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Abstract

Marine biowaste (fish and crustacean processing residues) is produced in tens of millions
of tons annually, yet remains dramatically underutilized as a feedstock. Hydrothermal
carbonization offers a technically attractive valorization route for these high-moisture,
non-lignocellulosic materials, converting them to carbon-enriched hydrochar without the
energy-intensive pre-drying required by pyrolysis. This focused review treats marine ani-
mal waste as the primary studies and micro- and macroalgal hydrothermal carbonization
as a comparative benchmark to understand how the current research is going, the impact
of production parameters, potential application, and possible research gaps to explore.
Crustacean waste yields substantially more hydrochar (37-69%) than fish waste (15-34%)
under equivalent conditions, driven by calcium carbonate retention in the solid phase.
Unactivated hydrochars have low BET surface areas (<30 m?/g) and modest adsorption
capacities (~10 mg/g). Acid deashing followed by KOH activation at 700 °C unlocks
nanoporous structures with BET surface areas up to 680 m?/g and oxytetracycline adsorp-
tion capacities of 61.3 mg/g. Critical research gaps include the absence of techno-economic
analysis, limited life-cycle assessment, and non-standardized reporting conventions. These
must be addressed before upscaling to industrial viability can be achieved.

Keywords: hydrothermal carbonization; marine biowaste; hydrochar; fish waste; crus-
tacean waste; adsorption; activation; pretreatment; non-lignocellulosic biomass

1. Introduction

The global seafood industry generates staggering volumes of solid waste. Fish pro-
cessing alone discards between 35 and 65% of the live mass of harvested fish as inedible
fractions, including heads, tails, viscera, fins, skin, and bones, while crustacean processing
leaves between 29 and 61% of raw weight as shell residues composed predominantly
of chitin and calcium carbonate [1-4]. At the global scale, fishery production exceeded
185 million metric tons in 2022 [3], of which approximately 20 million metric tons were
lost as processing waste, if calculated based on the inedible parts mentioned before. In the
European Union, the fish processing industry generates approximately 5 million metric
tons of solid by-products annually, while Asia accounts for the largest share globally, with
countries such as China, South Korea, Vietnam, Thailand, and India representing major
seafood-processing hubs [3].
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Current industrial management of marine processing waste relies on a portfolio of
conventional strategies, none of which fully satisfies the dual imperatives of environmental
compliance and resource recovery. In addition, the waste generation could appear at the
upstream stage (fishery production, market, etc.) or be generated at the downstream,
consumer level. The latter would be rather trickier to handle. The most widely practiced
valorization route is the production of fishmeal and fish oil, in which residues are steam-
cooked, pressed, dried, and ground to yield a protein-rich animal feed supplement and a
refined oil co-product [1,2,5]. While commercially established in Norway, Chile, Peru, and
Southeast Asia, the fishmeal route is energy-intensive: pre-drying feedstocks with moisture
contents of 60 to 80% on a wet basis demands significant thermal energy input, and the
drying step alone can account for 50 to 70% of total process energy consumption [6-9].
Furthermore, market absorption of fishmeal is increasingly constrained by saturation in the
aquaculture sector, growing competition from insect- and plant-based protein alternatives,
and biosafety concerns regarding the accumulation of persistent organic pollutants in
rendered products [10-12]. Direct land spreading of marine biowaste as an organic fertilizer
offers nitrogen and calcium value but is restricted to narrow seasonal application windows,
is subject to ammonia volatilization losses, and is not feasible at the scale of industrial
processing hubs in coastal industrial zones.

Thermal disposal routes face specific constraints, since marine biowaste incineration
is energetically unattractive when applied to raw residues with moisture contents between
60 and 80% [7,9,13]: auxiliary fuel is required to sustain combustion, and the net energy
recovery is substantially negative unless extensive pre-drying is performed, which reintro-
duces the same drying energy penalty encountered in fishmeal production [14]. In many
jurisdictions, direct landfilling of untreated biowaste (especially the particularly liquid and
semi-solid fractions) is prohibited or progressively restricted. Within the European Union,
the Landfill Directive mandates diversion of biodegradable waste from landfill, and the
Waste Framework Directive requires member states to prioritize recovery over disposal. At
the international level, ocean dumping of fish processing residues, historically common
in coastal regions of Asia and South America, has been restricted under the MARPOL
Convention and the 1996 London Protocol, effectively eliminating disposal options that
were once the default for shore-side processors [15-17].

These limitations collectively underscore the absence of a scalable, energy-efficient,
wet-process valorization technology for marine biowaste that can operate without pre-
drying, accommodate heterogeneous feedstock compositions spanning both fish and crus-
tacean streams, and produce a value-added solid product with clear market applications.
Hydrothermal carbonization (HTC) addresses all these requirements simultaneously and
has accordingly attracted growing research attention as a pathway for marine biowaste
valorization [18,19].

Hydrothermal carbonization is a thermochemical process that converts moist biomass
into a carbon-enriched solid product, hydrochar, under subcritical water conditions, typi-
cally at temperatures between 160 and 250 °C and autogenous pressures between 1 and
4 MPa [20-23]. Because the reaction medium is liquid water, the process is inherently
suited to wet feedstocks, eliminating the energy-intensive pre-drying step that renders
pyrolysis economically unattractive for high-moisture materials such as marine processing
waste [22,24,25]. The product slate comprises three fractions: a carbon-enriched solid
hydrochar, an aqueous process water containing dissolved organic compounds and nutri-
ents, and a small gas fraction consisting primarily of CO, alongside minor contributions
from CHy and Hj; [23,24,26,27]. The hydrochar retains much of the feedstock carbon
in a more stable, aromatic form suitable for solid fuel applications, soil amendment,
or—following activation—high-performance adsorption. The particular suitability of
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hydrothermal carbonization for non-lignocellulosic biomass has been recognized in the
broader literature [8,28], and marine biowaste represents one of the most challenging yet
rewarding feedstock classes within this category.

Hence, this review will dig deeper into research on HTC of marine biowaste. This
review adopts a focused two-tier scope. Tier 1 comprises peer-reviewed studies on hy-
drothermal carbonization of marine animal waste including fish waste from multiple
species and fractions, as well as crustacean waste from shrimp, crab, and lobster shells. It
constitutes approximately 26 in-scope articles identified in the Web of Science Core Collec-
tion. Comparative benchmark studies comprise selectively drawn studies on hydrothermal
carbonization of micro- and macroalgae, approximately 340 Web of Science papers, used
to contextualize the results for yields, BET surface area, elemental composition, and ad-
sorption performance, where the primary dataset is sparse. Explicitly excluded from the
primary scope are aquatic vascular plants such as water hyacinth, cattail, duckweed, reed,
mangrove, and macrophytes.

The review addresses four research questions:

RQ1. How does the unique biochemical composition of marine animal waste—
particularly its high protein, chitin, and mineral content—influence hydrochar properties
under comparable hydrothermal carbonization conditions?

RQ2. How do process parameters, specifically temperature, residence time, and water-
to-biomass ratio, affect the physicochemical properties of hydrochars derived from marine
animal waste, and how do these compare to algal benchmarks?

RQ3. To what extent do pretreatment strategies, such as acid demineralization and en-
zymatic hydrolysis, modify feedstock composition and subsequently determine hydrochar
quality and application potential?

RQ4. How does post-treatment activation transform marine biowaste hydrochar
into high-performance carbonaceous adsorbents, and what is the relationship between
preparation pathway and adsorption performance for aquatic pollutants?

