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Abstract: Among numerous synthetic macromolecules, polyurethane in its different forms has
proven its sheer dominance and established a reputation as a reliable and trusted material due
to its proficiency in terms of superior properties, which include: high mechanical strength and
abrasion resistance, good durability, good adhesion, good thermal stability, excellent chemical and
weathering resistance. Synthetic polyurethane materials are non-biodegradable, poisonous, and use
petrochemical-based raw materials, which are now depleting, leading to a surge in polyurethane
production costs. Bio-based polyurethanes (PU) have been synthesized by researchers in recent
decades and have mostly overtaken petrochemical-based PU in terms of challenges such as solid
pollution, economic effectiveness, and availability of raw materials. Enormous kinds of available bio-
renewable sources as predecessors for the production of polyols and isocyanates have been explored
for the development of “greener” PU materials; these bio-based polyurethanes have significant
potential to be used as future PU products, with a partial or total replacement of petroleum-based
polyurethanes, due to increasing concern about the environment, their relatively low cost and
biodegradability. This critical review concentrates on the possibilities of renewable sources to be
used for polyurethane production and gives a clear perspective on the journey, utilization, and recent
advancements in the field of different bio-based polyurethane polymers that have arisen over the
last decade.
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1. Introduction

Polyurethanes (PU) represent nearly 8% of the total plastics production and stand
tall as the 6th most widely used polymer in the world, with total production reaching
18 MTon in 2016 [1] and still progressing. The superior properties of PU, such as flexibility,
corrosion, resistance to chemicals, high automatic strength, low-temperature comfortability,
adhesiveness, and chemical structure adaptability, etc. account for their considerable
popularity among researchers. PU have urethane groups as major repeating units along
their main backbone chains, which are derived by reacting hydroxyl (-OH) terminated
chemical entities, with isocyanate (-NCO) terminated compounds, as represented by a
generalized scheme shown in Figure 1. In addition, some other functional groups may also
be present in the end constitutions of the PU chains, including ethers, esters, urea, biuret,
and aromatic moieties [2].

R-NCO + HO-R" — R-NHCOO-R~

Figure 1. Formation of Urethane Linkage.
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By altering the raw materials, additives, and the type of manufacturing process, the
PUs can be tailor-made with a wide spectrum of product implications, including foams,
fibres, adhesives, coatings, elastomers, and sealants, etc., Table 1 depicts the wide range
of applications associated with polyurethanes. According to the latest report, the global
polyurethane market will reach USD 88 million by 2026, with a compound annual growth
rate (CGAR) of 6% [3]. The utilization of Polyurethanes in various spheres of life is
represented in Figure 2.

Table 1. Wide Range of Applications Associated with Polyurethanes.
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Figure 2. Global Consumption of PUs in Different Sectors.

The physical properties of PU, such as superb adhesion, adaptability, superior chemi-
cal resistance, and high automotive strength make it a great alternative to the widely used
polymers such as formaldehyde and epoxy resins; however, the drawbacks associated with
the preparation and usage of polyurethanes poses a serious threat to the human health
and environmental hazards, which includes (i) the use of dangerous phosgene gas for
the conversion of amines into isocyanates, (ii) usage of CMR (Carcinogenic, Mutagenic,
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and Reprotoxic) labelled isocyanates for PU synthesis, namely Methylene Diphenyl Diiso-
cyanate (MDI) and Toluene Diisocyanate (TDI), and the health risks associated with their
long-term exposure, such as asthma, dermatitis conjunctivitis and acute poisoning (iii) post-
consumption dumping (into landfills and dumping ground) or incineration of PU, leading
to either hydrolytic degradation, that generates toxic amines which contaminates air and
water bodies or the disintegration to yield hydrogen cyanide (HCN), during burning [4,5].

To address these issues, a new quest has already begun and gained popularity to
produce non-isocyanate-based polyurethanes (NIPU), in which the common approach for
the PU synthesis involves the reaction between cyclic carbonates and amines, resulting in a
class of compounds called Polyhydroxyurethane (PHU) with hydroxyl groups [6,7]. This
extensive review provides a deep insight into the recent research and developments related
to polyurethanes prepared from bio-based materials being used in different segments, such
as adhesives, coatings, elastomers, and foams for a broad range of practical applications.
In addition, the new methodologies adopted in the field of NIPU, PU recycling, and PU
biodegradation have been highlighted in detail.

