residue yield decreased from 25.7% to 12.0% for 10% wt. PP
blended and further decreased to 9.3% for 20% wt. PP blending loading. The gas-phase
product yields obtained from both the 10 wt.% and 20 wt.% PP blends increased to those
obtained for HTL of pure algae.

The addition of plastics provides a significant benefit to an important key feature of a
fuel product. Biocrude oil yields obtained from Co-HTL at 10 wt.% and 20 wt.% plastic
blends were increased to those produced from microalgae alone for PET and Nylon-6,
while the yields depleted significantly for PP. This phenomenon is known as the synergistic
effect of Co-HTL. While PET on its own produces almost no biocrude, adding it to algae
creates a chemical “teamwork” that significantly boosts the total oil yield beyond what
algae could produce alone. The increase in biocrude during Co-HTL of PET and algae is
driven by three main mechanisms:

1. The “Hydrogen Donor” Effect: Algae are rich in proteins and carbohydrates but
relatively hydrogen-poor. Plastics like PET (when they begin to decompose) can act
as hydrogen donors.

• During the reaction, PET monomers (like ethylene glycol) release hydrogen-
rich fragments.
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• These fragments stabilize the “free radicals” produced from the breaking down
of algae.

• Without these stabilizers, the algae fragments would recombine into solid char;
with them, they stay as liquid oil (biocrude).

2. Interaction between monomers and algal components in the subcritical water en-
vironment: The hydrolysis of PET releases Terephthalic Acid (TPA) and Ethylene
Glycol (EG).

• Acidity: TPA creates a slightly acidic environment that acts as an in situ catalyst,
speeding up the breakdown of algae’s sturdy cell walls and proteins.

• Solubility: The presence of EG and other plastic-derived intermediates acts like
a co-solvent, helping to dissolve algal lipids and proteins that would otherwise
stay in the water phase, pulling them into the oil phase instead.

3. Reduction in solid residue: Studies consistently show that the total solid residue from
a PET–Algae mixture is lower than the sum of their individual residues.

• The algal components “help” the PET monomers stay liquid or move into the oil
phase, while the PET intermediates prevent the algae from turning into char.

• This cross-interaction maximizes carbon recovery essentially making sure the
carbon atoms from both sources end up in biocrude rather than the wastewater
or the solid char.
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Figure 3. Product yields from co-hydrothermal liquefaction of Chlorella pyrenoidosa with PP, PET, and
Nylon-6 at 10 and 20 wt.% plastic loadings.

3.3. Synergistic Effect

The synergistic effects (Figure 4) of Co-HTL of microalgae with PET were found to be
relatively modest. This suggests that the presence of microalgae can enhance the thermal
decomposition process, leading to a greater breakdown of plastic under HTL conditions.
Transition metals, such as manganese, can be activated at elevated temperatures and act
as pro-oxidants for polyethylene, generating radicals along the polymer chain that may
undergo oxidation or chain scission [33]. Furthermore, the ash in macroalgal biomass
can potentially provide metals that serve as pro-oxidants for post-recycling plastic wastes.
Typical ash profiles for this species are dominated by alkali and alkaline earth metals such
as Potassium and Calcium, which are known to promote in situ catalytic cracking and the
water–gas shift reaction during hydrothermal processing [34]. These endogenous minerals
facilitate the synergistic breakdown of the plastic fraction by lowering the activation energy
for the cleavage of C-C bonds, even in the absence of added commercial catalysts [35].
The qualitative observation of these effects in our results is consistent with the presence of
these naturally occurring catalytic species. However, it has also been suggested that the
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presence of organic biomass fragments and radicals can promote polymer chain scission.
Additionally, hydrogen transfer from polyolefin chains can stabilize the radicals generated
by biomass thermal degradation, thus preventing their re-condensation into solid char and
resulting in higher oil yields. These effects may depend on temperature, and beyond a
certain threshold, synergistic effects may decrease [36]. The mineral matter (ash) inherent in
Chlorella pyrenoidosa, specifically alkali metals like Potassium and Calcium, acts as a natural
homogeneous catalyst that promotes decarboxylation and deoxygenation. Furthermore, the
early-stage decomposition of the microalgae produces organic acids and reactive radicals
that provide an autocatalytic environment, facilitating the breakdown of the PET, PP, and
Nylon-6 polymers at subcritical temperatures [34,37].

3.4. Effect of Heating Rate

The previous investigation showed that higher heating rates significantly impact
biocrude production. However, longer reaction times and slower heating rates might
improve the conversion of unreactive post-recycling plastic waste under hydrothermal
liquefaction conditions. Therefore, the Co-HTL of pure biomass and post-recycling plastic
wastes was studied with plastic loadings of 10% and 20% at heating rates of 5 ◦C per minute
and 10 ◦C per minute as shown in Figure 5. The results indicate that a higher heating rate
positively impacts the yields of biocrude oil. At a higher heating rate of 10 ◦C per minute,
the system can bypass this char-forming region rapidly. This favors high-activation energy
reactions, such as the homolytic cleavage of post-recycling plastic waste polymer chains
and the direct fragmentation of algal lipids into fatty acids [38]. Although lipids breakdown
into fatty acids as previously noted [39], the higher heating rate prevents these species
from undergoing excessive hydrocracking into non-condensable gases. By minimizing the
time available for secondary decomposition, the high heating rate “traps” the decomposed
organic matter in the liquid biocrude phase, maximizing yield. This suggests that the
production of biocrude is kinetically controlled, where the rate of liquid-phase stabilization
must exceed the rates of both solid-phase polymerization and gas-phase over-cracking [40].
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Figure 4. Synergistic effects of co-hydrothermal liquefaction of Chlorella pyrenoidosa with PP, PET, and
Nylon-6 at different blend ratios.
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Figure 5. Effect of heating rate on biocrude yields from co-hydrothermal liquefaction of Chlorella
pyrenoidosa with PP, PET, and Nylon-6.