In order to address the proposed research questions, the corresponding literature
search was conducted in the Web of Science Core Collection in April 2026, applying a
document type filter for articles and a language filter for English. Two parallel search
queries were executed. The Tier 1 targeted marine animal waste feedstocks using Boolean
combinations of terms including “hydrothermal carbonization,” “hydrochar,” “fish waste,”

” o ” o ” o

“shrimp waste,” “crab,” “crustacean,” “seafood waste,” “mussel,” and “bivalve,” yielding

approximately 26 in-scope articles after screening. Tier 2, the benchmark studies, tar-

7o ” o

geted algal hydrothermal carbonization using “microalgae,” “macroalgae,” “seaweed,”
“Spirulina,” “Chlorella,” “kelp,” and related terms, yielding approximately 340 articles,
including review articles that were used selectively for quantitative comparison to the
primary studies.

Inclusion criteria for the Tier 1 were: marine animal origin feedstock; primary hy-
drothermal carbonization or hydrochar production focus; and a peer-reviewed journal
article in English. Exclusion criteria were: lignocellulosic aquatic plants; commercial chitin
or chitosan without marine-source linkage; co-HTC where the marine biomass fraction is a
minor additive; and non-English publications. Table 1 summarizes the screening process of

the study.
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Table 1. Record table from Tier 1 and Tier 2 WoS searches, deduplication, screening by title and
abstract, full-text eligibility assessment, and final included papers per tier.

Publication Category #* Used Query
TS = ((“hydrothermal carbonization” OR “hydrothermal carbonisation” OR “wet pyrolysis” OR
AIHTC work 17,640 “wet torrefaction” OR HTC OR hydrochar))

TS = ((“hydrothermal carbonization” OR “hydrothermal carbonisation” OR “wet pyrolysis” OR
“wet torrefaction” OR HTC OR hydrochar) AND(“food waste” OR “kitchen waste” OR OFMSW
HTC on OR “organic fraction of municipal solid waste” OR “organic waste”OR algae OR microalgae OR
non-lignocellulosic 1870 macroalgae OR “algal biomass” OR seaweedOR “sewagesludge “ OR “wastewater sludge” OR

material biosolids OR “municipal sludge”OR manure OR “animal manure” OR “poultry manure” OR

“swine manure” OR “cattle manure”OR digestate OR “fish waste” OR “fish residue” OR “aquatic
waste” OR “aquatic biomass”))

HTC on marine animal
waste

TS = ((“hydrothermal carbonization” OR “hydrothermal carbonisation” OR “wet pyrolysis” OR
“wet torrefaction” OR HTC OR hydrochar) AND(“fish waste” OR “fish residue” OR “fish
32 by-product” OR “fish processing waste” OR “seafood waste” OR “shrimp waste” OR “aquatic
animal waste” OR “marine biomass” OR “marine waste” OR “aquatic biomass”)NOT(seaweed OR
macroalgae OR microalgae OR “marine algae” OR “algal biomass”))

HTC on micro- and
macro- algae

TS = ((“hydrothermal carbonization” OR “hydrothermal carbonisation” OR “wet pyrolysis” OR
“wet torrefaction” OR HTC OR hydrochar) AND (“microalgae” OR “macroalgae” OR “seaweed”
452 OR “kelp” OR “spirulina” OR “chlorella” OR “scenedesmus” OR “nannochloropsis” OR
“sargassum” OR “laminaria” OR “ulva” OR “marine algae” OR “algal biomass” OR “microalgal”
OR “macroalgal”))

*#: number of publications.

2. Hydrothermal Carbonization of Animal Marine Biowaste

Hydrothermal carbonization of marine biowaste is governed by four interacting pa-
rameters. Temperature (150-250 °C) is the most influential: rising severity decreases
hydrochar yield as organic matter dissolves into the aqueous phase while increasing carbon
content and heating value through progressive dehydration and decarboxylation, estab-
lishing a fundamental yield—quality trade-off [20,29,30]. Pressure is autogenous and rises
with temperature, maintaining water in the liquid phase essential for subcritical reaction
chemistry without independent control [20,31,32]. Residence time is typically optimal
at 1 to 2 h for protein-rich feedstocks, beyond which yield declines without meaningful
improvement in hydrochar quality, reflecting the rapid kinetics of protein hydrolysis and
Maillard condensation under subcritical conditions [9,33,34]. The water-to-biomass ra-
tio (W:B) governs intermediate dilution and heat transfer; however, the inherently high
moisture content of raw marine biowaste partially self-adjusts the effective process water
volume [7].

Marine animal waste is biochemically different from terrestrial lignocellulosic biomass
in three important respects. First, it is protein- and lipid-rich: fish waste contains 50 to
60% protein and 15 to 25% lipid on a dry basis, providing abundant nitrogenous precursors
and hydrophobic organic matter that fundamentally alter the reaction pathways active
during hydrothermal carbonization [8,35-37]. Second, crustacean waste is chitin-rich:
chitin, the structural polysaccharide of arthropod exoskeletons with the chemical struc-
ture poly-f3-(1—4)-N-acetyl-D-glucosamine, is a nitrogen-containing biopolymer absent
in terrestrial plants, and its hydrothermal hydrolysis products are the essential reactant
for the Maillard pathway unique to marine biowaste [38—40]. Third, crustacean waste is
mineral-heavy: calcium carbonate constitutes a large fraction of crustacean exoskeletons,
resulting in raw ash contents between 25 and 60% on a dry basis that profoundly affect
hydrothermal carbonization product yields and hydrochar chemistry [7,41]. In the marine
context, the absence of lignin is essentially the baseline: neither fish waste, crustacean shells,
nor algae contains lignin, the terrestrial-plant-specific aromatic cross-linked polymer whose
thermochemical behavior dominates the hydrothermal carbonization literature for biomass.
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2.1. Reaction Chemistry

The conversion of non-lignocellulosic biomass, like marine animal biowaste, during
hydrothermal carbonization proceeds through three parallel reaction networks that con-
verge into a polyaromatic solid hydrochar, as shown in Figure 1. Proteins, the dominant
fraction at 20-60 wt%, are first hydrolyzed by subcritical water before undergoing deam-
ination (R1), releasing NHj into the process water alongside carboxylic acid fragments.
These amino acid residues simultaneously participate in Maillard condensation (R2) with
reducing sugars to form diketopiperazines, which are cyclic dipeptides that serve as the
primary nitrogen-bearing Maillard intermediates [42,43]. Above 180 °C, these diketopiper-
azines are converted to N-heterocyclic compounds (R3), principally pyrroles and pyridines,
which become covalently incorporated into the hydrochar lattice and account for the char-
acteristically elevated nitrogen content of marine biowaste hydrochars [42]. Lipids follow
a distinct pathway: glycerides are hydrolyzed (R4) to free fatty acids, which lose CO,
by decarboxylation (R5) to yield unsaturated aliphatic hydrocarbons; these unsaturated
species undergo Diels—Alder cycloaddition (R7) and subsequent dehydrogenation to pro-
duce aromatic compounds integrated into the growing carbon matrix [20]. Carbohydrates,
though a minor fraction in fish waste, are hydrolyzed (R4) to monosaccharides that undergo
acid-catalyzed dehydration (R6) to produce HMF and furfural; these furan derivatives then
condense and polymerize (R8) into low-molecular-weight phenolics and aromatics serving
as soluble hydrochar precursors [20,26]. The mineral fraction passes through the process
chemically unchanged, accumulating as ash in the hydrochar solid. These pathways are
temperature-staged: hydrolysis and deamination dominate between 80 and 120 °C; active
carbonization, including dehydration, decarboxylation, and Maillard chemistry, from 120
to 200 °C; polymerization and Diels—Alder ring formation between 200 and 240 °C; and
final condensation into the stabilized aromatic hydrochar structure above 240 °C [42].

