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Polyurethane (PU) foams represent a wide class of polymeric materials, having applications in different
sectors ranging from automotive, packaging, and cushioning/bedding to construction. However, their
synthesis requires the use of petrol-based components, which are mostly harmful and toxic isocyanates.
Considering this, non-isocyanate polyurethane (NIPU) foams have been demonstrated to be promising
alternatives to conventional PUs, which are obtained through “isocyanate-free” routes such as the amino-
lysis of cyclic carbonates with diamines. The building blocks of NIPU foams can be derived from different
bio-sources, such as vegetable oils, sugars, and terpenes. Moreover, the final NIPU materials can be fully
reprocessed and recycled owing to the presence of suitable functional groups that facilitate dynamic
bond exchange. This review aims to comprehensively describe the current state-of-the-art concerning
the synthesis and applications of NIPU and hybrid NIPU foams and is divided into three sections: (i) an
outline of the synthesis of bio-based NIPU precursors, i.e. cyclic and linear carbonates, diamines and car-
bamates, from biomass-derived and waste sources such as vegetable oils and CO, and via environmen-
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tally friendly approaches; (ii) analysis of the reprocessability and recyclability of NIPU and composite NIPU
foams; and (iii) evaluation of the environmental impacts of NIPU precursors and foams using the life cycle
assessment (LCA) technique, preliminary investigations of their techno-economic analysis (TEA), and

rsc.li/greenchem description of future perspectives.

Green foundation

1. The main advances in green chemistry related to the synthesis of sustainable polyurethanes, namely, NIPU (non-isocyanate polyurethane), were discussed.
2. This review article focuses on a hot topic as the produced NIPU could be used for a wide range of applications. Moreover, this review is multidisciplinary,
linking chemistry, reaction engineering, polymer syntheses and characterization.

3. Our work can inspire the further development of new synthetic routes to produce NIPU, leading to the development of chemical processes to produce sus-
tainable polyurethanes.

materials for various chemical structures including, foams,
elastomers, sealants, and coatings. Among these, PU foams

1. Introduction

In the last decades, considerable attention has been paid to
polyurethanes (PUs), making them the 6th most used poly-
mers around the world' and one of the most versatile raw
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are the largest subgroup, representing more than 60% of the
overall PU market.> They are key materials for modern life,
with a broad range of applications in bedding/cushioning (fur-
niture, mattresses, and seats), thermal/acoustic insulation®™
and shock and water adsorption.® In 2022, the worldwide pro-
duction of PU foams was USD 46.80 billion (about 8% of the
overall plastic market), which is expected to reach USD 78.16
billion by 20297 (10% of the worldwide plastic market) with a
compound annual growth rate (CAGR) of 4.5%.

Generally, PUs are obtained via the polyaddition of polyols
(containing reactive hydroxyl groups) and di-isocyanates
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(Scheme 1i) followed by a blowing process, which is triggered
by physical or chemical blowing agents (BAs). Physical BAs,
such as hydrofluorocarbons (HFCs), hydrocarbons (HCs) and
hydrofluoroolefins (HFOs),>® are volatile compounds that
evaporate to the gas phase owing to the exothermicity of the
reaction. Alternatively, chemical BAs generate blowing gas
through chemical reactions. For example, water and formic
acid can act as chemical BAs, reacting with isocyanate and gen-
erating unstable carbamic acid.® The latter decomposes into
amine and CO,, causing blowing'®'" (Scheme 1, ii).” As a side
reaction, urea is formed from the reaction between the isocya-
nate and amines (Scheme 1, iii)."?

Typically, PU precursors are obtained from petrol-based
sources. The synthesis of PU foams involves the use of isocya-
nate products, i.e. methylene-diphenyl di-isocyanate (MDI) and
toluene di-isocyanate (TDI), which are obtained using extre-
mely toxic phosgene. Moreover, prolonged exposure to isocya-
nate products poses significant issues to human health such
as dermatitis, eye irritation, and respiratory diseases
(asthma).' Many of them are indeed classified as CMR, i.e.,
carcinogenic, mutagenic, and reprotoxic.'® In August 2020, the
European Union promoted a REACH restriction (ANNEX
XVII),"> which limits the use of di-isocyanates (cut-off limit is
0.1%) and introduced mandatory training for employees hand-
ling di-isocyanates.