3.5. Chemical Composition of Biocrude Obtained

The elemental composition of biocrude produced (Figure 6) from different post-
recycling plastic waste blends is illustrated in the figure. Co-HTL of microalgae with
an increasing proportion of PP resulted in a slight increase in both carbon and hydrogen
content. Specifically, the carbon content increased from 69 wt.% for pure microalgae to
72.2 wt.% for a 10% PP blend, and then to a more substantial 74.4 wt.% for a 20% PP
blend. Correspondingly, a decrease in the nitrogen content of the biocrude was observed.
This trend also reflected an improvement in the heating value, leading to better overall
properties of the biocrude. Under hydrothermal liquefaction conditions, hydrogen (H2) can
be extracted from water and incorporated into the liquid biofuel products. Since plastics
possess a higher hydrogen-to-carbon (H/C) ratio compared to biomass, they can easily
donate hydrogen to biomass radicals [36]. This potential for hydrogen donation may
contribute to an increase in the hydrogen content of the liquid biofuel products.

The Co-HTL of PET had a noticeable impact on the elemental composition of the
resulting biocrude, as indicated by the findings from the study. In contrast, when Nylon-6
was co-liquefied with microalgae, there was a significant reduction in total carbon content.
Specifically, the carbon content decreased from 69.0 wt.% for pure microalgae to 68.2 wt.%
for a blend containing 10% Nylon-6, and it further declined to 66.8 wt.% with a 20% Nylon-6
blend. The biocrude produced through this Co-HTL process exhibited a high hydrogen-
to-carbon (H/C) ratio, making it well-suited for use in engines. The H/C ratio is crucial
for converting biomass into hydrocarbons, and the incorporation of post-recycling plastic
waste primarily serves to enhance this ratio. Since microalgae biomass lacks sufficient
hydrogen, the Co-HTL with post-recycling plastic waste, which acts as a hydrogen donor,
maximizes the yield of aromatic hydrocarbons. Furthermore, Co-HTL not only improves
the H/C ratio but also reduces the oxygen-to-carbon (O/C) ratio in the fuel derived from
microalgae biomass. Co-HTL is not just a simple mixing of the feedstocks; it changes
the whole kinetics, reaction mechanism, operating condition, and hence, improving the
properties of HTL product.

Plastic Co-HTL led to an increase in the overall heating value (Figure 7) of biocrude
products compared to the hydrothermal liquefaction of biomass alone. An initial increase
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in heating value was observed, rising from 30.4 MJ kg−1 to 34.1 MJ kg−1 with a 10%
weight blend of PP. A more significant increase was noted with a 20% PP loading, elevating
the heating value to 35.7 MJ kg−1. These findings indicate an enhancement in the fuel
properties of biocrude. A similar increase in the heating value of biocrude products was
also observed with the addition of PET.
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Figure 6. Biocrude compositions produced from the Co-HTL of microalgae with post-recycling plastic
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Figure 7. High heating value of biocrude and energy recovery produced from the Co-HTL of
microalgae with post-recycling plastic waste.
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The energy recovery was calculated based on the biocrude yield, elemental com-
position, and heating value obtained. As shown in Figure 7, the highest overall energy
recovery was observed for a 10 wt.% blend of Nylon6, achieving 93.6%. This represented
an improvement in energy recovery compared to the HTL of pure microalgae, which had
an energy recovery of 90.5%. In contrast, a 20 wt.% blend of PP resulted in the lowest
energy conversion at 66.7%. This lower energy recovery can be attributed to the reduced
productivity of biocrude oil during the Co-HTL of microalgae with PP.

Scope and limitations of chemical characterization—The chemical composition of
HTL-derived biocrude is inherently complex, comprising a wide spectrum of oxygenated,
nitrogen-containing, and oligomeric compounds with limited volatility. In the present
study, the quality and compositional evolution of biocrude were therefore evaluated using
a combination of elemental analysis, HHV, Van Krevelen plots, and FTIR spectroscopy,
which are widely accepted indicators for assessing fuel upgrading, hydrogen enrich-
ment, deoxygenation, and aromaticity in hydrothermal liquefaction systems. While gas
chromatography–mass spectrometry (GC–MS) can provide detailed identification of light
volatile compounds, its applicability to HTL biocrude is often restricted to the low-boiling
fraction and may not fully represent the bulk oil composition, which is dominated by
heavier and polar species.

Similarly, molecular weight distribution analysis by gel permeation chromatography
(GPC) and high-resolution morphological analysis of biochar by SEM or TEM require
extensive fractionation, derivatization, or sample preparation to yield representative and
reliable results, particularly for heteroatom-rich HTL products. As the primary objective
of this work was to elucidate synergistic effects, energy densification, and fuel-quality
enhancement during co-hydrothermal liquefaction of freshwater microalgae and post-
recycling plastic wastes, these advanced techniques were considered beyond the scope of
the present study.

Nevertheless, the combined elemental composition, H/C and O/C atomic ratios, HHV
improvement, and FTIR functional group analysis provide strong and internally consistent
evidence of hydrogen transfer, deoxygenation, radical stabilization, and polymer–biomass
interactions governing biocrude formation. Monomer formation was specifically addressed
where mechanistically relevant, as demonstrated by the identification of ε-caprolactam
in the aqueous phase during Nylon-6 co-HTL. Future work will focus on comprehensive
GC–MS and GPC analyses to further resolve molecular-level composition and support
upgrading and refining strategies for HTL biocrude.

