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Chitin is the most abundant nitrogen-containing biomass on Earth and presents a compelling alternative
to fossil fuels for chemical production. The catalytic conversion of chitin offers a viable approach for
harnessing its inherent carbon and nitrogen contents, contributing to developing a green and
sustainable society. This feature article reviews recent advances in shell waste biorefinery, with an
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emphasis on the contributions from our group. Efficient and sustainable chitin extraction methods are
highlighted, along with the conversion of chitin biomass (N-acetyl-p-glucosamine (NAG), b-
glucosamine, chitosan, and chitin) into key platform chemicals, mainly including furans, amino/amide
sugars, organic acids and amino/amide acids. Catalytic strategies and production pathways are detailed,
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Introduction

The excessive consumption of nonrenewable fossil fuels has
given rise to significant environmental and economic chal-
lenges, such as global warming, energy crises, and the deple-
tion of natural resources."® Consequently, seeking renewable
and sustainable alternatives has become an urgent necessity to
address these issues and ensure the sustainable development
of society.”® Biomass resources are commonly regarded as
one of the most ideal alternatives to fossil feedstocks, due to
their renewable, abundant, widely available, and inexpensive
nature.”*™® Lignocellulose is the most abundant biomass
resource on Earth, primarily composed of cellulose, hemicellu-
lose, and lignin. As a rich and renewable source of chemicals,
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and current challenges and future research directions in chitin valorization are discussed.

the valorization of lignocellulosic biomass has been prevalently
researched in the past decades.'®>*

Currently, the spotlight in research has shifted from land-
based biomass to ocean-based biomass. The shift towards
ocean-based biomass is mainly driven by its potential to
alleviate land area constraints, a critical issue in some
countries.”* Furthermore, ocean-based biomass requires less
infrastructure, has faster growth rates, thrives under less
demanding growth conditions, and contains numerous bioac-
tive compounds that have yet to be fully explored. Chitin, the
world’s second most abundant biomass resource with an
annual production exceeding 10° million metric tons,” is
characterized by its linear and relatively homogeneous polymer
structure, primarily composed of NAG monosaccharides,
linked by B-(1,4)-glycosidic bonds.”®*” It exists not only in
crustacean shells (particularly marine organisms) but also in
the skeletons of insects, various fungi, etc.>**° With its natural
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nitrogen elements, chitin is an ideal raw material for producing
nitrogen-containing compounds. Unlike lignocellulosic bio-
mass, chitin enables the co-production of both nitrogenous
and oxygenated platform chemicals, including furans, amino/
amide sugars and amino/amide acids, thereby broadening the
range of potential products. Besides, chitin offers a comple-
mentary pathway for the sustainable production of oxygen-
containing chemicals such as acetic acid due to the presence
of an acetamido side chain in its structure. In addition,
compared to land-based biomass, chitin is ocean-based and
occupies less land resources. As a key component of shell
waste, chitin supports resource sustainability by providing an
alternative feedstock that complements carbohydrate-based
biomass and contributes to the circular economy.

The concept of shell biorefinery was recently proposed,®
which encompasses the fractionation and transformation of
various shells from crustacean species and insects into valuable
oxygen- and nitrogen-containing chemicals. It offers sustain-
able, economically beneficial, and environmentally friendly
solutions by utilizing waste shells, which reduces the carbon
footprint and produces versatile high-value products for var-
ious industries.*’* In the current industrial practice, chitin is
primarily extracted from crustacean shells (such as crabs and
shrimp), whereas extraction from insects and fungi continues
to pose significant challenges. The extraction of chitin is a
fundamental prerequisite for virtually all biorefinery processes,
and thus developing a green and sustainable fractionation
method is essential. With chitin biomass as the resource,
different transformation routes such as hydrolysis, dehydra-
tion, oxidation, etc. can be explored to obtain a series of value-
added key platform chemicals (Fig. 1). Our research focus has
been devoted to shell waste biorefinery in the past years, mainly
including the production of furans, amino/amide sugars,
organic acids and amino acids from chitin biomass. Mean-
while, endeavors have also been made to develop a greener and
more economically feasible extraction method from shell
waste. These relevant works will be briefly summarized in this
feature article, and it is expected to provide useful information
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and guidance for future studies in the field of waste shell
biorefinery.

The extraction of chitin from shell
waste

To convert chitin biomass into valuable compounds, the impor-
tant first step is to obtain/extract chitin from the shell waste
(usually shrimp, crab or lobster shells). Generally, the waste shell
is composed of three major components including proteins (20-
40%), calcium carbonate (20-50%) and chitin (15-40%).>* These
three components were entangled tightly with each other in the
shell, which poses challenges for fractionation/extraction. The
current industrial extraction method is fraught with significant
environmental and economic concerns, which is one of the
major reasons that most of the shell waste generated annually
(as an estimated amount of 4-5 million tons) is directly dumped
or landfilled without further utilization.*® The industrial method
normally employs strong acids (e.g. HCI) and bases (e.g. NaOH)
to peel off the minerals and proteins, respectively, causing great
problems of high capital costs, high environmental burdens and
restricted management.’*>® Emerging methods have been
explored such as the solvent method and the bioprocessing
method. The solvent extraction method, such as those using
ionic liquids (ILs), offers a promising alternative but is ham-
pered by high costs and difficulties in solvent recovery.>*™*' The
bioprocessing method, which utilizes enzymes or microorgan-
isms, results in low product purity and prolonged processing
times."”** These challenges could lead to the high price of
extracted chitin, thereby impacting the market competitiveness.

To address these challenges, our group developed the HOW-
CA process, a novel fractionation technique that utilizes only
hot water and carbonic acid as environmentally benign
reagents for deproteinization and demineralization on waste
shells (shrimp shell powders were used as the demonstration)
to produce high-purity chitin.*®> The whole process is shown in
Fig. 2a. In the first step, shrimp shell powders were treated with
hot water at 180 °C, where the protons and hydroxide ions
generated from the subcritical water promoted nearly full
dissolution of proteins and catalyzed the partial hydrolysis of
proteins. With the removal of proteins, the minerals in the
residue, primarily calcium carbonate (CaCOj3), were adequately
exposed. The residue was then subjected to pressurized carbon
dioxide (CO,) in an aqueous solution for demineralization. The
weak acidity of CO, dissolved in water decomposed CaCO; into
soluble calcium bicarbonate, achieving nearly 100% deminer-
alization under 10 bar CO, pressure at room temperature. Both
water and CO, could be recycled in this process. CaCO;
reprecipitated from the water during CO, release (pressure
drop) could be recovered as a useful by-product. The entire
HOW-CA process could be completed within hours, yielding
high-purity chitin (>90%), with the crystalline structure well
preserved. The final product exhibited similar crystallinity
index values and infrared spectroscopy (IR) spectra as commer-
cial chitin and retained the typical fibrous structure of chitin