The ongoing challenge in the scientific community is to
shift to 100% bio-based raw materials, while maintaining an
enhanced functional performance in the final foamed
materials. In the past 20 years, both the research community
and industry have devoted significant efforts to finding strat-
egies to reduce CO, emissions and shift from petrol-derived
materials to more sustainable sources and technologies.
Among them, a common approach involves replacing petrol-
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based polyols with bio-based polyols employing renewable
building blocks derived from either microbial'®™*® or lignin-
cellulosic biomass'®*® as well as plant oils.”’>* However,
although the use of bio-based polyols is a great step forward,
the presence of isocyanates enormously affects the transition
towards a total green process. Therefore, bio-based isocyanates
derived from terpenes, fatty acids, lignin, and amino acids
have been developed.>*>* Some of them have already appeared
on the market, such as aliphatic isocyanates, i.e. Lupranat®
ZERO by BASF,”® Desmodur® QCN 3000 by Covestro,”” and
Tolonate X FLO 100 by Vencorex.?® Nevertheless, the toxic
phosgene is still partially employed in the manufacturing of
the latter products.

The synthesis of non-isocyanate polyurethanes (NIPUs) has
been strongly encouraged in the last decade,?*** despite their
initial discovery in 1957 by Dyer and Scott.*® To date, many iso-
cyanate-free alternative pathways have been reported in the lit-
erature. Among them, the aminolysis of linear (LCs) and cyclic
carbonates (CCs) with diamines®*>” and transurethanization
of bis-alkylcarbamates/bis-hydroxyalkylcarbamates with alco-
hols*® are considered the most promising routes to obtain
NIPU foams, as illustrated in Fig. 1.

The aminolysis of dicarbonates with diamines is a solvent-
free route resulting in the formation of hydroxy-urethane
repeating units and generating the so-called polyhydroxyur-
ethanes (PHUs).>**** Usually, acid/base catalysts are employed
to enhance the reaction rate®® but this process also proceeds
under catalyst-free conditions.>® CCs with 5-membered rings
(5CCs) are preferably used as monomers for the synthesis of
NIPU. They can be obtained through sustainable pathways
such as cycloaddition of CO, to epoxidized vegetable/biomass-
derived oils, i.e., sunflower, linseed, and cardanol oils.>**°™*2
Recently, terpenes, tannin or lignin derivatives, vanillin, and
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Scheme 1 Synthesis of conventional PU foams: (i) polyaddition between isocyanate and polyol, (ii) blowing reaction between isocyanate and water
and (iii) reaction between isocyanate and amine, whereby polyurea is obtained.

glycerol*® have been proposed as sustainable building blocks

to obtain these precursors. Diamines are usually petrol-based
sources; however, they may also be obtained using sustainable
building blocks such as fatty acid dimerization.**

The main drawback of the aminolysis pathway is the rela-
tively low reactivity of CCs with diamines, which requires a
very long reaction time, limiting the scalability of the process
on an industrial level. Thus, to overcome this limitation, new
approaches have been developed involving the use of thiols
and thiol derivatives.*> More specifically, employing thiols in
the formulation of CCs and diamines accelerates the de-
carboxylation of CCs, also enhancing the aminolysis process.
Either linear thiols or cyclic dithiocarbonates (CTCs) can be
employed, which exhibit higher reactivity towards amines.*>*
Actually, it has been demonstrated that the reaction time
can be reduced from several hours to minutes.”® The backbone
of the resulting polymers possesses both urethane and
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thioether linkages. Therefore, they are defined as non-
isocyanate polyhydroxythiourethanes (NIPTU) due to their
hybrid nature.*?

Another attractive route to obtain NIPUs is the transuretha-
nization (or polycondensation) of carbamates with alcohols.
Nowadays, alkylcarbamates can be synthesized via phosgene-
free routes, e.g., reactions involving dialkylcarbonates and dia-
mines, making transurethanization safer than the traditional
route. In contrast to aminolysis, transurethanization leads to
the formation of urethane moieties rather than to hydroxyur-
ethane moieties. Therefore, the resulting chemical structure is
closer to that of the classical PUs. However, alcohol is gener-
ated as a stoichiometric co-product in the reaction, making
downstream separation steps necessary. Thus, to achieve high
conversion and degree of polymerization, it is necessary to
apply in situ vacuum distillation of the alcohol and use sol-
vents.?” Moreover, organocatalysts such as TBD (triazabicyclo-
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Fig. 1 Aminolysis and transurethanization as the two most promising eco-friendly routes for the synthesis of NIPU foams.