Not all reaction pathways depicted in Figure 1 carry equal evidential weight. The
protein hydrolysis, deamination, and Maillard condensation routes (R1 to R3) are the most
robustly supported: the sequential hydrolysis of polypeptides to free amino acids, followed
by decarboxylation, deamination, and self-rearrangement to N-heterocyclic compounds,
has been traced mechanistically in protein-rich non-lignocellulosic biowaste [42,44,45], and
is confirmed by XPS nitrogen speciation, FTIR amide band analysis, and N-heterocycle
detection in marine biowaste hydrochars [46,47].

The lipid decarboxylation routes (R4, R5) are supported from model compound HTC
of seaweed literature without direct verification in other marine biowaste HTC systems [44].
The Diels-Alder route (R7) is not a lipid-associated pathway but is mechanistically linked to
carbohydrate-derived furan intermediates (5-HMF and furfural) produced during polysac-
charide dehydration, and should be interpreted accordingly [20,26,42].

The carbohydrate dehydration pathway (R6, R8) is well established for lignocellulosic
feedstocks, and Zhuang et al. (2019) provide mechanistic evidence that analogous dehydra-
tion and furanization reactions proceed in protein-polysaccharide-rich non-lignocellulosic
systems [42]. Direct confirmation in fish-derived hydrochars remains limited, given the
minor carbohydrate fraction; however, crustacean feedstocks containing chitin and chitosan
provide a meaningful polysaccharide substrate, making this pathway more than purely
inferential for that feedstock class.
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Figure 1. The reaction chemistry and evolutionary pathways of marine animal biowaste during hydrothermal carbonization.
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2.2. Feedstock Characterization

Fish processing generates inedible fractions totaling 35 to 65% of live weight, com-
prising heads, viscera, skin, fins, and bones. These fractions are dominated by protein
(40-70% dry basis), lipid (5-30%), and ash (5-20%), with species variability—particularly
lipid content between fatty pelagic and lean demersal species—influencing organic matter
partitioning during hydrothermal carbonization [48,49]. Fresh fish waste slurries carry
60-81% moisture on a wet basis [7], making pre-drying for pyrolysis energetically pro-
hibitive and establishing hydrothermal carbonization as the natural processing pathway;
protein-derived amino acids serve as the primary precursors for nitrogen retention and
Maillard condensation, while lipids partition preferentially into the liquid phase.

Crustacean shells are compositionally distinct, containing 15-40% chitin, 30-50% cal-
cium carbonate, and 25-40% protein on a dry basis, yielding ash contents of 25-60% that
substantially exceed those of fish waste [2,5]. The persistent calcium carbonate during
hydrothermal carbonization depresses the carbon fraction of the hydrochar while driving
the characteristically high solid yields of 37 to 69% observed for this feedstock class. Chitin
(the second most abundant natural biopolymer) undergoes partial deacetylation and de-
polymerization under subcritical conditions, generating intermediates that participate in
Maillard-type condensation and incorporate nitrogen into the hydrochar matrix as amines,
amides, and pyrrolic-N functionalities that govern adsorption selectivity [40].

Meanwhile, algal biomass such as Chlorella, Spirulina, and Nannochloropsis, and struc-
turally polysaccharide-rich macroalgae such as Sargassum, Laminaria, and Ulva, have been
the subject of extensive dedicated reviews on hydrothermal carbonization [27,50-52] and
Sargassum-specific carbonization pathways [53]. A comprehensive thermochemical charac-
terization of the principal categories of marine bioresources by Bittencourt et al. provides
a useful comparative baseline. Proximate analysis comparison in Figure 2 shows that
volatile matter is broadly similar across all three feedstock classes, ranging from 66.4%
in fish waste and crustacean to 69.9% in algae, reflecting the shared dominance of ther-
mally labile organic fractions (proteins, lipids, and polysaccharides) regardless of feedstock
origin. The more meaningful contrast lies in fixed carbon and ash. Algae records the
highest fixed carbon (13.6%), attributable to its carbohydrate-rich cell wall composition
of alginate, fucoidan, and cellulose, which undergo solid-state condensation more readily
than protein- or chitin-dominated matrices. Fish waste occupies an intermediate position
(8.1%), while crustacean waste shows the lowest fixed carbon (2.6%), consistent with a
biochemistry where the inorganic calcium carbonate fraction of the exoskeleton displaces
carbonizable organic material in the solid residue. Ash content follows the inverse trend:
crustacean waste carries the highest ash (30.9%) as a direct consequence of calcium carbon-
ate mineral retention, fish waste is intermediate (25.2%), reflecting its proteinaceous but
mineral-bearing bone and scale fractions, and algae is lowest (16.4%), consistent with its
predominantly organic, mineral-lean cell wall composition.

2.3. Production Parameters and Impact on Yield

Table 1 reveals considerable diversity in the process conditions applied across HTC of
marine biowaste, with pretreatment strategy, reaction temperature, W:B ratio, and residence
time all varying substantially between assessed studies.

The majority of studies processed their feedstocks without any preliminary condi-
tioning, applying HTC directly to raw fish or crustacean waste [7,41,54,55]. This gives
HTC a significant advantage as a rather low-energy and low-cost treatment. A notable
exception is the series of studies that employed enzymatic hydrolysis using a Viscozyme-—
Lipase—-Protease cocktail (1:1:1, 40 °C) prior to carbonization [8,9,33,34,56], a strategy aimed
at breaking down proteins and lipids to enhance the accessibility of the biomass during
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HTC. One study applied mechanical drying and milling (oven-dried at 105 °C, ground
to <1 mm) as a standardization step before thermochemical treatment [57], while another
used a dilute HCl wash (0.5 M) to remove carbonate minerals from shrimp exoskeleton
before carbonization [41].

100% -

80% -

60%

40% -

Composition (wt%, dry basis)

20%

0% -

Fish waste Crustacean Algae
(n=9) (n=7) (n=15)

Figure 2. Proximate composition of hydrochars derived from marine biowaste feedstocks. Bars
represent mean volatile matter, fixed carbon, and ash content on a dry weight basis. Dark dots
indicate individual study values at the VM — FC boundary and VC + FC boundary, reflecting the
cumulative stack height at each interface (Fish waste, n = 9; Crustacean, n = 7; Algae, n = 15, with n
the number of samples).

A critical gap in the literature is the absence of techno-economic analyses comparing
these strategies. HCl demineralization deashing at an industrial scale requires acid pro-
curement, corrosion-resistant equipment, and waste acid treatment; enzymatic hydrolysis
requires temperature-controlled bioreactors and commercial enzyme supplies. Neither
has been subjected to formal cost or life-cycle analysis in the context of marine biowaste
hydrothermal carbonization.

Reaction temperatures across the dataset span a broad range of 150-300 °C. The lowest
temperatures (150 °C) were exclusively applied to enzymatically pretreated feedstocks [8,9],
suggesting that prior hydrolysis may compensate for reduced thermal severity. Most
other studies operated in the 200240 °C window [7,41,54,55,57], which is the typical
hydrothermal carbonization regime for wet biomass [30]. Studies on chitin and chitosan as
isolated biopolymers explored a wider range of 150-250 °C to map the effect of temperature
systematically [40].