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Key platform chemicals via the catalytic conversion of chitin.

extracted using conventional methods. As a result, the HOW-CA
process demonstrated comparable performance for chitin frac-
tionation to the existing methods but boasted unique advan-
tages. Moreover, this process was applicable to scale-up
production. As presented in Fig. 2b, starting with 25 g of
shrimp shells, 95.3% deproteinization efficiency was achieved
at 180 °C for 1 h in a high loading of 0.1 g mL~". Subsequently,
three cycles of demineralization removed >90% of minerals.
To evaluate the scalability and economic feasibility of the
HOW-CA process, process modeling was conducted using
Aspen Plus V10 based on a shrimp shell treatment rate of 100
kg h™". Compared to the traditional method, which uses harsh
chemicals like NaOH and HCI, the use of water and CO, as low-
cost reagents in the HOW-CA process not only reduces total
operating costs but also simplifies the process design for easier
scaling-up. Economically, the HOW-CA process achieves a
significantly lower minimum selling price (9.9 USD per kg),
reducing it by more than half compared to the traditional
method. Sensitivity analysis also demonstrated that the HOW-
CA process is less sensitive to fluctuations in operating costs,
which offers greater stability for large-scale industrial applica-
tions. Furthermore, life-cycle analysis suggested that HOW-CA
is a superior alternative to the conventional method, offering a
cost-effective and environmentally friendly solution for extract-
ing high-value chitin from crustacean shells.

Recent studies have explored the use of deep eutectic
solvents (DESs) as a greener alternative to traditional methods
for extracting chitin.*®™*° DESs, composed of hydrogen bond
donors (HBDs) and hydrogen bond acceptors (HBAs), are non-
toxic and biodegradable and have adjustable solvation
properties.”® In the extraction process, DESs release protons
to dissolve CaCOj;, weakening the chitin—protein fibrils and
allowing them to be separated. Proteins, which possess active
functional groups like hydroxyl, carboxyl and amine groups,

This journal is © The Royal Society of Chemistry 2025

form new hydrogen bonds with the DES’s HBAs, further aiding
in their separation.*’

Various DESs have been successfully applied to extract chitin
from different raw materials.>' > For instance, ChCl-based
DESs, including mixtures of ChCl with organic acids like citric
acid or malic acid, are particularly effective due to their low
costs and strong solvating ability. Chitin extracted from shrimp
shells using ChCl/malic acid with different compositions has
shown yields ranging from 13.1% to 56.6%, with purity between
89.9% and 93.4%.>* Similarly, extraction from lobster shells
using ChCl/malonic acid has obtained chitin with a yield
of 19.6% to 23.3% and purity ranging from 90% to 93%.>°
In contrast, chitin extracted from insect sources like Hermetia
illucens tends to have a lower yield (6.5% to 26.7%) and purity
(74.7% to 91.3%) due to the lower chitin content in insect
exoskeletons.>® Besides, the yield and purity of chitin are
influenced by the properties and compositions of DESs, including
the pH, HBA/HBD ratio, water content, etc. Acidic DESs, parti-
cularly those containing ChCl, are more efficient at breaking
down minerals and proteins, thereby improving purity but
often resulting in lower yields compared to betaine-based
DESs.>” A lower ratio of HBAs to HBDs increases the acidity of
the DES, enhancing demineralization and deproteinization, but
this can lead to a reduction in the chitin yield.”* Additionally,
adding water to the DES can improve demineralization efficiency
and assist in the precipitation of dissolved chitin, which can
improve the recovery process.”™*

In conclusion, while DESs offer a promising, eco-friendly
alternative for chitin extraction, future research should focus
on optimizing these parameters to maximize both yield and
purity. Further investigations into new DES formulations, as
well as strategies to improve the recycling and reusability of
DESs, are essential for making the extraction process more
sustainable and cost-effective.

Chem. Commun., 2025, 61,1303-1321 | 1305
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Fig. 2 (a) The schematic diagram of the HOWCA process. (b) Images of processes involved in the HOW-CA process starting with 25 g of raw shrimp
shells. Reproduced from ref. 45 with permission from American Chemical Society, copyright 2019.

Furanic platform compounds

Furanic compounds represent a variety of versatile building
blocks that possess the furan ring which could be derived from
several biomass resources such as chitin biomass. Especially, 3-
acetamido-5-acetylfuran (3A5AF) is a unique platform molecule
derived from chitin dehydration. It boasts a distinctive struc-
ture featuring a furan ring with an acetamido group at position
3 and an acetyl group at position 5. This molecule is notable for
its biologically fixed nitrogen with the potential as a sustainable
and renewable building block in chemical synthesis.’*™° Such a
substitution structure is relatively difficult to access through the
classical organic synthesis methods, whereas direct conversion
of chitin into 3A5AF could be more efficient, renewable and
selective. 3A5AF can be further upgraded into valuable deriva-
tives, such as biomedicals, pharmaceuticals and dyes, with
applications in pharmaceuticals, agrochemicals and materials
science. For example, various nitrogen-containing downstream
products, including 2-acetyl-4-aminofuran, 3-acetamido-5-(1-
hydroxyethyl)furan, 7-oxanorbornenes, and dihydrodifluoropyr-
idine, can be synthesized from 3A5AF through processes like
hydrolysis, reduction, Diels-Alder reactions and electrophilic
halogenation.’*®* These products are vital in numerous

1306 | Chem. Commun., 2025, 61,1303-1321

industries, and the upgrading of 3A5AF offers a more sustainable
alternative to conventional synthesis methods that rely on non-
renewable fossil fuels. Our previous works demonstrated the
advantages of using chitin as a resource for synthesizing the
anticancer alkaloid proximicin A, which benefited from a shor-
tened reaction pathway and the use of greener reagents com-
pared to fossil-based routes®* (Fig. 3).

The selective production of 3A5AF from the chitin monomer
NAG was first achieved by Kerton’s group using microwave
irradiation at a temperature window of 180-220 °C. It was
unraveled that boric acid played a crucial role in promoting
NAG dehydration in 1-butyl-3-methylimidazolium chloride
([BMIm]CI) ILs or dimethylformamide (DMA) solvent.®*®* The
3A5AF yield could reach >60% under optimal conditions. Our
group has reported the direct conversion of chitin polymers
into 3A5AF based on the catalytic system with boric acid,
alkaline chloride and mineral acid as combinational promo-
ters, with an emphasis on the reaction pathway and the
mechanism.®® A variety of side products such as oligomers,
aromatics and organic acids have been probed by different
analytical techniques, which assisted the assumption of the
reaction pathways. Several parallel reaction pathways have been
identified and proposed (Fig. 4). Chitin depolymerization was