decene) are usually selected and the operating temperatures
should exceed 110 °C (ref. 47) for longer reaction times.
Besides the above-mentioned reactions, other isocyanate-free
routes have been investigated such as the copolymerization of
aziridine with carbon dioxide, the ring-opening polymerization
of cyclic carbamates, and the reaction between carbamates and
aldehydes (not reviewed herein).**® These routes have pre-
viously been deeply discussed in similar reviews on this topic,
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and principally all promising. However, they still involve the use
of toxic components i.e., aziridines, aldehydes, and ethyl chloro-
formate, and have not been studied in the application of PU
foams. Therefore, they will not be reviewed herein.

Blowing of NIPU can be performed by either physical or
chemical blowing agents,**® ie. non-self-blowing or self-
blowing routes (in situ CO, formation), involving the decarboxyl-
ation of CCs by either hydrolysis,>" Pearson reaction between
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CCs and thiols***** (ie., S-alkylation) and using amine/CO,
adducts.”® The type and concentration'? of precursors and addi-
tives, ie., epoxy cross-linkers,”® catalysts, and micro-/nano-sized
fillers,>® dictate the morphology of the cellular materials (ie.,
open/closed cell content, anisotropy, and apparent density) and
influence their functional properties. All these parameters can
be adjusted to tailor the final characteristics of NIPU foams and
make them flexible or rigid materials depending on the final
application. Similar to conventional PUs, flexible NIPU foams
have open interconnected cell structures with viscoelastic pro-
perties, which can be applied in the automotive, cushioning/
bedding, and biomedical sectors.'* Rigid NIPU foams have a
closed cell morphology, resulting in good insulating materials®”
with excellent mechanical characteristics (high stress and
impacts). Semi-rigid/semi-flexible foams share the characteristics
of both categories and may have potential applications in several
sectors, ie., automotive (e.g. integral skin foams), packaging,
and building (spray foams). Fig. 2 displays the morphology, pro-
perties, and possible final applications where NIPU foams can
replace conventional foams. In comparison with traditional PU
materials, NIPU and NIPTU foams have intriguing peculiarities
associated with the presence of pending OH or SH functional
groups on their polymeric backbone, which play a crucial role in
promoting the reprocessability of these materials.*

The recent advances in the synthesis of NIPU foams are
described in this review by examining the sustainable routes to
obtain the building blocks of the foam precursors. A compre-
hensive overview on the synthesis of NIPU foams and sustain-
ability aspects such as reprocessability through dynamic chem-
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istry and recycling of these materials, mainly through chemical
routes, as well as their environmental assessment, is provided
and future developments are illustrated.

2. NIPU precursors

The agricultural waste from agro-industries, crop residues, and
livestock is approximately 2 billion tons per year.’® Thus, the
valorization of this huge amount of biomass is extremely
crucial from the viewpoint of a circular economy. Lignin, cell-
ulose, organic acids, and vegetable oils can be extracted by the
decomposition and further treatment of biomass and utilized
as a feedstock for the production of added-value products,>
such as biopolymers. Different strategies for the synthesis of
natural-source monomers for NIPU foam precursors are dis-
cussed in the following sections.

2.1 Carbon dioxide

Since the beginning of the 21% century, greenhouse gas (GHG)
emissions have shown a continuous upward trend. In particular,
carbon dioxide (CO,) emissions from emerging economies have
become a dominant contributor, accounting for approximately
74% of the total global emissions in 2023. According to the
latest Emissions Database for Global Atmospheric Research
(EDGAR) report (2024), the global GHG emissions reached
994 million tonnes of CO, equivalent 994 (Mt CO,.q) in 2023, an
increase of 1.9% compared to the previous year.®® This steady
rise highlights the urgent need for effective climate mitigation
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Fig. 2 NIPU foams: morphological characteristics, properties, and possible applications.
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strategies. In response to regulatory pressure and growing
environmental awareness, several major chemical companies
have committed to significantly reducing their CO, emissions,
with the long-term goals of achieving net-zero emissions by
2050. These initiatives reflect a broader industrial shift towards
sustainability and innovation in carbon management practices,
aligned with the objectives of the Paris Agreement.®'