The W:B ratio shows the most striking variability in the dataset. Studies using enzy-
matically pretreated slurries applied near-unity ratios (W:B = 1), reflecting the high moisture
content already present in the hydrolysate [7,41,54,55]. In contrast, most other studies used
ratios of 7 [7,54,55] or as high as 20 [57], the latter being common when processing dry or
solid feedstocks that require substantial water as the reaction medium.
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Residence times similarly span a wide range, from 60 min for low-temperature en-
zymatic pretreatment runs [8,9] to 6 h in the majority of standard HTC studies [7,54,55],
and extending to 12 h for crustacean exoskeleton carbonization [41] and even 24 h in
an acid-assisted HTC experiment [58]. This last condition, despite its prolonged dura-
tion, yielded exceptionally low hydrochar recoveries of only 3.1-8.6% [59], pointing to
substantial solubilization of organic matter under acidic hydrothermal conditions.

No study on marine biowaste HTC has independently controlled reactor pressure; it
remains an autogenous, temperature-driven parameter across all reviewed works. Compar-
ison with the broader HTC literature suggests that this is an unexplored opportunity. Giileg
et al. (2021) showed elevated pressure enhanced carbonization in cellulose-rich biomass,
while Yu et al. (2023) demonstrated that decoupling pressure from temperature can achieve
equivalent carbonization at lower temperatures [60,61]. Whether similar effects hold for
protein- and chitin-rich marine feedstocks, where pressure could influence nitrogen reten-
tion, surface area development, or carbonization efficiency, remains entirely untested and
warrants future investigation.

In addition, Kannan et al. systematically compared conventional hydrothermal car-
bonization, using a custom autoclave with resistive heating, and microwave-assisted
hydrothermal carbonization, using a high-pressure microwave digestion module. The two
methods produced hydrochars of comparable quality at equivalent temperatures and times
for both fish waste [9,34] and shrimp waste [33,34]. Microwave heating offers faster and
more uniform energy deposition but is currently limited to laboratory scale. For example,
another work on seaweed HTC confirms that similar results of 4 h conventional HTC can be
obtained within one hour [27]. Conventional heating is more scalable and is the dominant
approach in the broader hydrothermal carbonization literature [40,41].

The combination of the different process parameters produce comparable data:
crustacean-derived feedstocks consistently outperform fish waste under comparable
conditions—for instance, 37.8% versus 17.2% from shrimp and fish waste respectively
at 240 °C, 7:1 W:B, and 360 min [54], and 37.8-68.3% versus 15.1-21.5% across a mixed crus-
tacean and fish waste comparison at 200-240 °C [7]. This difference likely reflects the higher
chitin content of crustacean shells, which is more thermochemically stable than the protein-
and lipid-rich matrix of fish waste. Chitin and chitosan processed as isolated biopolymers
further confirm this, yielding 50-90% hydrochar across the 150-250 °C range [26]. En-
zymatic pretreatment at 150 °C produced modest but meaningful yields (28.7% for fish,
38.1% for shrimp [8]), with higher yields observed when the temperature was extended to
150-210 °C alongside longer residence times [34], reinforcing the combined role of thermal
severity and pretreatment in driving hydrochar formation.

While hydrochar yield is the most frequently reported metric in Table 2, yield alone
does not capture process performance. Hydrochar quality metrics, such as higher heating
value (HHYV), elemental carbon content, H/C and O/C atomic ratios, BET surface area,
nitrogen retention, and functional group distribution, are equally critical determinants of
end-use suitability and must be considered alongside yield when evaluating any feedstock-
parameter combination. Section 3 addresses these quality dimensions systematically. This
section focuses on yield trends, acknowledging that the yield-quality trade-off is the central
optimization challenge for marine biowaste HTC.
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Table 2. Summary of HTC production parameters and hydrochar yield for marine biowaste feedstocks.
Feedstock Pretreatment Temp. (°C) W:B Ratio Time (min) Yield (%) Ref.
Fish residue Oven-dried 105 °C; ground <1 mm 200-300 20 120 NR [57]
Fish waste (anchovy, salmon, Enzymatic hydrolysis (Viscozyme + Lipase + Protease 150 1 60 28.7 8]
cod—heads/tails/viscera/fins, scales) 1:1:1,40 °C, 16 h) :
Shrimp waste (pink, tiger, brown—shell /head / tail) Enzymatic hydrolysis (VISCOOZyme + Lipase + Protease 150 1 60 38.1 [8]
1:1:1,40 °C, 16 h)
Fish waste (anchovy, salmon, Enzymatic hydrolysis (Viscozyme + Lipase + Protease . .
cod—heads/tails/viscera/fins/scales) 1:1:1,40 °C, 6 h) 150-210 1 60-120 NR [331]
Shrimp waste (pink, tiger, brown—shell/head/tail) Enzymatic hydrolyls 1; gVZSOC(ZZCyI(I)li;- Lipase + Protease 150-210 1 60-120 NR [9]
Fish waste (anchovy, salmon, Enzymatic hydrolysis (Viscozyme + Lipase + Protease . . )
cod—heads/tails/viscera/fins /scales) 1:1:1,40 °C, 6 h) 150-210 1 60-120 30.5-415 [34]
Shrimp waste (pink, tiger, brown—shell/head/tail) Enzymatic hydrolyls li gvfggéyrgi;— Lipase + Protease 150-210 1 60-120 25.3-41.5 [62]
Shrimp waste + Glucose (04 g glucose per 4 g Acid-assisted HTC 220 NR 1440 3.1-86 [59]
shrimp waste)
Chitin (CT)—fishery-waste-derived — 150-250 20 60-240 72.0-90.0 [40]
Chitosan (CS)—fishery-waste-derived — 150-250 20 60 50.0-90.0 [40]
Chitin (CT)—fishery-waste-derived — 200 20 60-240 70.0-85.0 [40]
Shrimp waste (exoskeleton/shell) HCl wash (0.5 M) to remove CaCOs; rinsed to neutral 230 2 720 37.5 [41]
Chitosan (CS); Crab shell (CR); Chitin (CT) — (pure biopolymers) 200 NR 240 45.0-86.0 [41]
Chitosan (CS); Crab shell (CR); Chitin (CT) Co-HTC with PET plastic 200 NR 240 42.0-71.0 [41]
Chitosan (CS); Chitin (CT); Crab shell (CR) Co-HTC with HDPE plastic 200 NR 240 4.0-76.0 [41]
Fish waste (Mackerel, Halr‘tall, Yellow corvina, Horse . 200-240 7 360 15.1-215 7]
mackerel, Olive flounder)
Crustacean waste '(Whlteleg shrimp, Tiger prawn, . 200-240 7 360 37.8-683 7]
Asian paddle crab)
Fish waste — 240 7 360 17.2 [54]
Shrimp waste — 240 7 360 37.8 [54]
Fish waste (pure) — 220 7 360 28.1 [55]
Fish waste + corn waste (25%, 50%, 75%) Co-HTC with corn waste 220 7 360 30.0-32.5 [55]
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3. Physicochemical Characterization of Marine Biowaste Hydrochars
3.1. Proximate Analysis

Proximate analysis reveals several consistent trends across the currently reported
studies. Volatile matter decreases with increasing hydrothermal carbonization severity,
while fixed carbon increases, consistent with progressive carbonization. For fish waste
hydrochar produced by enzymatic conventional hydrothermal carbonization at 180 °C, a
fuel ratio of approximately 1.04 and an energy efficiency factor of approximately 0.96 were
reported [8]. For crustacean-derived hydrochars, ash content dominates the proximate
analysis, with ash fractions of 30 to 70% on a dry basis common in non-deashed materials.
After HCl deashing, the acid-treated shrimp waste intermediate showed markedly reduced
ash at 6.08% and substantially higher volatile matter, facilitating KOH activation [41].