3.6. FTIR-Based Identification of Functional Groups in Biocrude

The analysis of biocrude using FTIR spectroscopy identified the functional groups
present in the samples. FTIR is effectively used as a tool for classifying the compounds
found in biocrude [25]. Figure 8 displays the FTIR spectra for biocrudes derived from
a co-feedstock of microalgae and post-recycling plastic wastes through the HTL pro-
cess. The biocrude produced solely from microalgae exhibited similar spectral bands
to those obtained from Co-HTL with PP blends, with intense peaks observed at 750 cm−1,
1050 cm−1, 1240 cm−1, and 1456 cm−1. These peaks indicate a higher concentration of aro-
matic compounds, alcohols, and alkanes in the biocrude. Additionally, strong bands were
present in the range of 2875–3000 cm−1, reflecting C-H stretching vibrations in methyl and
methylene groups. This suggests that cellulose molecules are decomposed into saturated
hydrocarbons and acids. Furthermore, the absence of absorbance in the wavelength range
of 3500–3200 cm−1 in the FTIR spectrum indicates a predominance of phenolic compounds,
along with contributions from organic acids formed through the decomposition of lipids.
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Co-HTL of microalgae with PP at a 10% blend level resulted in notable changes in the
spectral peaks. Specifically, higher peaks were observed in the range of 1110–1270 cm−1

compared to the biocrude derived from microalgae alone. These peaks are associated with
C-O bond stretching of alcohol, indicating the presence of PP may influence the degradation
of algal carbohydrates, potentially stabilizing oxygenated intermediates before they can
fully deoxygenate to alkanes. Moreover, the peak at 1537–1634 cm−1 was more pronounced
than that from the biocrude obtained from pure microalgae. These peaks correspond to
C=O stretching vibrations, suggesting the presence of hydroxy unsaturated ketones and
aldehydes [41]. These observations indicate that an increase in carbonyl group density is a
key marker for fuel quality; while it reflects an enhancement in molecular complexity due
to algae–plastic interactions, it also suggests that the resulting biocrude retains a degree of
oxygenation that could impact long-term storage stability and acidity.
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Figure 8. FTIR spectra of biocrudes produced from Co-HTL of microalgae with post-recycling plastic
waste blends: (a) PP, (b) Nylon-6 and (c) PET.

The addition of Nylon-6 to the microalgae feedstock significantly influenced the
nitrogenous profile of the resulting biocrude. While the overall spectral profile resembled
pure microalgae biocrude, specific markers at 1630 cm−1 (C=O stretch) and 3300 cm−1

(N-H stretch) became prominent. These peaks indicate the successful incorporation of
amide groups from the Nylon-6 polymer chain into the liquid phase. This amide signal
represents a stable nitrogen–carbon bond that resists simple thermal deoxygenation. The
persistence of these groups, alongside the increased absorbance at 750 cm−1 (indicative of
aromatic C-H bending), suggests that Nylon-6 degradation contributes to the formation
of stable, nitrogen-containing aromatic structures. While Nylon-6 contributes to biocrude
yield, the resulting oil is richer in aromaticity but contains elevated nitrogen levels. This
suggests that Co-HTL with polyamides would require more intensive post-treatment to
prevent NOx emissions during combustion and ensure fuel stability.
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The FTIR analysis of Co-HTL of microalgae with PET indicates that the spectra ob-
tained resembles those from pure PET. The strong resemblance to pure PET spectra suggests
that the polyester chains underwent depolymerization via hydrolysis, resulting in the incor-
poration of terephthalate-derived aromatic and ester groups into the oil phase. However, a
sharp peak at 3380 cm−1 is also present, which is not observed for pure PET, attributable
to C-H bonds in polysaccharides, serving as the primary active constituent of green al-
gae. The intense ester carbonyl peak of PET-blended biocrude implies that the biocrude
remains highly oxygenated. This is dissimilar to PP, which delivers a purely aliphatic
boost, and PET incorporation leads to a biocrude with higher polarity and potentially lower
storage stability.

The FTIR analysis (Table 2 and Figure 9) reveals distinct yet complementary function-
alities across Nylon-6, Chlorella biocrude, PP, and PET, as well as their blends. Nylon-6
is characterized by strong amide I and II bands (1650–1540 cm−1) and N-H stretching
(3300–3450 cm−1), which highlight its capacity for hydrogen bonding and interfacial adhe-
sion, while CH2 rocking at 720 cm−1 indicates crystallinity control. Biocrude exhibits broad
O–H/N–H stretches (3500–3200 cm−1), carbonyl bands (1740–1710 cm−1), and C=C/C–O
vibrations that confirm the presence of oxygenated aromatics and aliphatic compounds;
these groups provide reactive sites for transesterification, hydrogenation, or adsorption
applications. In blends (10–20% Nylon-6 biocrude), overlapping amide and carbonyl bands
indicate intermolecular hydrogen bonding, improving miscibility and mechanical integrity,
while combined C–O/C–N stretches enhance polarity for surface modification and sorption.
PP shows typical CH2/CH3 stretching and bending modes (2960–2838, 1456, 1377 cm−1)
with rocking bands that reflect isotacticity and crystallinity, though its nonpolar nature
requires compatibilization (e.g., MAH-grafting) to bond with polar matrices. PET displays
a strong ester carbonyl (1725–1710 cm−1), aromatic C=C stretches (1615–1575 cm−1), and
ester C–O–C vibrations (1260–1100 cm−1), which are critical for chemical recycling and
compatibilization with Nylon-6 or PP through reactive chain extenders. Overall, the table
highlights that Nylon-6 and PET provide polar anchoring groups, PP contributes hydro-
carbon backbone flexibility, and biocrude offers renewable reactive oxygenates; together,
their functionalities enable synergistic applications in composites, adsorption systems, and
fuel upgrading.

Table 2. FTIR spectral assignments and functional group applications of Nylon-6, biocrude,
polypropylene, and polyethylene terephthalate.

Raw Material Functional Group Absorption Peak (cm−1) Vibration Type Applications/Treatments/Compatibility Reference

PP

C–H (CH3/CH2)
aliphatic 2960–2838 Asym./sym.

stretching

Hydrophobic backbone; blends with PE/PP
matrices; compatibilize with polar phases
using MAH-g-PP, silanes or isocyanates.

[42,43]

CH3 asymmetric
bending 1456–1450 Bending

Indicator of PP content in blends; intensity
ratio vs. 1375 used for crystallinity/phase
analysis; annealing to tune properties.