The most promising solutions are carbon capture and storage
(CCS) and carbon capture and utilization (CCU) technologies,
which aim to remove CO, from the atmosphere and either store
it securely or convert it into useful products, respectively.**®>
CCS focuses on permanent storage, whereas CCU offers a
pathway to transform captured carbon into fuels, chemicals, and
materials, effectively closing the carbon loop. Importantly, the
utilization of carbon dioxide as a chemical feedstock is not a
recent innovation. As early as 1921, the industrial production of
urea from CO, and ammonia was developed, which remains
widely used in the fertilizer industry today.** Additionally, CO,
can be utilized in the dry reforming of methane, a process that
converts CO, and CH, into synthesis gas (a mixture of H, and
CO), which serves as a precursor for various fuels and chemicals
in the energy sector. Another interesting decarbonization
pathway is CO, conversion into cyclic carbonates and carba-
mates, which are the main precursors of isocyanate-free poly-
urethanes, as discussed in Section 2.2 and 2.3, respectively.

These examples demonstrate the diverse potential of CO, as
a chemical building block. As technologies mature and econ-
omic incentives grow, CCU is expected to play a vital role in
industrial decarbonization and the transition to a more circu-
lar, low-carbon economy.

2.2 Cyclic and linear carbonates

2.2.1 5-Membered cyclic carbonates (5CC). Undoubtedly,
CCs represent the most prominent class of precursors for
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NIPUs. Not only they can be generated by many natural sub-
strates such as vegetable oils and terpenes,®*™®° but also via
different reaction pathways.>® In 1957, Groszos & Drechsel®”
discovered polyhydroxyurethanes from cyclic carbonates and
diamines. Subsequently, the research on this topic has
expanded. Atmospheric CO, is employed as a co-reactant,
which is particularly beneficial from an environmental
viewpoint.®®°°

5CCs are mainly obtained via the cyclo-carbonation of diols
(a),”%”" oxidative carboxylation of alkenes (b),”* the reaction of
CO, and halohydrins (c),”® (d) transcarbonation of diols with
linear dialkyl carbonates and (e) cycloaddition reaction of CO,
and epoxides,”*””” as illustrated in Scheme 2.

The cyclocarbonation of diols (Scheme 2a) is exceptionally
environmentally friendly given that diols can be obtained
through the direct treatment of biomass; however, this reac-
tion is hindered by both thermodynamics and kinetics, result-
ing in a very low yield of cyclic carbonates.”®”® The oxidative
carboxylation of olefins (Scheme 2b) allows the one-pot syn-
thesis of cyclic carbonates via the formation of an epoxy inter-
mediate;*® however, to the best of our knowledge, it has never
been verified with greener substrates.

The reaction of CO, and halohydrins (Scheme 2c) can give a
relatively high yield of 5CCs,*! but halohydrins are not abundant
and halogen acids are inevitably produced as co-products.
Another approach is the transcarbonation of diols with short-
chained linear carbonates, i.e., dimethyl and diethyl carbonates
(DMC and DEC, respectively, Scheme 2d). It is an interesting
alternative pathway to synthesize short-chain CCs. In this case,
green reactants and mild operating conditions are usually
employed.*>*® However, this route has been mainly studied for
low molecular weight substrates, and the formation of methanol
as a co-product of the reaction makes further separation steps
necessary.>*®> Among the pathways presented, the cyclo-

<

HO OH
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c) R>_<R + co,
1 2
HO OH
d) + ]
R4 R, H3;CO
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\ R4 R, /
e g /
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Scheme 2 Most common routes used for the synthesis of 5CCs: (a) cyclo-carbonation of diols, (b) oxidative carboxylation of alkenes, (c) reaction
of CO, and halohydrins, (d) transcarbonation of diols with dialkyl carbonates and (e) cycloaddition of CO, to epoxides.
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addition of CO, to epoxides (Scheme 2e) is the most studied.
Although it usually needs high temperatures and pressures, it
involves the use of CO, as the reactant and registers 100% atom
economy, generating high yields of cyclic carbonates without the
formation of any stoichiometric coproducts.** Considering all
the advantages and disadvantages of the reaction routes pre-
sented, the carboxylation of diols with dialkyl carbonates (d),
and particularly the fixation of carbon dioxide to epoxides (e) are
at the moment considered the most promising sustainable path-
ways because of their feasibility and versatility.®®