The high calcium carbonate content of crustacean waste creates a methodological
challenge for cross-paper comparison. When elemental and proximate data are reported on
a dry basis, high ash dilutes all other components, giving the misleading impression that
crustacean hydrochars are carbon-poor relative to fish waste or algal hydrochars. From
the current literature, non-deashed crustacean hydrochars consistently report dry-basis
carbon contents of 24 to 40%, including the Siddhartha et al. species comparison (24 to
32%) and the Kannan et al. shrimp series (29 to 40%) [7,33,62]. Kaewtrakulchai et al,,
who applied HCI deashing prior to hydrothermal carbonization, produced hydrochars
with 47.8% carbon on a dry basis—a value approaching the lower end of the fish waste
range [7,41].

Acid demineralization and enzymatic hydrolysis both significantly improve down-
stream hydrochar quality through different mechanisms and at different costs. HCI deash-
ing achieves an approximately 80% ash reduction [41], but introduces an acid consumption
burden and generates calcium chloride waste streams. Enzymatic hydrolysis enables hy-
drothermal carbonization at 150 °C rather than above 180 °C, but requires enzyme supplies
and 16 h of reaction time. Neither approach has been subjected to formal techno-economic
analysis in the marine biowaste hydrothermal carbonization context. Integration of hy-
drothermal carbonization downstream of existing chitin extraction operations, where acid
demineralization and deproteinization steps are already employed, represents a compelling
but unexplored opportunity that could substantially reduce operational costs.

3.2. Elemental Composition and Degree of Carbonization

Figures 3 and 4 compile CHNOS profiles of recently published studies, organized by
individual reference and by feedstock category respectively. Together, they reveal three
consistent patterns: progressive carbon enrichment with increasing HTC severity, suppres-
sion of oxygen and hydrogen relative to the raw feedstock, and a persistently elevated
nitrogen signature that is unique to marine-derived hydrochars and has no counterpart in
lignocellulosic or agricultural waste systems.

A methodological note is needed before comparing results across different feedstocks
in this section. Fish waste, crustacean shells, chitin/chitosan isolates, and algae have very
different biochemical compositions and mineral contents. Fish waste is rich in protein
and lipids with relatively little mineral matter; crustacean shells contain large amounts
of calcium carbonate that dilute any organic material therein; isolated chitin and chitosan
are purified polymers that lack the complexity of raw waste; and algae contain sulfated
polysaccharides not found in animal-derived feedstocks. Differences exist even within
marine animal feedstocks: Siddhartha et al. (2024) showed that fish waste and shrimp waste
produce different hydrochar yield trends under the same HTC conditions, and this yield
difference likely signals further differences in product characteristics such as elemental
composition and surface chemistry [7]. For these reasons, trends found in one feedstock
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Figure 3. Elemental composition of marine biowaste hydrochars grouped by feedstock category (dry
basis, recalculated). Each panel shows mean + one standard deviation for one element (Carbon,
Hydrogen, Nitrogen, Oxygen, Sulfur), with individual data points overlaid as gray dots. Bar colors de-
note feedstock category: Fish waste; ; Crab/Prawn; Chitin/Chitosan; Shrimp+Glucose
(co-HTC). All values are in wt% on a dry basis, recalculated from reported proximate and elemen-
tal data.
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Figure 4. Elemental composition of marine biowaste hydrochars grouped by production temperature
(dry basis, recalculated). Each panel shows mean =+ one standard deviation for one element (Carbon,
Hydrogen, Nitrogen, Oxygen, Sulfur), with individual data points overlaid as gray dots. All values
are in wt% on a dry basis, recalculated from reported proximate and elemental data.

Carbon content across the reported studies approximately spans 20 to 75 wt% on a dry
basis (Figure 3), with fish waste hydrochars occupying the upper portion of this range and
crustacean-derived materials the lower portion [7,8,41,57-59]. The relatively low carbon
values for crustacean hydrochars are not a reflection of poor carbonization but rather of
high residual ash diluting the organic fraction [41,59]. It is also worth highlighting that in
crustacean waste and derived carbon, there is a significant portion of inorganic carbon in the
form of carbonate-C [63]. When grouped by feedstock category (Figure 4), the distinction
between fish waste, shrimp and crustacean waste, chitin and chitosan, and crab shell is
stark: fish waste hydrochars are systematically carbon-enriched, while chitosan-derived
carbons show the widest within-group spread, reflecting the sensitivity of this biopolymer
to both temperature and residence time [59]. Hydrogen content decreases predictably
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across all feedstock classes as aromatic condensation proceeds, while sulfur remains below
approximately 1 wt% throughout [8,41,57].

Nitrogen content is the most diagnostically significant elemental feature of marine
biowaste hydrochars, and its behavior during HTC is central to understanding both the
value and the limitations of these materials. Fish waste hydrochars carry 1 to 6 wt%
nitrogen on a dry basis, inherited from the protein-rich muscle tissue of the raw feed-
stock [8,57,58]. Crustacean hydrochars show a wider range, from below 1 wt% in heavily
demineralized or chitin-dominated samples to above 5 wt% in shrimp waste processed
without pretreatment (Figure 4). This nitrogen is predominantly retained in heterocyclic
aromatic structures formed by Maillard-type condensation of amino acids and reducing
sugars during hydrothermal treatment, making it resistant to leaching under ambient
conditions but potentially available as a slow-release nitrogen source in soil applications.
The oxygen content, by contrast, decreases monotonically with temperature across all
feedstock classes, reflecting progressive dehydration and decarboxylation reactions that
remove hydroxyl and carboxyl groups from the hydrochar surface [64].

The high nitrogen content of marine biowaste hydrochars has both benefits and
drawbacks; however, this trade-off has rarely been discussed critically in the literature.
On the positive side, the thermally stable nitrogen forms found in hydrochar (pyrrolic-N
and pyridinic-N) create surface sites that improve adsorption of certain pollutants and can
be compared to their performance with nitrogen-free commercial activated carbons for
targeted applications [54]. For soil use, the nitrogen in hydrochar is tightly bound in ring
structures, which may reduce leaching compared to mineral fertilizers and allow slower,
more sustained nutrient release [64]. On the negative side, burning nitrogen-rich hydrochar
produces substantially more NOy: fish waste hydrochar typically contains 3 to 6 wt%
nitrogen, well above the level where fuel-bound nitrogen conversion to NOx becomes a
serious problem under normal combustion conditions. Direct use as a solid fuel is therefore
questionable without flue gas treatment [65,66]. For material applications such as electrode
carbons or catalyst supports, high nitrogen can be either beneficial, improving electronic
conductivity through n-type doping, or problematic, depending on which nitrogen forms
are present [67]. Any practical assessment of marine biowaste hydrochar must weigh
these advantages and limitations together rather than treating high nitrogen content as
straightforwardly good or bad.