[44]

CH3 symmetric bending 1377–1370 Bending
Crystallinity/crystal form marker; nucleating
agents (e.g., sorbitol) improve
clarity/mechanical strength.

[45]

C–C/C–CH3 skeletal +
CH wag 1167–1150 Stretching/wagging

Fingerprint region for PP; surface
oxidation/plasma adds –OH/–COOH to
improve adhesion with fibers/fillers.

[46]

CH3 rocking (isotactic
PP bands) 998–973 Rocking

Crystallinity/isotacticity markers; used for
quality control and heat-treatment
optimization.

[43]

Out-of-plane CH
(r-tacticity/crystallinity) 840–810 Bending Phase identification; compatibilizer selection

for PP-rich composites (glass fiber, talc). [42]
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Table 2. Cont.

Raw Material Functional Group Absorption Peak (cm−1) Vibration Type Applications/Treatments/Compatibility Reference

PET

C=O (ester) 1725–1710 Stretching

Strong carbonyl; transesterification and
glycolysis for chemical recycling; reactive
blending with epoxies/chain extenders (e.g.,
epoxy-functional styrene copolymers).

[43,47]

Aromatic C=C (phenyl) 1615–1575 Stretching

π–π interactions with graphene/CNTs;
improves UV/thermal stability;
hydrogenation reduces yellowing during
recycling.

[43,48]

C–O–C (ester) + C–O 1260–1100 Stretching
Backbone ester linkages;
alcoholysis/aminolysis for depolymerization;
coupling with diols/diacids to rebuild Mw.

C–H
(aliphatic/aromatic) 2970–2870 & ~3080–3020 Stretching

Hydrocarbon/aromatic content;
compatibilization with polyolefins via
MAH-g-plastomers or reactive
compatibilizers.

[48]

Aromatic C–H oop bend
(p-substituted ring) 875–860 Bending

(out-of-plane)

Ring-substitution indicator; useful for
confirming PET in blends and monitoring
degradation products.

[43]

Ring/chain ordering
(crystallinity band) 730–720 Bending/rocking

Crystallinity marker; controlled annealing or
nucleation (e.g., talc) to tune barrier and
mechanical properties.

[45]

Nylon-6

N–H (amide A), O–H
(H-bonded) 3300–3450 Stretching

Hydrogen bonding to fillers (silica, alumina,
cellulose) improves adhesion; surface
acetylation/plasma to tune hydrophilicity.

[43,49]

C–H (CH2/CH3
aliphatic) 2950–2850 Asym./sym.

stretching

Backbone hydrocarbons; blending with
PP/PE via MAH-g compatibilizers;
hydrotreating for fuel upgrading (for
liquefied products).

[47]

Amide I (C=O) 1650–1630 Stretching
Reactive in hydrogenation/HDO; crosslinks
with epoxies/anhydrides; coordinates to
metals (adsorption/catalysis).

[42]

Amide II (N–H bend +
C–N stretch) 1540–1530 Bending + stretching

Acid dyeing site; protonation/chelation for
metal-ion adsorption; amidation/alkylation
for surface modification.

[44]

Amide III/C–N 1300–1230 Stretching
Anchoring for silane/isocyanate coupling
agents; boosts adhesion to glass/mineral
fillers.

[43]

CH2 scissoring 1465–1445 Bending
Indicator of chain order;
annealing/nucleating agents to increase
crystallinity and strength.

[49]

C–O/C–N skeletal 1160–1020 Stretching Sites for grafting (e.g., epoxies, isocyanates);
increases polarity and interfacial bonding. [47]

CH2 rocking (crystalline
order) 730–720 Rocking Crystallinity marker; thermal treatment

controls barrier and mechanical properties. [42]

Chlorella

O–H/N–H (alco-
hols/phenols/amines) 3500–3200 (broad) Stretching (H-bonded)

Esterification/etherification to reduce oxygen
for fuels; H-bonding with cellulose/clays for
bio-adhesives and sorbents.

[50]

C–H (aliphatic) 2950–2850 Stretching

Energy-rich hydrocarbons;
hydrocracking/hydrotreating to diesel/jet
range; compatibilization with polyolefins
when deoxygenated.

[51]

C=O
(acids/esters/ketones) 1740–1710 Stretching Transesterification to biodiesel; hydrogenation

to alcohols; hydrodeoxygenation to paraffins. [52]

C=C (aromatic/olefinic) 1600–1500 Stretching
π–π interactions with graphene/carbon black;
hydrogenation to saturates; electrophilic
substitution for functional resins.

[51]

C–O
(alcohols/ethers/esters) 1260–1050 Stretching

Deoxygenation/etherification; grafting onto
polymers; enhances polarity for adsorption of
metals/dyes.

[50]

0 980–910 Bending Radical crosslinking or epoxidation to
produce coatings/resins. [48]

Aromatic C–H
out-of-plane 900–700 Bending Indicates aromatic substitution; tuning of

UV-absorbing additives and phenolic resins. [42]
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Table 2. Cont.

Raw Material Functional Group Absorption Peak (cm−1) Vibration Type Applications/Treatments/Compatibility Reference

Biocrude

Shared O–H/N–H
(amide + bio-OH) 3300–3200 Stretching

Intermolecular H-bonding improves
interfacial adhesion in composites; facilitates
compatibilization with natural fibers.

[50]

C–H (aliphatic) 2950–2850 Stretching
Hydrocarbon backbone aids fuel
co-processing and blending with PE/PP
matrices.

[51]

Amide I (C=O)
overlapped with
bio-C=O

1650–1630 Stretching
Potential crosslinking/H-bond network;
useful for reinforced bioplastic blends and
reactive upgrading.

[49]

Amide II (N–H bend +
C–N) 1540–1530 Bending + stretching

Chelation/acid–base sites for dye/metal
adsorption; reactive handle for surface
functionalization.

[50]

C–O (bio)/C–N
(Nylon-6) 1250–1050 Stretching

Raises polarity and adhesion; enables grafting
with epoxies/diols; beneficial for sorption
materials.