1.1. Bio-Based Polyurethane

Synthetic polyurethane materials are non-biodegradable, expensive, poisonous, and
have petrochemical-based raw materials, which are now depleting. Bio-based polyurethanes
are one of today’s most flexible materials, which can play a significant role in fostering envi-
ronmental goals of promoting waste reduction and sustainability. PU has seen a significant
shift from traditional petroleum-based raw feedstock toward diverse renewable alterna-
tives such as fatty acids [8], proteins [9], carbohydrates [10], vegetableoils [11], starch [12],
polysaccharides [13], cellulose [14], and a variety of different agricultural products and by-
products. Using renewable resources to produce polyurethane reduces adverse influences
on the environment, for instance, greenhouse gas emissions. In the recent decade, diverse
research groups have made rewarding efforts toward the synthesis of biopolyol-based
polyurethanes [15,16]. Polyols behave as soft segments and transmit flexibility and exhibit
elastomeric properties in the polyurethanes [17]. Polyols derived from vegetable oils have
been the subject of extensive research. Hydroformylation [18], ozonolysis [19], amidation-
esterification [20], metathesis [21], and epoxidation-ring opening [22], coupling of thiol-ene
with mercaptoethanol [23] have all been used to achieve this, and all have successfully
provided polyol with the desired properties; moreover, petrochemical-based isocyanates
are replaced by bio-based isocyanate to remove toxicity such as partially bio-based aliphatic
isocyanate. These impart water resistance, good mechanical strength, and flexibility to the
PU network [24]. Hence, bio-based polyurethane materials were created to solve challenges
such as solid pollution, economic effectiveness, and easy availability of raw materials. A
comparison of the properties of bio-based PU and petro-based PU is given in Table 2.

Table 2. Comparison of the Properties of Bio-Based Polyurethane and Petro-Based Polyurethane [16].

Property Bio-Based Polyurethanes Petro-Based Polyurethanes
Density (kg m~2) 112-181 141-181
Thermal Conductivity (Wm~1K~1) 0.06-0.0540 0.0540
Volatile Organic Compound (g m~3) Not detected at 61-91 °C Not detected at 61-91 °C

Compressive Strength (N mm™—2) 111-171 58.0
Tensile Strength (N mm™—2) 1.4-1.6 0.84
Bending strength (N mm~2) 2.7-3.5 1.88
Bending Stress (N mm~2) 1.55 1.50

Water Absorption (kg m~3) 0.3 0.24
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1.1.1. Vegetable Oil-Derived Monomers

Vegetable-oil-based polyols have reportedly been synthesized by ozonolysis, thiol-ene
coupling process, photochemical oxidation, hydroformylation, ring-opening events, and
epoxidation (Figure 3). Epoxidation is the major chemical pathway for making polyol,
followed by epoxy group reactions with ring-opening reagents such as glycerol, alcohol,
1,2-propanediol, water, and acids.
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Figure 3. Synthetic pathways for the synthesis of polyols based on vegetable oil [25].

Additionally, lactate polyols, prepared from 100% bio-renewable material are polyester
polyols that incorporate lactic acid units as a component. Polyurethane obtained from lac-
tate polyols is found to be biodegradable and biocompatible. Two methods are commonly
being reported for the synthesis of polyols from polylactic acids: (1) ring-opening addition
(lactide is added to hydroxyl groups to open the ring). (2) Different polyols are esterified
using lactic acid or Transesterification with lactic acid esters [25].

1.1.2. Bio-Based Isocyanates

To boost the renewable content of PUs, partially or potentially bio-based di-, tri-
or poly-isocyanates have been utilized. There are also reports on PU films made with
two bio-based isocyanates—ethyl ester L-lysine diisocyanate (LLDI) and ethyl ester 1-
lysine triisocyanate (LLTT)—and one commercial isocyanate, isophorone diisocyanate
(IPDI) [25]. Another study documents the preparation of bio-based polyurethane by
utilizing isocyanates derived from palm oil, which was reported to exhibit low toxicity, low
carbon emission, along with being cost-effective [26].
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2. Polyurethanes: Types, Synthesis, and Utilities
2.1. Polyurethane Adhesives

Polyurethane (PU) adhesives are known for their remarkable adhesion, weathering
resistance, excellent low-temperature performance, flexibility, and rate of curing, which
can be speckled according to the need of the manufacturer [27,28]. PU adhesives have
advantages over other adhesives being pressure-sensitive, having high tensile strength,
compressive modulus, and rip strength, and being transparent at room temperature. Owing
to a vast diversity among the raw materials, the properties of the PU adhesives can be
accustomed to a vast extent as per the needs of the users. The high-strength PU adhesives
can be utilized in both inelastic and permanently elastic applications [29].High penetration
of the adhesive into the wood, limited resistance to exfoliation, and undesired gap-filling
properties are the main drawbacks of PU adhesives [30]. Most of the commercially impor-
tant PU adhesives can be categorized as one component or two components of adhesives,
as depicted in Figure 4.