The Van Krevelen diagram (Figure 5) translates these elemental shifts into a visual
map of the degree of carbonization. Raw marine biowaste feedstocks cluster in a region of
high atomic H/C (1.8 to 2.1) and moderate to high O/C (0.3 to 1.0), consistent with protein-
and polysaccharide-rich biomass [8,20,41,54,57,59]. Hydrothermal carbonization moves
samples along a trajectory of decreasing H/C and O/C, converging toward the lignite and
sub-bituminous coal region of the diagram [20,30]. Fish waste hydrochars tend to migrate
further along this trajectory than crustacean materials processed under identical conditions,
reflecting the greater lability of protein and lipid relative to chitin during hydrothermal
treatment [40,68]. Raw feedstock squares are consistently displaced toward the upper-right
of the diagram relative to their hydrochar counterparts, and the spread of individual data
points confirms that temperature is the primary driver of position along the HTC vector,
with residence time and water-to-biomass ratio producing secondary shifts.
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Figure 5. Van Krevelen diagram of assessed hydrochar data points (marine fish and crustacean
species across HTC temperatures 180 to 240 °C) [7,33,55,57,58,62]. Symbol color and shape denote
feedstock category: e = fish waste; [l = shrimp waste; A = crab/prawn waste; ¢ = chitin/chitosan.

3.3. Surface Area and Chemistry

Surface area data compiled in Figure 6 show that inactivated marine biowaste hy-

drochars occupy a low to moderate BET range, significantly lower compared to KOH acti-

vation, which produces a step change that brings these carbons into commercially relevant

territory. These values are also definitely lower compared to carbon materials produced

from severely higher temperatures, such as biochar from pyrolysis or activated carbon.
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Figure 6. Surface area comparison among marine biowaste hydrochar and reference material. Data

dots represent the actual reported values from literature.

Fish waste hydrochars are the most variable group, ranging from below 1 m? g~!

to 65 m? g~! [7,57]. At lower carbonization temperatures, protein- and lipid-rich fish
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residues yield dense, poorly porous chars [57]; more developed surface textures emerge
only under optimized conditions [7,54]. Shrimp and crustacean hydrochars are more
consistent, clustering between 13 and 30 m? g~! with a mean near 22 m? g~! [41,55,59].
The tighter spread likely reflects the structural role of the chitin scaffold, which supports
a reproducible porous architecture during hydrothermal treatment regardless of minor
process variations.

Against the reference groups, marine animal waste hydrochars compare favorably.
Algal hydrochars span a similar window—approximately 5 to 52 m? g~! across micro-
and macroalgal feedstocks [27,69]—and the lignocellulosic benchmark (2 to 22 m? g~! for
coconut shell and oak) [23,24] is not systematically higher. High ash content, often cited as a
drawback of crustacean-derived carbons, does not appear to suppress surface development
relative to conventional biomass.

The clearest result in Figure 6 is the effect of KOH activation. Applied at concentrations
between 1 and 7 wt% to shrimp waste hydrochar, KOH raises the BET surface area from
29 m? g~! to a peak of 679 m? g~! at 5 wt%, before pore collapse reverses the trend at
higher loading [41]. The 23-fold gain positions the activated carbon within the range of
many commercial adsorbents. The non-monotonic concentration—surface area relationship
is practically important: over-activation causes structural degradation rather than further
pore development, and the optimal KOH dosage must be identified empirically for each
precursor. However, several important caveats limit how broadly these findings can be
applied. First, all KOH activation results come from a single study on shrimp waste
hydrochar [41]. No equivalent data exist for fish waste, crab shell, or chitin-derived
precursors, so it is unknown whether the 23-fold surface area increase is achievable for
other marine biowaste materials with different compositions. Second, KOH activation
is costly and resource-intensive, and these aspects have not been assessed in the marine
biowaste context. KOH use at 5 wt% loading represents significant reagent cost at scale;
activation requires temperatures near 700 °C, far above HTC conditions; spent KOH must
be neutralized, generating potassium salt waste; and wastewater from impregnation and
washing steps requires treatment [70,71]. Whether the resulting activated carbon justifies
this added process complexity, compared to commercial activated carbon from established
routes, remains an open question that the current literature cannot answer. However, what
Figure 6 ultimately shows is that the surface area ceiling for marine biowaste carbons is set
not by the feedstock but by whether activation is applied and, when it is, the performance
gap with engineered materials is quite promising.

The FTIR spectra of marine biowaste hydrochars carry a distinctive multi-layered
chemistry that sets them apart from terrestrial feedstocks as summarized in Table 3. The
broad 3200-3600 cm~! envelope reflects overlapping O-H and N-H stretching from hy-
droxyl and protein-derived amine groups, while paired aliphatic C-H bands at ~2920 and
~2850 cm~! confirm lipid and protein residues from the raw feedstock [8]. The carbonyl
and nitrogen region (1500~1740 cm~!) is the most diagnostic: amide I (~1651-1695 cm™!)
and amide II (~1507-1572 cm~!) bands persist across all HTC temperatures, signaling that
protein nitrogen is not simply preserved but reorganized into thermally stable heterocyclic
aromatic structures during hydrothermal treatment [58,59]. The 1020-1160 cm ™! region
carries superimposed C-O polysaccharide, C-O-C chitin ether, and C-N pyridinic con-
tributions, while crustacean-derived hydrochars additionally display carbonate bands at
~1415, ~875, and below 600 cm~'—a diagnostic CaCOj3 signature from the shell mineral
fraction absent in fish waste hydrochars [41].
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Table 3. Typically appearing functional groups in surface chemistry of hydrochar from ma-
rine biowaste.

Range (cm—1) Type of Functional Groups Ref.
820-940 O-H bending bands from clay minerals associated with hydrochar [72]
1020-1160 C-O from polysaccharide, carbohydrate region [73]
1200-1280 Carboxylic acid C-OH stretch, O-H deformation [74]
1520-1590 COO- carboxylate anions [75]
1650-1740 N-H bending amide II, C=O from carboxylic acids, aides, esters, and ketones [76]
2840-2870 Symmetric aliphatic CH from terminal CH3 groups [76]
2920-2950 Asymmetric aliphatic CH from terminal CH2 groups [76]
3200-3600 OH from sorbed water and hydrogen-bonded hydrochar O-H groups [77]

Algal hydrochars share the broad O-H envelope and aliphatic C-H region with
marine animal waste materials, but diverge in two key areas. First, macroalgae such
as Sargassum and Ulva produce hydrochars with prominent sulfonate S=O bands near
1200-1250 cm ! arising from sulfated polysaccharides (fucoidan, ulvan)—a band essen-
tially absent in fish and crustacean systems [27]. Second, the polysaccharide fingerprint
region (1000-1200 cm ') is broader and more intense in algal hydrochars, reflecting algi-
nate and fucoidan backbones rather than chitin, while the amide I/1I signature is weaker
or absent in macroalgal materials (which are protein-poor) but recovers in protein-rich
microalgal feedstocks. The CaCOj; bands that mark crustacean hydrochars do not ap-
pear in algal spectra unless the feedstock was calcified (e.g., coralline algae). Overall,
the nitrogen-band intensity of fish and crustacean hydrochars versus the sulfonate and
polyuronate character of macroalgal hydrochars provides a reliable spectroscopic basis for
distinguishing feedstock origin without elemental analysis.

4. Post-Treatment and Application
4.1. Post-Treatment

As shown previously, hydrochars produced directly from HTC typically have a low
surface area and complex surface chemistry. Post-synthesis activation is therefore applied
by some authors to develop porosity in the hydrochar precursor, extending its functional
range without departing from the marine biowaste feedstock system. Among the primary
studies, chemical activation with KOH is the only approach reported. Kaewtrakulchai et al.
impregnated shrimp waste hydrochar with KOH at concentrations of 1, 3, 5, and 7 wt%
prior to high-temperature thermal treatment, achieving BET surface areas between approxi-
mately 150 and 679 m? g~! depending on KOH loading, with a peak at 5 wt% KOH [41].
No physical activation (steam or CO;) study targeting marine biowaste hydrochar was
identified in the studies.