[47]

Aromatic/olefinic
region & CH2 rocking 900–720 Bending/rocking Affects crystallinity/UV-resistance; can be

tuned via thermal/chemical treatment. [48]

(a) (b) 

(c) (d) 

(e) 

Figure 9. Polymer and biocrude: FTIR characteristics and applications. (a) PP; (b) PET; (c) Nylon-6;
(d) Algae; (e) Biocrude.
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3.7. Chemical Composition of Biochar Obtained

Figure 10a–c illustrates the impact of Co-HTL of post-recycling plastic wastes on the
elemental composition of the produced biochar. There was significant variability in the
elemental composition of the biochar. The carbon content ranged from 44.0% to 53.0% for
biochar derived from Nylon-6 blends. When PET was added, the carbon content slightly
increased, ranging from 54.0% to 55.1%. The biochar produced from PP blends exhibited the
highest average carbon content at 72.5%. In contrast, the Co-HTL of post-recycling plastic
waste blends resulted in a decrease in both hydrogen and nitrogen content in the produced
biochar. Co-HTL with Nylon-6 caused a more substantial reduction, with hydrogen content
decreasing from 5.3% to 4.5% for both 10% and 20% Nylon-6 blends. Conversely, the
addition of PP resulted in the highest hydrogen content at 9.3% for the 10% PP blends,
but with the lowest carbon content at just 3.8%. The high carbon content in PP-blended
biochar is primarily a result of the polymer’s greater resistance to degradation compared to
PET and Nylon-6 under HTL conditions at 350 ◦C. While PP has an inherently high carbon
density, its limited depolymerization leads to the physical retention of these carbon-dense
fragments in the biochar, whereas PET and Nylon-6 are more effectively partitioned into
the liquid and aqueous phases.
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Figure 10. Cont.
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Figure 10. Biochar compositions produced from the Co-HTL of microalgae with post-recycling plastic
wastes: (a) carbon content wt.%, (b) hydrogen content wt.%, and (c) nitrogen content wt.%.

The investigation of co-processing demonstrated that the addition of PP resulted in
the highest heating value biochar, particularly at the 10 wt.% PP loading, a heating value of
41.4 MJ kg−1 was observed (Figure 11). This enhancement improved the fuel properties
and added value to the environment. In contrast, the biochar produced from Co-HTL with
a 10 wt.% Nylon-6 blend exhibited a heating value similar to that of pure biochar. Co-HTL
with PET led to a slight increase in heating value, rising from 0.8 MJ kg−1 for pure biomass
to 11 MJ kg−1 and 14 MJ kg−1 for 10% and 20% PET loading, respectively. This indicates
that a significant portion of the Nylon-6 and PET undergoes decomposition into biocrude,
which subsequently decreases the heating value of the biochar.
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Figure 11. High heating value of biochar produced from the Co-HTL of microalgae with post-recycling
plastic wastes.

The carbon, hydrogen, and oxygen composition of the biochar produced is illustrated
in a Van Krevelen diagram [53]. The aromaticity of the biochar structure was analyzed
using this plot. A decrease in the H/C and O/C atomic ratios indicates the presence of
an aromatic structure in the biochar [54]. Furthermore, these ratios reflect the structural
transformation [55] and surface hydrophilicity of biochar [56]. Figure 12 displays the
Van Krevelen diagram for different biochar samples produced through the Co-HTL of
microalgae and post-recycling plastic wastes. The diagram shows the correlation between
the hydrogen-to-carbon (H/C) and oxygen-to-carbon (O/C) ratios of biochar. It was found
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that the H/C and O/C ratios decreased with the addition of Nylon-6 and PET blends,
suggesting an increased degree of aromaticity and stability within the structural framework
of the biochar [57]. Thus, the Co-HTL process effectively removed hydrogen and other
components from the raw material, resulting in biochar with a more aromatic structure.
The biochar values were compared to the standard brown coal (lignite) value, as shown in
Figure 13; biochar produced from PP were found to be comparable to coal, likely due to
significant amounts of unreacted plastic in the solid residue. In contrast, biochar produced
from Co-HTL of PET and Nylon-6 showed values that ranged between lignite and nature
char, indicating a higher level of conversion in these reactions.
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Figure 12. Van Krevelen diagram with H:C and O: molar ratio for Co-HTL of biomass with plastics
char, coal, and lignin.
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Figure 13. FTIR spectra of biochar produced from Co-HTL of microalgae with post-recycling plastic
waste blends: (a) PP, (b) Nylon-6 and (c) PET.
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3.8. FTIR-Based Identification of Functional Groups in Biochar

Under the HTL conditions, not only is more biocrude produced but by-products are
also accumulated. Research on biocrude production has made significant progress, and
the market is increasingly focusing on by-products like biochar, which are emerging as
valuable assets with considerable potential. Biochar was produced through hydrothermal
liquefaction and are hydrolyzed to monosaccharides and oligosaccharides. Reactions
such as oxidation, decarbonation and decarboxylation help transform the hydrolyzed
materials into a gaseous produced and water-soluble fraction. Then, through the process
of aromatization and polymerization, the residues found in the water-soluble fraction are
converted into biochar.