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 The comparison of proximicin A synthesis from fossil and chitin
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regarded as the first step to afford oligomers and NAG, then the
ring-opening of the pyranose, the reformation of the furan ring
and dehydration occurred to produce 3A5AF. Meanwhile, dea-
cetylation occurred leading to side products including acetic
acid, levoglucosenone and a polymeric solid known as chitin-
humins. Another side route (ring arrangement and dehydra-
tion) would result in the formation of the 4-(acetylamino)-1,3-
benzenediol side product. To further elucidate the unique role
of boric acid on dehydration, poisoning tests and nuclear
magnetic resonance (NMR) studies have been employed. The
addition of ethylene glycol and 1,3-propanediol as the poison
reagent has led to a significant drop in the 3A5AF yield,
suggesting that the boric acid possibly interacted with two
hydroxyl groups of chitin to promote dehydration. Combined
with the 'H, "'B and *C NMR analyses, the signals assigned to
the proton of two hydroxyl groups disappeared upon boric acid
addition on the "H NMR spectra, while a new peak appeared
on the ''B NMR spectra. Besides, new groups of peaks and peak
shifts have been observed on the *C NMR spectra, which
indicated the formation of the boron-NAG complex through
the coordination at the two sites of C4 and C6 positions. Boric
acid has formed such an intermediate with NAG and facilitated
the ring-opening and subsequent dehydration.

Due to the high crystallinity, high molecular weight (MW)
and extensive hydrogen bonds of chitin polymers, the direct
conversion of chitin polymers into 3A5AF resulted in a relatively
low yield of 7.5% in the NMP solvent at 215 °C using boric acid,
lithium chloride and HCI as the promoters.®® Following this, we
have investigated the performance of different ILs for direct
chitin conversion.®® Although several IL-containing chloride

This journal is © The Royal Society of Chemistry 2025
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anions would notably enhance chitin solubility and accelerate
the initial reaction rate, the 3AS5AF yield was not obviously
improved despite the reaction temperature being lower at
180 °C. We have also tried extraction and vacuum-distillation
techniques to get the 3A5AF out from the solvent during the
reaction, to drive the reaction equilibrium towards 3A5AF and
increase the yield. However, such techniques were not effective
because the product 3A5AF seemed to strongly interact with the
[BMIm]|CI solvent and was very difficult to extract out. To
promote the direct conversion of chitin polymers into 3A5AF,
pretreatment has been adopted and proven as an efficient tool.
Notably, effective pretreatment methods can disrupt the chitin’s
crystalline structure and hydrogen-bonding network. We have
evaluated five pretreatment methods: ball mill grinding, steam
explosion, alkaline treatment, phosphoric acid treatment and
ionic liquid dissolution/reprecipitation.”” Among these, ball mill
grinding in dry mode was the most effective, significantly reducing
the crystallinity and the hydrogen-bonding network. This approach
increased the 3A5AF yield to 28.5% under milder conditions of
180 °C within 10 min from 7.5% which was previously achieved at
215 °C for 1 h. This study underscores the importance of structural
modifications in enhancing chitin reactivity, with reduced crystal
size and a weakened hydrogen-bonding network being key factors
in improving conversion efficiency.

Along this line, other groups have developed different
catalytic systems, including metal chlorides, ammonium salts,
acidic chloride-ion based ionic liquids and DESs, for NAG
dehydration. For metal chloride catalysts, Fukuoka’s group
has introduced a simplified method for 3A5AF production
using AlCl;-6H,0 as the catalyst in the DMA solvent, with a
peak yield of 30%.°® This method operated effectively at a
higher substrate-to-catalyst ratio and a reduced temperature of
120 °C, successfully enabling the isolation of 3A5AF at the gram
scale. The Zang group has developed several chlorine-based ionic
liquid catalysts, including glycine chloride, 1-chloro-3-methylpyri-
dinium chloride, triethylammonium chloride, 1-chloro-1-(3-hydro-
xypropyl)pyridinium chloride and pyrazole chloride, which
achieved 3A5AF yields ranging from 43% to 70% at temperatures
beyond 180 °C in organic solvents.”>”* Acidic ILs could promote
dehydration by enhancing solubility and releasing protons, which
aids the efficient process. Among these, pyrazole chloride showed
the best performance, yielding 70% of 3A5AF when combined with
boric acid and CaCl, in DMA solvent.”* Furthermore, Zhang and
Chen’s group demonstrated that ammonium salts are effective for
chitin biomass dehydration.”>”® Using NAG as the starting mate-
rial, 3A5AF was obtained with a yield of 43% in the presence of
NH,CI and LiCl in DMF.”® For chitin dehydration, chitin was first
enzymatically hydrolyzed to NAG, followed by chemical conversion
to 3A5AF using NH,SCN as the promoter, achieving a yield of
56.7% at 180 °C in the DMA solvent.”® The work has demonstrated
a feasible method for 3A5AF separation and extraction. The
reaction mixture was subjected to extraction with ethyl acetate,
followed by evaporation for concentrations. The resulting residue
underwent decolorization to eliminate impurities, and the product
was crystallized to yield needle-shaped 3A5AF crystals with 99%
purity. However, the overall process resulted in a yield loss

Chem. Commun., 2025, 61,1303-1321 | 1307
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compared to the initial conversion due to the extraction and
purification steps. Future research could focus on optimizing the
separation and purification steps to improve the overall yield and
minimize losses during the process.

Recently, Wang and colleagues reported the use of choline
chloride-based DESs for the selective production of either
chromogen III or 3A5AF in the DMA solvent, achieving optimal
yields of 31.1% and 39.2%, respectively.”” In the presence of a
binary DES (ChCl-Gly), chromogen III was the major product,
whereas the use of a ternary DES (ChCI-Gly-B(OH);) shifted the
reaction pathway, favoring the formation of 3A5AF as the
dominant product. This progress suggests that the combina-
tional use of Brensted and Lewis acids could be beneficial for
3A5AF formation. In addition, chloride or other anions with
similar properties, such as the thiocyanate ion, is possibly
necessary because it strongly interacts with the hydroxyl groups
on NAG to disrupt the hydrogen-bonding network.