A broad spectrum of starting bio-based and waste-based
materials can be used.®*® Namely, 5CCs have been successfully
synthesized from vegetable oils,*”® vanillin,”® lignocellulosic
biomass derivatives, e.g. diphenolic acid,’* and terpenes (i.e.,
limonene).”” In the last few decades, the scientific community
has focused on the development of homogeneous as well as
heterogeneous catalysts to enhance the reaction rate and the
selectivity towards carbonates, while operating under milder
temperature and pressure conditions.”® To catalyze epoxy ring
opening, organic catalysts such as halide quaternary
ammonium salts, e.g., tetrabutylammonium bromide, iodide,
and chloride (TBAB, TBAIL, and TBAC), are usually utilized, and
eventually combined with hydrogen-bond donors (HBD).**%°
HBD are compounds either with OH moieties, metals, or their
combination, which act as Lewis acids, making the epoxy ring
more prone to nucleophilic attack from Lewis bases. The
halide ions, i.e., C17, Br~ and I, in TBAX, usually act as Lewis
bases, finalizing oxirane ring breakage.’”

Regarding the transcarbonation of diols, nucleophilic
organocatalysts are usually employed such as cyclic amines,
e.g., 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD); however, ionic
liquids, molecular sieves, and metal oxides have also been
demonstrated to act as selective catalysts for the carbonation
of diols to cyclic carbonates.*®%?

Considerable effort has been made in the application of
CCs for the synthesis of NIPU foams.'® Specifically, CCs with a
functionality equal to or exciding 2 are preferably applied as
monomers for the synthesis of NIPUs with sufficiently high
molecular weights. Table 1 presents the double or higher func-
tionalized 5CCs successfully employed as monomers for the
synthesis of NIPU foams, together with their molecular struc-
tures, raw materials, and synthesis process.

Bis-cyclic carbonates, i.e., containing two cyclic carbonate
functionalities, are the most common CCs, which have been
synthesized using several alternative renewable sources. One of
the first approaches was to introduce renewable epoxies in
fossil-based epoxies to increase the bio-based content of the
final product but maintaining most of the properties of the tra-
ditional products. For instance, a commercial mixture of 1,4-
butanediol diglycidyl ether (bio-based) and the diglycidyl ether
of bisphenol A, ie., DGEBA (fossil-based) named SR
GreenPoxy 33 (Sicomin epoxy systems), was successfully con-
verted to the respective 5CCs using atmospheric CO, at 105 °C
and promoted by TBAB.>

Cashew nutshell liquid (CNSL) has been recently explored
as a raw material for the synthesis of bis-cyclic carbonate pre-
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cursors. CNSL is an interesting biowaste material given that it
is rich in phenolic derivatives, i.e. anacardic acid and cardol,
which can be converted into valuable cardanol.”® After further
treatment, cardanol can be functionalized into many com-
pounds. The Cardolite company produces a cardanol-based
diepoxy named Cardolite® NC-514, which has been employed
as a starting material in the synthesis of cyclic carbonates by
the group of Torkelson.*>” The complete conversion of carda-
nol diepoxy into the respective bis-cyclic carbonate was regis-
tered after 80 h of reaction at 80 °C and in the presence of di-
methylformamide (DMF) as a solvent.’® The final product was
utilized for the synthesis of NIPU foams after the separation of
the solvent.

Another interesting source of NIPU foam precursors is
lignin and its derivatives. Lignin is a widely abundant bio-
polymer with a complex chemical structure and rich in pheno-
lic hydroxy functional groups. Kraft lignin, which is a type of
lignin obtained from the waste of the pulp and paper indus-
tries, has been converted into cyclocarbonated lignin in a two-
step process involving oxyalkylation with glycerol carbonate
(GC), followed by transesterification with dimethylcarbonate
(DMC) in DMSO (dimethyl sulfoxide).”® As a result, the lignin-
based bis-cyclic carbonate was found to have exceptionally
high reactivity towards diamines. However, the yield of oxy-
alkylated lignin in the first reaction was below 10% due to side
reactions. Unfortunately, lignin is difficult to handle due to its
very low solubility and brittleness, high-temperature sensi-
tivity, and heterogeneity. Therefore, future research on this
process