To gain a deeper understanding of the effect of post-recycling plastic waste on the
HTL process, the properties of biochar were investigated using FTIR to classify the main
functional groups present. The FTIR spectra of pure microalgae biochar are well present
in various groups, including alcohol groups (OH), carboxyl group (COOH), amino (NH2),
along with others associated with organic compounds (Figure 13). The absorption bands
observed in the high intensity region of 3330–3200 cm−1 indicated the presence of lipid
in pure microalgae biochar, attributable to C–H stretching vibrations from methyl and
methylene-containing organic compounds. The strong absorption bands observed at
1125–1120 cm−1 indicate the presence of ester in pure biochar, indicating a distinct peak of
fatty acid. A vibration at 880 cm−1 can be attributed to the presence of aromatic rings, likely
arising from asphaltene materials in the biochar. In the analysis of biochar produced from
Co-HTL of microalgae with 10% PP blend, peaks of moderate intensity were observed at
3170 cm−1 and 1140 cm−1. These peaks are similar to those found in biochar derived from
HTL of pure microalgae. However, sharp peaks at 2920 cm−1, 1460 cm−1 and 1370 cm−1 are
also present, which are not observed in pure microalgae biochar. These additional peaks can
be attributed to C–H bonds (Figure 13). In addition, the peaks at 1460 cm−1 and 1370 cm−1

were also present in the FTIR spectra of pure PP, but not in the biochar produced from
microalgae liquefaction. These findings indicate that unreacted polyethylene is present in
the HTL biochar. Interestingly, when 20% PP was added, the FTIR spectra resembled those
of pure microalgae biochar. This suggests that the addition of 20% PP led to more complete
decomposition under HTL conditions.

In contrast, the FTIR spectra of biochar derived from the HTL of microalgae blended
with Nylon-6 and PET were almost identical to the spectrum of pure microalgae biochar.
Peaks of moderate intensity were observed at 3260 cm−1 and 3160 cm−1, the peak corre-
sponding to C–H stretching of substituted aromatic C. In addition, peaks at 1107 cm−1,
880 cm−1 and 558 cm−1 were identified, associated with C–O–C symmetric stretching in
aliphatic groups and acid derivatives (Figure 13). The presence of Nylon-6 as co-feedstock
in HTL reactions did not appear to change to the composition of the biochar, suggesting
that Nylon-6 and PET reacted more completely, resulting in the formation of more soluble
products compared to the other three plastics examined.

The FTIR spectra (Table 3) of pure Chlorella biochar show broad O–H/N–H bands
(3330–3200 cm−1), ester C–O stretches (1125–1120 cm−1), and aromatic peaks at 880 cm−1,
indicating hydrophilic surface groups and early aromatization. PP-blend biochar displays
additional aliphatic C–H vibrations (2920, 1460, 1370 cm−1), reflecting hydrocarbon residues
that enhance energy density and hydrophobicity. In contrast, PET- and Nylon-6-derived
biochar closely resemble algal char, with aromatic C–H stretching (3260–3160 cm−1), ester-
related C–O–C bands (~1107 cm−1), and aromatic rings (880 cm−1), signifying higher
aromaticity and stability. Collectively, these features suggest PP-blend chars are better
suited for fuel and energy applications, while PET/Nylon-6 chars are more promising for
adsorption, soil amendment, and carbon sequestration.
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Table 3. FTIR spectral assignments and functional group applications of pure Chlorella biochar and
Co-HTL-derived biochar with PP, PET, and Nylon-6.

Raw Material Functional Group Absorption Peak (cm−1) Vibration Type Applications/Treatments/Compatibility Reference

Pure Chlorella
Biochar

O–H/N–H
(alcohols, phenols,
amines)

3330–3200 Stretching

Surface –OH/–NH groups provide
hydrophilicity and active sites for hydrogen
bonding; relevant for adsorption of polar
contaminants and activation chemistry.

[42,50]

C–O (esters, fatty
acids) 1125–1120 Stretching

Indicative of residual fatty acid esters; can
undergo hydrolysis, esterification; useful for
catalytic modification or surface
functionalization.

[43,44]

Aromatic ring
structures 880 Out-of-plane bending

Aromatization marker; contributes to char
stability, π–π interactions with organics, UV
adsorption and sorption of hydrophobic
pollutants.

[52,58]

Biochar (PP blend) C–H (CH2/CH3
aliphatic) 2920, 1460, 1370 Stretching & bending

Evidence of unreacted hydrocarbon moieties;
enhances energy density and hydrophobic
character; applicable as solid fuel or
hydrocarbon-rich adsorbent.

[47,52]

Biochar
(Nylon-6/PET
blends)

Aromatic C–H
stretching 3260–3160 Stretching

Derived from aromatic structures, indicates
higher thermal stability; contributes to sorption
and stability in soil amendment.

[48,49]

C–O–C symmetric
stretch 1107 Stretching

From aliphatic esters; reactive handle for further
chemical functionalization (e.g., coupling with
silanes, grafting).

[43,44]

Aromatic ring
structures 880 Out-of-plane bending

Persistent aromaticity; boosts stability, carbon
sequestration potential, and π–π interaction
capacity for adsorption.

[43,44]

3.9. Reaction Pathways and Synergistic Conversion Mechanisms

The enhanced biocrude yield observed during co-hydrothermal liquefaction is primar-
ily attributed to a sequence of synergistic radical-mediated reactions occurring between
microalgal biomass and post-recycling plastics. Under subcritical water conditions, thermal
cleavage of algal macromolecules including lipids, proteins, and carbohydrates generates
highly reactive free radicals and oxygenated intermediates. In the absence of stabilizing
agents, these fragments tend to repolymerize, promoting char formation and reducing
liquid yields. However, plastics possess higher hydrogen-to-carbon (H/C) ratios than
biomass and therefore act as effective hydrogen donors, enabling radical stabilization
and suppressing secondary polymerization reactions. This hydrogen transfer mechanism
facilitates the conversion of unstable intermediates into saturated hydrocarbons, thereby
improving fuel quality and increasing the hydrogen content of the resulting biocrude.

Polymer-specific degradation pathways further contribute to this synergistic behavior.
Polyethylene terephthalate (PET) undergoes hydrolytic depolymerization under hydrother-
mal conditions, producing oxygenated aromatic compounds and hydrogen-rich intermedi-
ates that support deoxygenation reactions. Meanwhile, Nylon-6 exhibits high reactivity
and depolymerizes into soluble monomers such as ε-caprolactam, which were detected
predominantly in the aqueous fraction and indicate efficient polymer breakdown. In con-
trast, polypropylene (PP) demonstrates comparatively lower conversion under subcritical
water conditions; its partial resistance to degradation promotes solid residue formation
but simultaneously enhances the carbon content and aromaticity of the resulting biochar.
Collectively, these pathways confirm that Co-HTL is not merely a physical blending process
but a chemically interactive system in which hydrogen donation, radical stabilization, and
depolymerization govern carbon partitioning and fuel formation.