Unfortunately, although different catalytic systems have been
explored, chitin dehydration to produce 3A5AF still employed
highly toxic organic solvents or expensive ILs under relatively
harsh conditions, which could not meet the demand for green
synthesis and hindered practical applications. To address these
issues, our group developed an environmentally friendly method
that efficiently converted NAG into 3A5AF using the sustainable,
non-toxic and biobased y-valerolactone (GVL) solvent under
milder conditions.”® This method leveraged a dissolution-dehy-
dration effect (Fig. 5a) that significantly enhanced the 3A5AF
production, achieving an unprecedented yield of 75% using
NH,SCN and HCI as the catalysts. Among the thirty different
species of catalysts tested, including metal halides, ammonium
salts, acids, etc., NH,SCN has shown the highest performance in
3A5AF production in GVL (Fig. 5b). It was observed that NAG did
not dissolve in GVL at room temperature or even when heated to a
certain high temperature, but became almost completely dis-
solved upon the addition of NH,SCN (Fig. 5b). In addition,

1308 | Chem. Commun., 2025, 61, 1303-1321

NH,SCN coordinated with the acetamido and hydroxyl groups
on NAG, accelerating its conversion to partially dehydrated inter-
mediates, chromogens I and III, which subsequently underwent
further dehydration to form 3A5AF. Notably, a high 3A5AF yield of
over 70% was achieved within a relatively mild temperature range
of 130-150 °C (Fig. 5¢), considerably lower than the temperatures
required in most previously reported systems. Substituting GVL
with common organic solvents led to a sharp decrease in the
3A5AF yield (Fig. 5d), as these solvents often necessitate higher
temperatures to activate the dehydration process. In contrast, GVL
provides a unique solvation environment that lowers activation
energy and enhances the reaction rate even under milder condi-
tions. This environment is crucial for the efficient and selective
conversion of NAG to 3A5AF, demonstrating GVL’s superiority
over the commonly used toxic solvents. In this study, we also
explored the direct conversion of chitin to 3A5AF. Although the
yield was relatively low of 16.0% under employed conditions, a
two-step process involving chitin hydrolysis followed by NAG
dehydration could offer a viable strategy for efficient 3A5AF
production because the hydrolysis and dehydration require dis-
tinct optimal reaction conditions.

In addition to 3A5AF, other nitrogen-containing furanic
compounds, such as chromogens, 3A5F and 3AF (Fig. 1), can
be produced through the dehydration of chitin biomass.
Several research groups have explored various non-catalytic
and catalytic systems for the production of these compounds.
The non-catalytic conversion of NAG under hydrothermal con-
ditions without any additive yields chromogen I and chromo-
gen III as the primary products, by eliminating one or two water
molecules, respectively. Osada’s group has utilized high-
temperature water as an eco-friendly medium to dehydrate
chitin monomers, dimers and polymers.”*®> Under optimal
conditions, NAG was dehydrated rapidly into chromogen I with
a maximum yield of 37.0% at 180 °C, or into chromogen III with
a peak yield of 34.5% at 240 °C under 250 bar.®’ Meanwhile, the

This journal is © The Royal Society of Chemistry 2025
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selective synthesis of chromogen III was successfully achieved
by Minnaard’s group.®® The use of phenylboronic acid and
triflic acid as the promoters in the pyridine solvent led to the
formation of Di-HAF in 73% yield with 99% enantiomeric
excess. Building on these findings, 3A5F, a more reactive
compound with an aldehyde group replacing the acetyl group,
was produced in a two-step process for the dehydration and
oxidative cleavage of NAG, with an overall yield of 92%.%*
Besides, the unsubstituted aminofuran 3AF was obtained in
one step, with a maximal yield of 74%, via retro-aldol condensa-
tion-dehydration from NAG in the ternary Ba(OH),-H3;BO;-NaCl
catalytic system.®® These valuable compounds significantly

This journal is © The Royal Society of Chemistry 2025

diversified the chemical scape of the chitin refinery. For exam-
ple, 3A5F can undergo a variety of reactions such as reduction,
reductive amination, aldol condensation, olefination, cyclopen-
tenone and thiazolidine formation to access a series of fine
chemicals.®*

For the oxygen-containing furan-ring compound, 5-hydroxy-
methylfurfural (5-HMF), an analog of 3A5AF, has been widely
regarded as “the sleeping giant” of sustainable chemistry.'> Down-
stream products from 5-HMF can be obtained through various
reactions, such as hydrogenation to form 2,5-dimethylfuran, oxida-
tion to yield 2,5-furandicarboxylic acid or further conversion into
levulinic acid.**®” Research on 5-HMF production has primarily
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focused on its synthesis from carbohydrate-rich biomass, particu-
larly via the dehydration of hexose sugars like glucose and fructose.
In recent years, there has been growing interest in exploring chitin
biomass as an alternative feedstock for 5-HMF production.®®*°
A variety of catalytic systems have been investigated, including
mineral acids, metal salts and ILs.”’™ Solvent systems such as
polar aprotic solvents and biphasic mixtures have also been
developed to improve both yield and selectivity.”*°® Our group
successfully converted various chitin biomass resources into
5-HMF in molten salt hydrates (MSHs).”” The conversion of
p-glucosamine in 65 wt% LiBr MSHSs, with the addition of the
boric acid catalyst, at 130 °C within 2 h, resulted in the highest
5-HMF yield of 49.6%. This reaction system was also applicable to
glucose and NAG, which differs structurally from p-glucosamine
only by the substitution group at position 2. It was observed that the
amino group at position 2 is more conducive to 5-HMF production
compared to the hydroxyl group, while the acetamido group
significantly inhibits dehydration. To directly produce 5-HMF from
the polymers, the Box-Behnken design method was employed to
optimize reaction conditions while minimizing the number of
experiments. As a result, 5>-HMF was obtained from chitosan and
chitin with yields of 21.6% and 15.3%, respectively, by adding a
catalytic amount of HC. This study provided valuable insights into
chitin refinery through the use of experiment-assisted tools.

Amino/amide sugars

Amino/amide sugars (NAG, p-glucosamine, oligomers and their
derivatives) are a group of valuable products that could be obtained
through chitin depolymerization. Chitin depolymerization could
involve the hydrolysis of the glycosidic bond and the acetamido
group. The complete hydrolysis of the glycosidic bond yields a NAG
monomer, valuable for applications in the pharmaceutical and
nutraceutical industries. Concurrently, the acetamido group can
also undergo hydrolysis to form p-glucosamine, a deacetylated
monomer known for its bioactivity and versatility in various
applications. In addition to primary hydrolysis reactions, the side
chains of chitin, rich in reactive hydroxyl groups, can undergo
various chemical transformations, leading to a wide array of chitin
monomeric and oligomeric sugar derivatives, thereby expanding
the scope of chitin’s applications. These derivatives, as well as
amino/amide sugars, can be converted into various downstream
products, including amino acids, pharmaceutical compounds,
glycosidic conjugates, etc.,”>* through a variety of chemical reac-
tions, thereby expanding the scope of chitin’s applications.
Traditional methods for producing chitin-derived sugars rely on
concentrated acid or enzymatic processes, which are costly, envir-
onmentally concerning, or exhibit low product selectivity.'** "%
Consequently, the development of greener and more efficient
alternative approaches is urgently needed. Recent explorations into
new solvent systems have revealed that novel solvents can interact
strongly with the functional groups on chitin, thereby breaking
down its highly ordered structure and enhancing the depolymeriza-
tion process. One feasible approach was the liquefaction of chitin in
ethylene glycol (EG),'* where up to 75% of chitin was liquefied
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using 8 wt% sulfuric acid at 165 °C within 90 min. The major
products were identified as hydroxyethyl-2-amino-2-deoxyhexopy-
ranoside (HADP) and hydroxyethyl-2-acetamido-2-deoxyhexopyrano-
side (HAADP), with a cumulative yield of 30%. EG played a dual role
in the liquefaction process: it disrupted chitin’s crystalline domains
to improve solubility, and then it attacked the glycosidic bonds to
afford HAADP, which subsequently underwent deacetylation to
produce HADP owing to nucleophilic attack from EG (Fig. 6).
Similarly, Yan’ group reported that formic acid (FA) facilitated the
liquefaction of ball-milled chitin without any additional catalyst.'%*
FA functioned as a solvent, catalyst and formylation reagent in this
reaction, resulting in a series of monomeric products, including
formic acid-derived NAG, dehydration products and 5-(formyloxy-
methyl)furfural (FMF), with an overall yield of up to 60% at 100 °C
for 12 h. As the reaction time extended, the product stream
gradually converged towards a single compound, FMF, with a yield
of 35%. The use of these organic solvents could lower the acid
dosage as compared to the traditional methods (e.g using 35%
mineral acids) primarily because the interactions/derivations of the
solvent molecules with the chitin polymers impair the hydrogen
bond networks and/or the crystallinity.