The characteristically high ash content of marine biowaste hydrochars—particularly
crustacean-derived materials where mineral fractions can exceed 40 wt%—would substan-
tially dilute the carbon phase available for gasification-driven pore development, likely
yielding modest surface areas unless prior demineralization is applied [78]. Physical
activation is therefore probably not well-suited to marine biowaste hydrochar without
pretreatment, and a systematic evaluation remains an open research question.

Like pretreatment, literature is also currently lacking in further analysis of life cycle
and techno-economic assessment to assess the viability of each post-treatment. For example,
activating hydrochars might be a promising way to ensure better product quality. However,
its additional cost should be higher, even by only considering the temperature used between
HTC and post-activation.
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4.2. Adsorption as Main Application

Several authors employed adsorption performance as a practical applicability test
for their hydrochars, using pollutant removal as a proxy for surface functionality and site
availability rather than as a primary research objective.

Across all feedstock—pollutant combinations reported in Table 4, the Langmuir
isotherm provides the best description of equilibrium data, with R? values of 0.929-0.993
for the chitosan and shrimp waste systems, indicating monolayer adsorption on a surface
with energetically homogeneous sites. Maximum monolayer adsorption capacities (qm)
span 21.7 to 73.0 mg g !, with shrimp waste hydrochar showing the highest capacity for
tetracycline (73.0 mg g~!) and chitosan-derived hydrochar performing comparably for
clorfibric acid (66.8 mg g~!) and ibuprofen (61.1 mg g 1) [40,41,54]. Fish waste hydrochar
recorded a substantially lower qm for tetracycline (21.7 mg g~ 1), likely reflecting its lower
BET surface area relative to the shrimp waste counterpart processed under identical HTC
conditions [54]. Lin et al. reported negative values for qm, which is physically not pos-
sible and is likely an artifact of kinetic model fitting [40]. The Freundlich 1/n values are
consistently below 1 across all systems, confirming favorable and heterogeneous adsorp-
tion; notably, fish and shrimp waste hydrochars yield lower 1/n values (0.28-0.33) than
chitosan-derived materials (0.79-0.80), suggesting a more energetically heterogeneous pore
structure, consistent with the more complex mineral-organic matrix of the whole-waste
feedstocks. The Temkin model fits the chitosan systems well (R% = 0.977-0.982), but was
not reported for fish and shrimp waste, limiting cross-system comparison of adsorption
energy parameters.

Table 4. Adsorption isotherm parameters for hydrochar-based adsorbents derived from ma-
rine biowaste.

Parameter Shrimp waste Chitosan Chitosan Chitosan Chitosan + PET Fish waste Shrimp waste
Isotherm Temp. (°C) 230 200 200 200 200 230 230
model Time (h) 12 4 4 4 4 6 6
Pollutant Oxytetracycline Ketoprofen Clorfibric acid Ibuprofen Ketoprofen Tetracycline Tetracycline
Reference [41] [40] [40] [40] [58] [54] [54]
qm (mg/g) 61.26 —341.30 66.80 61.10 57.87 21.70 73.00
Langmuir ke (L/mg) 0.012 —0.006 0.042 0.036 0.040 0.068 0.017
R? 0.993 0.357 0.953 0.929 0.819 — —
Kg 6.83 1.84 3.17 2.52 2.50 2.87 2.55
Freundlich 1/n 0.33 1.06 0.79 0.80 0.80 0.29 0.28
R? 0.898 0.998 0.993 0.989 0.994 — —
B 13.13 16.60 10.70 9.60 — — —
Temkin Kt 0.12 0.37 0.64 0.56 — — —
R? 0.982 0.968 0.977 0.981 — — —

The kinetic data in Table 5 show that pseudo-second-order (PSO) kinetics consis-
tently outperforms pseudo-first-order (PFO) in describing adsorption across virtually all
feedstock—pollutant pairs, with PSO R? values of 0.995-0.9996 for the majority of sys-
tems [40,41,54,62]. This suggests that chemisorption is the rate-controlling mechanism
rather than simple physical diffusion. The calculated PSO equilibrium capacities (qe) are in
reasonable agreement with experimental values across most systems, reinforcing model
validity. However, several notable exceptions warrant caution: the PSO fit for methylene
blue on both fish and shrimp waste hydrochar yielded anomalous negative g. values
and R? as low as 0.127-0.414, indicating that the PSO model does not describe this sys-
tem adequately and that a different mechanism—possibly pore diffusion or multilayer
adsorption—may govern methylene blue uptake [54]. Similarly, doxycycline hyclate on
shrimp waste returned a poor PSO fit (R? = 0.603), suggesting system-specific adsorption
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behavior that warrants further investigation. Across the antibiotics and pharmaceutical
micropollutants, where models fit well, shrimp waste hydrochar consistently shows higher
PSO ge values than fish waste under identical conditions, again pointing to feedstock-
dependent differences in surface area and available adsorption sites rather than differences
in mechanism.

Table 5. Adsorption kinetics parameters for various water pollutants.

Pseudo-First-Order (PFO) Pseudo-Second-Order (PSO)
Hydrochar Feedstock Pollutant ke (min-1) qe (mg/g) R? ke (g/mgmin) g (mglg) R? Ref.
Shrimp waste Oxytetracycline 0.057 56.22 0.993 0.001 69.34 0.995 [41]
Chitosan Ketoprofen 0.137 42 0.977 148 54.1 0.996 [40]
Chitosan Chlorofibric acid 0.162 315 0.937 722 484 0.998 [40]
Chitosan Ibuprofen 0.157 26.1 0.944 64.5 39.2 0.995 [40]
Chitosan + PET Ketoprofen 0.09 1.2 0.910 0.25 4.44 0.999 [58]
Fish waste Tetracycline 4.80 5.38 0.930 0.87 5.03 0.998 [54]
Shrimp waste Tetracycline 0.02 0.76 0.890 0.14 3.88 0.999 [54]
Fish waste 4-Nitrophenol 1.16 0.4 0.993 7.20 0.33 0.999 [54]
Shrimp waste 4-Nitrophenol 137 0.28 0.996 6.95 0.41 0.998 [54]
Fish waste Acetaminophen 0.14 0.06 0.722 6.29 0.77 0.999 [54]
Shrimp waste Acetaminophen 0.01 2.35 0.997 0.01 1.88 0.851 [54]
Fish waste Doxycycline hyclate 0.02 1.10 0.984 0.01 1.42 0.832 [54]
Shrimp waste Doxycycline hyclate 0.02 1.67 0.935 <0.01 2.65 0.603 [54]
Fish waste Methyl orange 191 0.14 0.892 7.552 0.21 0.871 [54]
Shrimp waste Methyl orange 0.02 0.43 0.926 0.1252 0.47 0.960 [54]
Fish waste Methylene blue 2.50 0.04 0.750 34.38 0.02 0.414 [54]
Shrimp waste Methylene blue 2.19 0.07 0.950 0.08 0.01 0.013 [54]
Fish waste K;Cr, Oy 0.08 0.18 0.902 1.12 0.34 0.999 [54]
Shrimp waste K,Cr,0y 0.01 1.86 0.990 0.03 1.34 0.823 [54]

Another perspective on adsorption performance is offered by a study integrating FTIR,
XPS, BET, and DFT analysis on fish and shrimp hydrochars [54]. Despite low BET surface
areas, surface-area-normalized molar uptake reveals that shrimp hydrochar achieves up to
547 nmol m~2 for tetracycline against 20 nmol m~2 for commercial activated carbon—a
27-fold efficiency advantage obscured by conventional mg g~! reporting. XPS confirms
that hydroxyl, carbonyl, and carboxyl surface groups are the active binding sites, and their
total concentration increases with temperature following an Arrhenius-type expression,
producing endothermic adsorption thermodynamics that classical isotherm models do not
capture without explicitly accounting for thermally activated site availability [54]. DFT
descriptors further reveal that tetracycline and doxycycline interact primarily through
hydrogen bonding with oxygenated surface sites, while dyes such as methylene blue rely
on 71— stacking—consistent with the anomalous PSO behavior noted above. These findings
collectively suggest that the adsorption performance of marine biowaste hydrochars is
governed by the chemical nature and thermal accessibility of surface active sites rather
than total porosity, and that mass-based capacity metrics systematically underestimate
their functional value.