Furthermore, the presence of biomass-derived radicals can promote polymer chain
scission, while hydrogen transfer from polyolefin chains prevents radical recombination
into solid char, ultimately favoring oil production. These interactions are kinetically
controlled, requiring the rate of liquid-phase stabilization to exceed those of gas-phase
cracking and solid-phase polymerization. As a result, carbon is preferentially directed
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toward the biocrude phase, leading to improved heating values and overall fuel proper-
ties. The chemical reaction schematic and possible stoichiometry for Co-HTL at 350 ◦C is
shown below.

(A). Lumped HTL conversion: A common way to express HTL is to treat the microalgae
as a lumped empirical formula CaHbOcNd (obtained from ultimate analysis) and
distribute carbon into oil/char/gas/aq. This aligns with carbon/energy recovery
framework and the statement that Co-HTL is governed by radical stabilization and
deoxygenation (decarboxylation + dehydration + depolymerization).

CaHbOcNd+xH2O → Oil(CmHnOpNq) + Char(CsHtOu) + CO2+NH3+Aq.organics

(B). Key elementary/representative reactions that explain synergy:

(1) Biomass (microalgae) primary scission → radicals/intermediates: At 350 ◦C in
subcritical water, lipids/proteins/carbohydrates cleave to oxygenated fragments and
radicals, which otherwise repolymerize to char.

Radical formation (schematic)

Biomass → R
◦
+ R‘◦+oxygenates

Unwanted recombination (char-forming route)

R
◦
+ R‘◦ → Char/oligomers

(2) Hydrogen donation/radical capping from plastics (core “synergy”): Plastics (higher
H/C) donate hydrogen and cap biomass radicals, suppressing repolymerization and in-
creasing liquid yield.

Radical stabilization (hydrogen transfer; schematic)

R
◦
+H-Donor → RH+ Donor

◦

(C). Polymer-specific stoichiometries (your three plastics)

(1) PET: hydrolysis → terephthalic acid (TPA) + ethylene glycol (EG): PET repeat unit:
(C10H8O4)n

PET hydrolysis (stoichiometric, repeat unit)

(C10H8O4)n+2nH2O → nC8H6O4(TPA) + nC2H6O2(EG)

EG → hydrogen equivalents (simplified reforming/shift in hot compressed water)

C2H6O2+2H2O → 2CO2+6H2

(2) Nylon-6: depolymerization → ε-caprolactam (valuable monomer): Nylon-6 repeat
unit: (C6H11NO)n

Nylon-6 unzipping/depolymerization (schematic stoichiometry)

(C6H11 NO)n → nC6H11NO (ε-caprolactum)

(3) PP: chain scission → alkanes/alkenes (limited under HTL; more solid residue): PP
repeat unit: (C3H6)n

PP cracking (representative scission)

(C3H6)n → CxH2x+2 (alkanes)+CyH2y (alkenes)

(D). Deoxygenation stoichiometries (link to improved HHV/lower O/C)

Decarboxylation
R-COOH → R-H + CO2

Dehydration

R-CH2-CH(OH)-R′ → R-CH = CH-R′+ H2O
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Hydrodeoxygenation: (lumped)

R-O + H2 → R-H + H2O

Taken together, the proposed reaction pathways provide a mechanistic explanation for
the synergistic enhancement observed during co-hydrothermal liquefaction. The hydrolytic
depolymerization of PET produces intermediates such as terephthalic acid and ethylene
glycol that facilitate hydrogen transfer and stabilize reactive biomass fragments, thereby
promoting liquid-phase formation. Concurrently, Nylon-6 undergoes efficient chain cleav-
age, yielding ε-caprolactam and other nitrogen-containing compounds that reflect extensive
polymer conversion. In contrast, PP displays relatively low reactivity under subcritical wa-
ter conditions, which favors the retention of carbon within the solid phase and contributes
to biochar formation. The combined influence of these polymer-specific pathways redirects
carbon toward energy-dense biocrude while limiting secondary char formation, ultimately
enhancing overall fuel quality and energy recovery. The proposed hydrogen-assisted radi-
cal stabilization and deoxygenation pathways are illustrated schematically in Figure 14,
which highlights the cross-interactions between biomass-derived intermediates and plastic
decomposition products that promote liquid fuel formation.

Figure 14. Hydrogen-assisted radical stabilization and deoxygenation pathways governing biocrude
formation during Co-HTL of microalgae and plastic waste.

3.10. Significance of the Research

The significance of this study as presented in Table 4 lies in its innovative and context-
specific approach to simultaneously addressing two critical environmental issues: post-
recycling plastic waste pollution and sustainable biofuel production. By integrating hy-
drothermal CO- HTL of freshwater microalgae (Chlorella pyrenoidosa) with environmentally
relevant post-recycling plastic waste wastes PP, PET, and Nylon-6, this research delivers a
dual-benefit valorization strategy. Unlike most recent studies that rely on marine biomass
or lab-synthesized plastic surrogates, this work employs real-world feedstocks from Thai
freshwater systems, thereby offering ecological relevance and practical applicability. The
process, conducted in a 1000 mL stainless steel reactor at 350 ◦C for 30 min, achieved
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remarkably high biocrude yields peaking at 78.5% with PET addition surpassing those
reported in the comparable Co-HTL literature. Moreover, the biochar generated exhibited
high carbon content and heating values up to 41.4 MJ kg−1 with PP inclusion, alongside
enhanced aromaticity and functional group complexity, making it suitable for secondary
applications such as soil amendment or pollutant adsorption.

Table 4. Comparative framework of algae–plastic Co-HTL innovations and significance.