Aside from pure organic solvent systems, water/organic co-
solvent systems not only accelerated the hydrolysis of glycosidic
bonds but also increased the deacetylation rate with diluted
acid as the catalyst, yielding the deacetylated monomer and
oligomer. Yan’s group pioneered the study of these systems,
demonstrating their effectiveness in the production of amino
sugars. They designed a series of combinations of water and
different polar aprotic solvents, achieving an 80% yield of
p-glucosamine from ball-milled chitin at 175 °C within 1 h.*°®
The optimized co-solvent, determined to be a 4:1 ratio of
diethylene glycol diethyl ether (DGDE)/water, significantly
reduced the concentration of the sulfuric acid catalyst to merely
0.1 M. Based on the solvent screening and solvent property
analyses, hydrogen bond basicity and hydrogen-bonding inter-
action were identified as the key parameters to promote the
production of p-glucosamine in the co-solvent system. The opti-
mal DGDE/water showed lower hydrogen bond basicity and an
appropriate level of hydrogen-bonding interactions, which respec-
tively increased the apparent acidity of the system and promoted
chitin solubility. In another study, Yan’s group reported a co-
solvent system containing 5 wt% sulfuric acid solution and
10 wt% formaldehyde in water,'®® which efficiently converted
chitin polymers into N,N-dimethyl chitosan oligosaccharides
(DMCOS) through a tandem depolymerization-deacetylation-N-
methylation process. In this process, chitin first underwent
depolymerization and deacetylation to generate chitosan oligo-
saccharides (COS) under the catalysis of sulfuric acid. The COS
then reacted with formaldehyde via an adjacent hydroxyl group-
assisted mechanism to produce DMCOS, achieving an optimal
yield of 77%. This product exhibited a high degree of deacetyla-
tion and methylation, along with notably reduced average MW.
DMCOS demonstrated superior antifungal activity compared to
chitosan and other reported chitosan oligosaccharide derivatives,
paving the way for the development of novel antifungal agents
derived from chitin.

This journal is © The Royal Society of Chemistry 2025
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The MSH solvent has been developed for highly selective
conversion of chitin into the NAG monomer. The MSHs that are
formed from inorganic salts and water with a water-to-salt ratio
approximating the saturated coordination number of the domi-
nant hydrated cations have minimized the number of water
molecules in the solvation shell.'®” Usually, there is only one
hydration layer around the cation in MSHs with negligible free
water outside the layer compared to dilute or concentrated
solutions (Fig. 7a). This would cause obvious polarization of the
water molecules and lead to significantly increased apparent
acidity, which would notably decrease the acid dosage that is
needed for the cleavage of the glycosidic bonds. With the
reduced acid dosage, the glycosidic bonds are probably prone
to be cleaved while the acetamide side group remained unbro-
ken, which then exclusively enhanced the product selectivity
towards NAG. Yan’s group pioneered the use of MSHs for
selective chitin hydrolysis, reporting LiBr MSHs as the most
effective type for this process.'®'°® The highest yield of NAG
beyond 70% was realized using only 0.04 M HCI at 120 °C for
0.5 h in the 60 wt% LiBr MSH solvent. The main reasons for the
effectiveness of LiBr for chitin hydrolysis were ascribed to the
much-boosted apparent acidity (superacidic properties) and
the enhanced chitin swelling/dissolving ability because the Li
cation strongly coordinated with the hydroxyl groups to disrupt
the hydrogen bond networks. The Li cation boasted a small
radium and the Br anion possessed relatively large radium, and
therefore, the ions were easy to dissociate and had a good
ability to interact with chitin polymers. Later on, the same
group attempted the use of acidic zeolites as the solid acid
catalyst to replace HCI for the hydrolysis; nevertheless, the
protons on the zeolites exchanged with the Li cation in
the solvent and eventually the hydrolysis was homogeneously
catalyzed by the leached protons.

Following these works, our group has explored the possibilities
of using less expensive, greener and more abundant salt species
as the MSH solvent for selective chitin hydrolysis."° First, a group

This journal is © The Royal Society of Chemistry 2025

of inexpensive salts (NaCl, MgCl,, CaCl,, etc.) have been exam-
ined and only CaCl, showed certain activity despite the NAG
yield being relatively low (~5%). To improve the yield, a mild,
low-cost and easy-to-scale aging method has been employed to
impair the robustness of chitin prior to hydrolysis. The chitin
powder was first aged in the presence of a small amount of
sulfuric acid (at a 1: 8 ratio to chitin) at near room temperature
for 48 h, followed by hydrolysis in a 50 wt% CaCl, MSH solution
at 120 °C for 1 h. The aging-hydrolysis integrated method
achieved an impressive 51.0% NAG yield in CaCl, MSH, which
was ten-fold as that from unaged chitin. Besides, the NAG yield
increased to 66.8% with the addition of ZnBr, as a co-salt.
The aging process and CaCl, MSHs synergistically promoted
efficient chitin hydrolysis. The mild aging process substantially
reduced the MW of chitin, possibly decreasing the energy
barrier and facilitating subsequent hydrolysis; meanwhile, the
CaCl, MSHs promoted chitin swelling and dissolution. NMR
(Fig. 7b) analyses confirmed the intimate interaction between
chitin and CaCl,. The significant shift of specific peaks
assigned to the acetamido group on NAG has been observed
in the NAG with CaCl, D,O samples from the **C NMR spectra.
Specifically, as proposed in Fig. 7c, Ca®>" cations coordinated
with the carbonyl oxygen and amido nitrogen atoms, while CI™
anions formed hydrogen bonds with the hydroxyl groups.
These interactions modified the electrostatic properties of
the chitin chains, thereby enhancing the efficiency of the
hydrolysis process.