Collectively, the adsorption evidence across primary studies positions marine biowaste
hydrochars as credible low-cost adsorbents for a broad spectrum of aquatic pollutants. Their
competitive performance derives not from high surface area but from the chemical richness
of their surfaces. Although absolute capacities do not match chemically activated carbons,
production from abundant waste streams under mild hydrothermal conditions without
additional reagents or high-temperature activation makes these materials practically and
economically attractive as sustainable alternatives in wastewater treatment applications.

4.3. Emerging Applications

Beyond adsorption, the literature documents a growing range of applications for
marine biowaste-derived carbonaceous materials. Several studies in the Kannan series
position marine biowaste hydrochar as a solid fuel, reporting higher heating values and fuel
quality metrics comparable to low-rank coals [8,9,33,34]. Chen et al. synthesized nitrogen-
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doped hydrochars from shrimp waste and glucose via one-pot hydrothermal carbonization,
leveraging the inherent nitrogen content of chitin to confer visible-light photocatalytic
activity; materials with BET surface areas up to 30.5 m? /g achieved 88.9% methylene blue
degradation in one hour under visible light, a 2.3-fold improvement over glucose-only
hydrochar [59], nitrogen-doped shrimp waste hydrochars, and photocatalysis. Gopika
et al. demonstrated the synthesis of nanocarbon dots from tuna fish skin waste via hy-
drothermal synthesis and achieved corrosion inhibition activity [79]. Sagar and Lynam
evaluated hydrothermal carbonization-enriched shrimp and crab shell waste as sprayable
fertilizer and carbon-fixing pellets [80], while Kingkhambang et al. extended the scope
of marine biowaste processing to mixed biomass and plastic waste co-hydrothermal car-
bonization [58].

5. Conclusions

The following conclusions can be drawn from this review. Firstly, the biochemical
identity of the feedstock is the primary determinant of hydrochar character: the protein
and chitin matrix of marine animal waste drives Maillard-type nitrogen incorporation into
thermally stable heterocyclic structures, producing inherently nitrogen-rich hydrochars
with surface chemistry that has no equivalent in lignocellulosic systems, while the cal-
cium carbonate burden of crustacean feedstocks simultaneously dilutes carbon content
and constrains surface area development on a dry basis. Secondly, temperature is the
dominant process variable across all marine biowaste feedstocks, with the 180 to 220 °C
range governing the critical transition from hydrolysis to condensation and aromatization;
residence time and water-to-biomass ratio exert secondary and largely feedstock-dependent
effects that do not justify complex optimization in isolation. Thirdly, pretreatment is not
optional for crustacean feedstocks: acid demineralization is a prerequisite for meaningful
surface area development, as undeashed crustacean hydrochars consistently yield BET
surface areas below 30 m?/g regardless of HTC conditions, while enzymatic hydrolysis
offers complementary benefits for protein-rich fish waste by improving feedstock uni-
formity and HTC conversion efficiency. Fourthly, KOH chemical activation is currently
the only post-treatment strategy with demonstrated effectiveness for marine biowaste hy-
drochar, producing order-of-magnitude improvements in BET surface area and confirmed
adsorption capacity across pharmaceuticals, dyes, and heavy metals; molar-normalized
analysis further reveals that the nitrogen-rich surface chemistry of marine hydrochars pro-
vides functional advantages over conventional activated carbon that mass-based metrics
systematically conceal.

Regarding HTC of marine waste, there are still quite a few open questions to be
answered. For example, no attempt has been made to conduct a techno-economic or life-
cycle assessment of any marine biowaste HTC pathway, which is a significant omission
given how complex the optimal preparation route is turning out to be. A proper cost
analysis on pre- and post-treatment is also needed to ensure that HTC can still be utilized
as a cost-efficient waste valorization method. Secondly, physical activation by steam or
CO; has not been tried on any of these hydrochars, and the high ash content suggests
that demineralization would need to come first—but that experiment has not been done.
Thirdly, every study in the currently reported literature was carried out at bench scale, so
nothing is known about how marine biowaste behaves in a continuous or pilot-scale HTC
system. Fourthly, the process water, which carries majorly nitrogen compounds, fatty acids,
and dissolved organics from the feedstock, has been largely ignored as a resource stream
despite representing a potentially valuable co-product. These are not minor gaps at the
edges of the field—several of them sit directly in the path of any realistic scale-up effort.
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Several gaps identified in this review point to clear priorities for future work. The most
urgent need is a formal techno-economic and life-cycle analysis of the HTC from its pre-
treatment and main reaction until the activation pathway. Without cost and environmental
impact data, comparison with competing valorization routes is not possible, and scale-up
decisions remain poorly grounded. Secondly, activation chemistry also needs to move
beyond the single shrimp waste-KOH system currently reported, with physical activation
by steam or CO5, alternative chemical agents such as ZnCl, or H3POj, and other precursors
including fish waste and crab shell yet to be explored. Since all primary studies in this
review were conducted at the bench scale using batch autoclaves, a third point of attention
is the need to perform and investigate scale-up to continuous or semi-continuous reactor
configurations, including process water recirculation and heat integration, which has not
been explored for any marine biowaste feedstock. Fourthly, the process water, which carries
dissolved organic nitrogen, ammonia, and volatile fatty acids, has been largely overlooked
despite representing a nutrient and organic load that must be managed regardless of how
the solid hydrochar is used.
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Abbreviations and Acronyms

The following abbreviations and acronyms are used in this manuscript:

AC Activated carbon

BET Brunauer-Emmett-Teller (surface area analysis)

CHNSO Carbon, hydrogen, nitrogen, sulfur, oxygen (elemental analysis)
CR Crab shell

CS Chitosan

CT Chitin

d.af. Dry-ash-free basis

d.b. Dry basis

DFT Density functional theory
FC Fixed carbon

FTIR Fourier-transform infrared spectroscopy
HClI Hydrochloric acid

HHV Higher heating value

HMF Hydroxymethylfurfural
HTC Hydrothermal carbonization
KOH Potassium hydroxide

MARPOL  International Convention for the Prevention of Pollution from Ships
NDHC Nitrogen-doped hydrochar
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NR Not reported

OTC Oxytetracycline

PET Polyethylene terephthalate

PFO Pseudo-first-order (kinetic model)
pHpzc pH at the point of zero charge
PSO Pseudo-second-order (kinetic model)
SSA Specific surface area

TOC Total organic carbon

VM Volatile matter

XPS X-ray photoelectron spectroscopy
WoS Web of Science
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