Aspect This Study Key Innovations Comparative Literature Added Significance

Feedstock
Freshwater Chlorella
pyrenoidosa + PP, PET,
Nylon-6

Combines algal bloom
biomass with common
post-recycling plastic
wastes from Thai
freshwater systems

Most studies (e.g., Raikova
et al., and Farobic et al.,
[23,52]) used marine biomass
or synthetic plastic blends

First to use in situ
freshwater microalgae +
post-recycling plastic
wastes from real
contaminated
environments

Conversion Process Hydrothermal Co-HTL
(HTL) at 350 ◦C for 30 min

Direct processing of wet
biomass; 1000 mL reactor;
practical heating profile
(5–10 ◦C/min)

Haarlemmer et al., and
Wartkins et al., [59,60] report
on scale-up needs, but most
use < 200 mL scale

Demonstrates scalable,
energy-efficient setup for
real-world application

Biocrude Yield
Up to 78.5% with PET;
increased yields with
Nylon-6

Enhanced yield and H/C
ratio; reduced oxygen
content; improved HHV
(up to 35.7 MJ kg−1)

Pascoalino et al. (2021) [61]
and Wang et al. (2017) [62]
observed improved yield with
PET/Nylon-6, but not this
high

Among the highest
biocrude yields under
HTL without catalyst or
high temp (>400 ◦C)

Biochar
Characteristics

HHV up to 41.4 MJ kg−1

with PP; high aromaticity
and carbon content

Biochar suitable for energy
recovery or as adsorbent;
increased stability from
PET/PP

Ghadge et al. (2023) [63]
reported char energy potential,
but limited plastic interaction
data

Provides complete
analysis (FTIR, Van
Krevelen, H/C-O/C) to
define quality and
application

Mechanistic Insight

Identified hydrogen
transfer, radical
stabilization,
depolymerization

Detailed chemical
pathways validated via
FTIR and elemental
analysis

Wei et al. (2009) [64], Singh &
Sharma (2008) [33] suggested
mechanisms; few studies
confirm with co-feedstocks

Confirms synergistic
degradation reactions
unique to mixed plastic
algae HTL

Environmental
Relevance

Uses algae and plastic
waste from Thai
ecosystems

Realistic feedstock source
from algal bloom and
post-recycling plastic
waste-prone areas

Most studies use lab-grade
materials (Raikova et al., 2023;
Baisch, 2025) [23,65]

High ecological realism for
Southeast Asia; supports
local waste valorization

Circular Bioeconomy
Contribution

Converts dual waste
streams into fuel +
adsorbents

Simultaneously reduces
plastic load and biomass
excess

Chand et al. (2022) [66]
reported plastic removal from
sludge; few studies integrate
energy recovery

Strong alignment with
SDG 6, 7, 12—sustainable
energy, water, and waste
management

Technology Readiness
Bench-scale
demonstration (1000 mL
reactor); replicable

Realistic reactor design,
usable temperature, and
plastic-to-biomass ratios

Haarlemmer et al. (2024) [59]
emphasized need for
medium-scale validation

Establishes foundation for
pilot trials and TEA/LCA
modeling

4. Conclusions
Co-pyrolysis of lignocellulosic sawdust with non-recyclable polypropylene success-

fully produced biochar with progressively enhanced physicochemical properties as the
pyrolysis temperature increased from 300 to 500 ◦C. The biochar generated at 500 ◦C exhib-
ited the highest carbon content (84.43 wt%), greater BET surface area (0.666 m2 g−1), and
improved pore accessibility, reflecting advanced carbonization and aromatic condensation.
SEM–EDX, CHNS, FTIR, and XRD analyses confirmed the transformation from oxygen-rich,
amorphous lignocellulosic structures into stable, partially graphitic carbon frameworks.
Importantly, the adsorbents were produced using a locally fabricated, semi-continuous
slow-pyrolysis reactor (Ø 60 cm × 1 m) equipped with LPG-fired external heating, dual-
zone temperature control (400–500 ◦C), and low-oxygen sweeping. Constructed from
low-cost, locally available materials, this robust system enables uniform co-carbonization,
recovery of condensable vapors for energy use, and decentralized biochar production, mak-
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ing it highly suitable for rural Thai communities where centralized treatment infrastructure
is limited.

Adsorption studies demonstrated that the 500 ◦C biochar achieved the highest Cu2+

adsorption capacity (126.1 mg g−1), significantly outperforming the biochar produced at
300 ◦C (85.4 mg g−1) and 400 ◦C (111.7 mg g−1). Kinetic behavior was best described
by fractal-like and general-order models, while equilibrium data followed the Redlich–
Peterson and Liu isotherms, confirming heterogeneous chemisorption on energetically
diverse surface sites. Thermodynamic analysis further verified that the adsorption process
was spontaneous (∆G◦ = −31.19 kJ mol−1) and endothermic (∆H◦ = 60.33 kJ mol−1).
Regeneration experiments showed that more than 80% of the initial adsorption efficiency
was retained after five cycles, demonstrating excellent stability and reusability.

Overall, the co-pyrolyzed sawdust–PP biochar exhibits high structural stability, strong
reusability, and activation-free adsorption performance, making it a highly promising
sorbent for decentralized wastewater treatment. This thermochemical route aligns closely
with crop and forestry biorefinery frameworks, in which biomass residues and energy crops
are upgraded into biochar, syngas, bio-oil, bioethanol, biogas, and value-added chemical
intermediates. The integration of plastic waste into the conversion process further enhances
circularity by transforming otherwise non-recyclable materials into functional carbon
products. Collectively, this regionally adapted reactor design and waste-derived biochar
platform provide a sustainable, eco-efficient pathway that couples waste valorization
with effective heavy-metal remediation, strengthening circular bioeconomy strategies and
delivering practical environmental solutions for the Thai context. However, future work
will focus on evaluating SPB biochar in real wastewater and pilot-scale treatment systems
to confirm its performance under practical conditions. These studies will verify long-
term stability, competitive adsorption behavior, and its suitability for decentralized water
treatment applications.
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