Besides utilizing the solvent effect, ball milling or mechano-
chemical conversion, a process combined with both mechanical
and chemical forces capable of inducing chemical transforma-
tions, has emerged as a promising technique for chitin depoly-
merization. This process disrupts chitin’s high crystallinity and
robust structure, facilitating its depolymerization into products
with varying degrees of polymerization (DP)."'" In the acid-
catalyzed ball milling approach, the N-acetyl group on chitin is
typically well-preserved. Fukuoka’s group demonstrated that ball
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milling acid-impregnated chitin powders at 500 rpm for 6 h chain oligomers, which could be hydrolyzed to NAG (53% yield)
under solid-state conditions, using physically adsorbed water in or methanolyzed to 1-O-methyl-N-acetylglucosamine (70%
chitin as a reagent, resulted in the formation of soluble short- yield).""> This outcome occurs because the mechanical forces
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applied to the polymer chain selectively cleave glycosidic bonds
in preference to the acetamido group within an acidic
environment.'*® Additionally, Fukuoka’s group showed that
employing a carbon-based catalyst with weak acid sites during
the milling process allowed for high selectivity (up to 94%)
towards chitin oligosaccharides with a low degree of polymeriza-
tion (DP of 1 to 6),"** which pioneered the heterogeneous
catalysis for efficient chitin depolymerization. Under basic con-
ditions, not only the glycosidic bonds but also the acetamido
bonds could be cleaved to afford low-molecular-weight chitosan
(LMWOC) products. Our study conducted the ball milling of chitin
together with different types of bases such as NaOH in a solid
state.”® The Fourier-transform infrared spectroscopy (FTIR)
analysis (Fig. 8a) of the NaOH-700-8 sample (chitin ball milled
in the presence of an equivalent mass of NaOH at a speed of
700 rpm for 8 cycles was denoted as NaOH-700-8) closely
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matched that of commercially available chitosan (chitosan-C),
with all characteristic peaks aligning perfectly, which indicated
that deacetylation effectively occurred during the base-catalyzed
mechanochemical process. The gel permeation chromatography
(GPC) results (Fig. 8b) showed that the addition of a basic
catalyst reduced the MW of the NaOH-700-8 sample to merely
8.5 kDa, down from the initial 362.4 kDa, much lower than both
chitosan-C (239.1 kDa) and chitosan-H (homemade chitosan
from chitin) (149.3 kDa). These results highlight that while
mechanical milling causes some depolymerization of chitin,
the presence of a base greatly enhances this effect. As a result,
simultaneous deacetylation and depolymerization of chitin
occurred in a single step, yielding LMWC with a narrow MW
distribution and a polydispersity index of only 1.1. The required
base amount was reduced to approximately one-tenth of typical
usage, significantly reducing environmental impact. In this
process, varying ball milling parameters such as speed, time
and the number of balls can adjust the degree of deacetylation
and MW, offering a versatile method for tailoring LMWC propetr-
ties with DP ranging from 7 to 80 monomer units and DA
ranging from 39.1% to 83.3%. The DP of the products was
higher than those using acid catalysts because the cleavage
of glycosidic bonds was more favorably catalyzed by an acid.
In addition to our work, Moores’ group has adopted a mixing
milling machine, considered a milder mechanochemical
method compared to the planetary ball milling used in most
previous studies. They further enhanced the process by combin-
ing aging with a base such as NaOH."'® By controlling the aging
and milling conditions, the glycosidic bonds could be well
reserved while the acetyl side chain could be efficiently cleaved
to obtain high-molecular-weight chitosan (HMWC) products. As
a result, with different ball milling protocols, both LMWC and
HMWC products could be directly obtained from chitin in a
green, nearly-quantitative and solvent-free manner, and these
products would have distinct applications in a broad range of
areas such as material synthesis, pharmaceuticals, biomedicals,
agricultures, foods, etc.

Organic acids

Organic acids represent a group of value-added compounds
with significant applications for the chemical industries. For
instance, formic acid (FA) serves as a solvent in organic
synthesis,""” while acetic acid (AA) is a key building block for
producing solvents, esters, and polymers such as acetate
fibers."*® The production of organic acids, including AA, from
renewable biomass resources has been extensively investigated.

Early research by Koichi et al. explored the hydrothermal
oxidation of glucose using hydrogen peroxide to produce AA."*°
Although hydrogen peroxide enhanced the oxidation process,
the yields remained low. To improve this, Jin’s group developed
a two-step strategy.'?® In the first step, cellulose was converted
into intermediates, which were then oxidized to AA in the
second step. The process could be either acidic or alkaline,
depending on the additives used. For example, under acidic
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conditions, 5-HMF was first produced from monosaccharides,
which were then converted to levulinic acid and further oxi-
dized to AA. This method achieved an AA yield of up to 26%
from glucose.’® In contrast, an alkaline process using calcium
hydroxide resulted in an AA yield of 27% from glucose.'*
Chitin, with its acetylamino side chain, offers inherent
advantages for AA production compared to other biomass
resources. Theoretically, by hydrolyzing the acetamide side
chain alone, an AA yield of up to 25% could be achieved.
Further decomposition and oxidation of the chitin main chain
could potentially increase the yield even further. Our group has
undertaken several works to obtain AA and other organic acids
from chitin biomass. We have fabricated the non-noble metal
CuO as the catalyst to promote direct chitin conversion under
hydrothermal conditions.’*” An AA yield of up to 38.1% could
be achieved under 5 bar oxygen gas at 300 °C in 2 M NaOH
solutions from chitin polymers, and the yield could increase to
47.9% with raw shrimp shell powders as the substrate because
proteins in the shell also contributed to the formation of AA. In
this process, the CuO acted as an efficient catalyst to promote
the oxidation. Based on the characterization, the lattice oxygen
in CuO was the real oxidative species, and CuO could be
transformed to Cu,O during the reaction, which will be
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regenerated to CuO by the oxygen gas to complete a catalytic
cycle. Several interconnected pathways have been proposed to
explain the conversion of chitin into final products (Fig. 9),
including AA and other organic acids. The process began with
the deacetylation and deamination of chitin under alkaline
conditions, leading to the formation of p-glucosamine. AA was
primarily released during this stage through the hydrolysis
of the acetyl side chains. The deaminated p-glucosamine was
subsequently converted into glucose, which underwent frag-
mentation via retro-aldol reactions, producing smaller organic
compounds such as LA and glyoxylic acid. Upon the introduc-
tion of an oxidant, some of these intermediates were further
oxidized to acetic acid. This demonstrated that acetic acid is
not only derived from the hydrolysis of acetyl side chains but
also from the oxidative degradation of sugar intermediates,
positioning chitin as an advantageous resource to produce AA.

To mitigate the environmental impact caused by concen-
trated alkaline solutions, we further designed a base-free,
vanadium-catalyzed oxidation system that converted chitin
biomass into AA under relatively milder conditions."®* Under
a low oxygen pressure (5 bar) and in the absence of a base, the
highest yield of AA reached 33.4% from the chitin monomer
NAG and 30.0% from the ball milled chitin polymer at 220 °C
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under the catalysis of the V,O5 catalyst in water. Based on various
characterization methods and control experiments, we proposed
the following possible reaction pathways for generating AA from
chitin in this catalytic system (Fig. 10). The chitin polymer was
first hydrolyzed into oligomers and monomeric sugars, followed
by the cleavage of the acetylamino side chain. The resulting short-
chain intermediates were then oxidized to form AA. Simulta-
neously, the glucolactone intermediate may undergo cleavage at
different positions, producing various small organic acids. These
compounds were unstable under catalytic oxidation conditions,
leading to the gradual accumulation of a few stable, simple
organic acids, such as AA, as the reaction progressed, which
accounted for the excess production of AA.

To mitigate the energy requirement and carbon footprints, it
would be more desirable if transformations proceed under near
room temperature and low pressure, which better meets the
demand for green synthesis and sustainable development. Our
group has attempted the possibilities of converting chitin
monomers into key organic acids under much milder tempera-
tures than previous works. The conversion of the chitin mono-
mer NAG could be activated under basic conditions under
ambient temperature and pressure. By introducing different
oxidants, the oxidation reaction could more efficiently occur to
produce specific organic acids. Based on these observations, we
devised a selectivity-switchable way to transform NAG into
different valuable organic acid products, such as FA and AA,
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at near room temperature (35 °C) in a dilute NaOH solution
(0.6 M)."** Under an oxygen atmosphere (5 bar oxygen gas), the
main products were AA and glyceric acid (GlyA), which could
be obtained with a combined yield of 41.2%. By employing
H,0, as the oxidant, FA production was dominant. The FA yield
correspondingly increased as the concentration of hydrogen
peroxide increased and reached a peak value of 57.1% with
92.2% NAG conversion in 1.6 M H,0, solution. (Fig. 11a). This
selectivity change was attributed to the differing stability of
intermediate compounds formed during the oxidation process,
where the oxidant finely tuned the primary pathways to deter-
mine the specific product distributions. The reaction pathway
started with the base-catalyzed deacetylation and deamination
of NAG, producing p-glucosamine and other intermediates.
The acetyl side chain is hydrolyzed, contributing to the AA
formation. Additionally, epimerization of NAG into N-acetyl-p-
mannosamine occurred, followed by retro-aldol condensation,
which cleaved the sugar backbone and generated smaller
molecules such as GlyA and glycolic acid. To summarize, the
use of different oxidants determined the dominant reaction
products (Fig. 11b): in the presence of oxygen, the oxidative
cleavage of aldehyde intermediates enhanced the formation of
AA and GlyA, with an overall selectivity of 43.6%. While using
H,0, led to a shift towards formic acid, with FA selectivity
reaching 62.4%, as the oxidative cleavage of the C-C bond was
promoted by radical-induced cleavage mechanisms.
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Amino/amide acids

Amino acids/amide acids are high-value key chemicals for the
synthesis of proteins, functional materials, bioactive pharma-
ceuticals and so on. For example, p-glucosaminic acid plays a
crucial role in the biosynthesis of glycoproteins and glycolipids
by serving as a precursor in the formation of sugar moieties
that are essential for these biomolecules."”® Relevant amino/
amide acid sugars could be easily obtained from chitin biomass
via the hydrolysis-oxidation strategy (Fig. 12). In chitin hydro-
lysis, the sugar monomers such as NAG and bp-glucosamine
could be readily formed, in which the aldehyde group at the
end boasts high reactivity and is susceptible to be selectively
oxidized by specific catalysts. In this way, the amino acid
products N-acetyl-p-glucosaminic acid and p-glucosaminic acid
could be produced, respectively. Furthermore, if retro-aldol
condensation occurs to cleave the C-C bonds of the sugar
monomers, followed by oxidation of the aldehyde group, then
the shorter chain amino acid product N-acetyl glycine (AcGly)
could be accessible from chitin. So far, these were the major
amino acid products that have been reported to be catalytically
obtained from chitin biomass.

The one-step conversion of chitin or chitosan into the
corresponding amino acids was rather difficult and has not
been realized so far, probably because the catalytic systems and
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the reaction conditions required for hydrolysis and oxidation are
normally quite different. Yan’s group has put forward a two-step
tandem approach to directly convert chitosan into p-glucosaminic
acid with an overall yield of 36%."*° Amberlyst-15 was employed
as the solid acid catalyst to promote chitosan hydrolysis while Au/
MgO was utilized for the subsequent oxidation under oxygen gas
to produce p-glucosaminic acid. This oxidation step required the
precise control of reaction conditions to achieve optimal yields.
However, a detoxification process by using activated carbon was
necessary after the hydrolysis step, which could effectively remove
the inhibitory by-products (humin-like polymers) that would
poison the Au catalyst in the oxidation step from the hydrolysate.

The direct oxidation of chitin monomer sugars into the
corresponding amino acid sugars with high yields under mild
conditions has been well studied by Ebitani’s group.’”” The
synthesis of p-glucosaminic acid from p-glucosamine-HCl was
catalyzed by Au nanoparticles (NPs) supported on basic MgO,
conducted at 40 °C for 3 h with an O, flow of 50 mL min?,
achieving a maximum yield of 93%. Additionally, using Au NPs
supported on another basic material, HT, N-acetyl-o-gluco-
saminic acid was produced from NAG at 25 °C for 5 h with
an O, flow of 30 mL min~", with a yield of 95%. Recently, our
group synthesized Au NPs on ZnO supports to oxidize the
p-glucosamine into p-glucosaminic acid in atmospheric air for
the first time."”® Among the metal oxide supports tested, as
shown in Fig. 13a, ZnO displayed the best performance in the
formation of p-glucosaminic acid, compared to others such as
Ce0,, Zr0,, and TiO,, because the interaction between Au NPs
and the ZnO support prevented the NP aggregation, maintain-
ing the small particle sizes which are critical for high catalytic
activity. Among the synthetic methods, the Au/ZnO catalyst
prepared by the deposition—precipitation (DP) method outper-
formed the catalyst prepared by the deposition-reduction
method, achieving an 85% yield of p-glucosaminic acid at
35 °C in pure water without any base addition (Fig. 13b). This
high performance was linked to the lower apparent activation
energy required for p-glucosaminic acid production with the
DP-prepared catalyst. Transmission electron microscopy (TEM)
and X-ray photoelectron spectroscopy (XPS) analyses (Fig. 13c
and d) revealed that the DP method produced smaller, more
uniformly dispersed Au NPs on ZnO, along with a higher
proportion of metallic Au (Au,) and increased oxygen vacancies
(Oy), both of which were associated with the catalyst’s enhanced
activity.

In comparison to the C¢ amino acid, the production of
shorter-chain amino acid from NAG is more challenging as
the optimal reaction conditions for C-C bond cleavage
and subsequent oxidation differ from each other. Fukuoka’s
group reported the conversion of NAG into AcGly in the
presence of the Ru/C catalyst and NaHCO; additive via the
tandem retro-aldol condensation-hydrogenation-oxidation
reaction.'? Firstly, the reaction was conducted at 120 °C for
1 h. During this stage, the C-C bond cleavage of the sugar chain
occurred to generate the shorter-chain intermediate, which was
hydrogenated into NMEA under a gradient-increased H, pres-
sure from 1 to 40 bar. Next, after the atmosphere was adjusted

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 The amino/amide acid sugar production from chitin biomass via the hydrolysis—oxidation strategy.

to 10 bar O,, the reaction continued to proceed at 120 °C for 1 h,
where NMEA was oxidized into AcGly with the highest yield
of 21%. However, the catalytic system was not considerably
selective as the overall yield of major by-products was over
50%. Following this, Dai et al developed a homogenous
strategy for the aerobic oxidation of NMEA into AcGly."*° With
the combinational use of Fe(NO3);, TEMPO and KCl in the 1,2-
dichloroethane solvent, the peak 62% yield of AcGly could be
achieved at 35 °C with a reaction time of 16 h under 20 bar O,
gas. Initially, Fe(NO3);-9H,0 and TEMPO coupled to form an
active complex that triggered the oxidation of NMEA, which
subsequently decomposed into an intermediate, acetylacetal-
dehyde amine. During this process, the oxidized form of
TEMPO (TEMPOH) was recycled back to its active form by
Fe(NO3);-9H,0. The NO; ™ ion from the iron salt engaged in a
NO, cycle, where it participated in the re-oxidation of Fe(u) to

This journal is © The Royal Society of Chemistry 2025

Fe(m), with O, acting as the terminal oxidant. The water
molecules then assisted in the final step of converting the
intermediate into AcGly, closing the catalytic cycle, thus sus-
taining the catalytic cycle for the oxidation process.

Conclusions and perspectives

The unique structure of chitin positions it as a versatile and
valuable feedstock for generating a wide range of key platform
chemicals through various chemical transformations. The first
step in unlocking the potential of chitin is the fractionation of
shrimp shells—the largest source of chitin. Drawing inspira-
tion from the principle of tenderizing meat proteins in a
pressure cooker and the formation of stalactites, we developed
an environmentally friendly process, named HOW-CA, which
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uses hot water as the deproteination reagent and carbonic acid
as the demineralization reagent, successfully extracting chitin
from shrimp shells with a purity exceeding 90%. The HOW-CA
process not only matches the efficiency of existing extraction
techniques but also offers a green and economical alternative,
significantly enhancing the feasibility and competitiveness of
chitin refinery. Additionally, chitin is also present in insect
exoskeletons and fungal cell walls. As the chitin industry
expands, more efficient extraction methods from these sources
are expected to emerge.

Regarding furanic compounds, the current studies effi-
ciently converted chitin biomass into specific dehydration
products, such as 3A5AF, 3A5F, and 3AF, with high yields;
however, most of the processes use homogeneous catalysts,
which pose challenges related to product separation and
catalyst reusability, making large-scale production of 3A5AF
difficult at an industrial level. Future efforts should focus on
developing solid catalysts with both Brensted and Lewis acid
sites, along with practical separation and purification methods.
From a green chemistry perspective, the bio-based solvent GVL
has been identified as providing a unique solvation environment
that facilitates high-yield production of 3A5AF under milder
conditions. Additionally, preliminary experiments suggest the
potential of another green solvent, propylene carbonate, which
warrants further investigation. The development of closed-loop
solvent recovery systems, coupled with advancements in scal-
able, low-carbon methodologies, will be crucial for industrial
applications.

In amino/amide sugar production, the recalcitrant structure
of chitin presents major challenges for its selective hydrolysis
into NAG or p-glucosamine. Novel solvents can interact with
chitin’s functional groups, altering its hydrogen-bonding struc-
ture to promote swelling and/or dissolution. These solvents can

1318 | Chem. Commun., 2025, 61, 1303-1321

also increase the system’s apparent acidity, enabling hydrolysis
with much lower acid loading compared to traditional meth-
ods. In organic solvents, chitin can be liquefied into mono-
meric derivatives under milder conditions, though selectivity
issues arise due to the presence of multiple reactive groups
on the side chain. It is beneficial to develop water/organic
co-solvents with low hydrogen bond basicity and moderate
hydrogen-bonding interactions to enhance b-glucosamine
selectivity under acid-catalyzed conditions. Alternatively, MSHs
have also been effective in selectively hydrolyzing chitin into
NAG, but further research is needed to understand the syner-
gistic effects between different MSH species and to optimize the
separation of NAG from MSHs. Beyond liquid-phase strategies,
ball milling can disrupt the chitin’s crystalline structure,
improving its depolymerization. Future research should focus
on developing solid catalysts to improve selectivity and reduce
the need for additives, as well as optimizing energy-efficient
milling techniques to lower energy consumption and minimize
the environmental impact of chitin depolymerization.

For organic acid production, FA, AA and several small-
molecule acids have been demonstrated accessible from chitin
biomass, and chitin is a superior starting material to lignocel-
lulosic biomass especially for AA production. However, the
complex structure of chitin currently results in low selectivity
for specific acids within existing catalytic reaction systems.
To improve yields, it is essential to develop new catalysts that
enhance the decomposition and oxidation of the chitin chain,
allowing for product convergence to a single compound.
Besides, future efforts should also focus on innovative strate-
gies to leverage the chitin’s unique structure for upgrading it
into value-added acids.

For amino/amide acid production, Au NPs exhibit high
selectivity and activity in NAG oxidation. Future research

This journal is © The Royal Society of Chemistry 2025
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directions include exploring non-noble metals capable of selec-
tively catalyzing the oxidation of monomers into amino acids as
a cost-effective alternative to Au NPs. While oxidizing their
monomers is relatively straightforward, the direct oxidation of
chitin or chitosan into amino acids remains a significant
challenge. Further exploration into multifunctional catalytic
systems that combine hydrolysis and oxidation in one step
could offer new pathways for directly producing high-value
amino acids from chitin biomass.

To date, the reaction mechanisms involved in chitin trans-
formations have not been fully clarified, limiting the develop-
ment of certain transformation routes. The integration of
computational modeling and experimental techniques to better
understand these complex mechanisms could provide valuable
insights and guide the design of more efficient and selective
processes.

We anticipate that these advancements in the catalytic conver-
sion of chitin biomass will pave the way for the practical utiliza-
tion of chitin, thereby creating a multitude of opportunities to
produce key platform chemicals through the chitin refinery.
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