Polyurethane Adhesives

}

}

}

—
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Moisture-cured (liquid) PU )
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>
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Figure 4. Classification of Polyurethane Adhesives Based on Number of Constituents.

PU Adhesives—One-component Type: One component adhesives are self-curing
adhesives that do not have to be mixed with any other ingredients (curing agent) before
being applied to the substrate; they use an isocyanate-terminated pre-polymer that cures
naturally in the presence of moisture. After applying to substrates, a mist of water is
spurted on the adhesive to speed up the curing process [30].

Other types of one-component PU adhesives include solvent-based PU adhesives,
which are further categorised as reactive solvent-borne PU adhesive and non-reactive
solvent-borne PU adhesive [31]. The former involves high-molecular-weight oligomers
bearing isocyanate functionality and the latter shows no further reaction after application.
Solvents commonly used in these adhesives are toluene, ketones, ethyl acetate, butyl
acetate, etc.

Additionally, Waterborne polyurethanes are a kind of system composed of a dispersion
of binary colloidal particles within an aqueous medium that necessitate the addition of
water-compatible stabilising groups (emulsifiers) due to their hydrophobicity [32]. Blocked
PU Adhesives, as the term ‘blocked” implies, are the one in which one of the reactants



Macromol 2022, 2

289

involved is blocked chemically to inhibit the reaction. Commercially available blocked
isocyanates are mostly based on TDI, and derivatives of HMDI.

The thermoplastic PU adhesives are linear in structure with a functionality equal to
2 [33]. The desired molecular weight to synthesize thermoplastic PU adhesives is about
100,000 or higher; these are superior compared to hot melt adhesives, in terms of holding
strength, attained by crystallization.

PU Adhesives—Two-Component Type: Two-component PU adhesives are applied
where, a better flexible bond line is desired; these are commonly used for bonding two
different kinds of substrate, which exhibits a wide difference in their thermal expansion
coefficients. Due to their fast reaction rate, two-component polyurethane adhesives are gen-
erally prepared with components supplied in separate compartments. The two-component
PU adhesive is broadly categorized as Structural PU adhesives and Waterborne Two-
Component PU adhesives.

Structural PU Adhesive provides excellent mechanical strength by forming a chemical
cross-link between the reactive components, thus leading to a three-dimensional polymer
network, a necessity for structural performance [34]. Waterborne Two-Component PU
Adhesive consists of two components, with one of the components as PU dispersions and
the other one as a crosslinker [35].

Moreover, the addition of fillers can potentially change the physicochemical and
mechanical properties of adhesives. Talc, calcium carbonate, silica, titanium oxide, carbon
fibre, clay, and other fillers are commonly used in PU. The effect of nanosized TiO, filler on
various characteristics of PU glue was investigated in a recent study. In PU adhesives, TiO;
has been shown to improve surface adherence, solar reflectance, and crack resistance [36].

In general, synthetic adhesives are more resistant to moisture, chemicals, and biological
organisms than natural adhesives. Bio-renewable sources such as vegetable oils, starch,
protein, lignin, lactic acid etc. constitute a valuable source for the synthesis of polyols to
produce “sustainable, environment friendly”” PU adhesives [37]. Bio-based polyurethane
adhesives from various sources are discussed here:

2.1.1. Protein

Protein-based PU adhesives can be prepared from both animal as well as plant sources.
The advantages and disadvantages of the different animal and plant protein-based adhe-
sives have been reported in Table 3.

Table 3. Different Animal and Plant Protein-based Adhesives [38].

Animal-Based

Adhesives

Advantages

Disadvantages

Tissue and bones

Cheap, non-toxic, sets quickly, has a high
shear strength, and doesn’t
discolour wood

Has low water and damp
resistance and does not produce
distinct adhesive lines

Rapid heat setting, excellent dry shear

Albumin and blood strength, microorganism resistance, and Suitable to glue thin sheets
does not discolour wood
Resistance to water, damp conditions, May discolour woods, dissolves
Casein elevated temperature, high only at high pH, expensive, not

shear strength

suitable for exterior use

Plant-Based

Adhesives Advantages Disadvantages
Denaturation of proteins in
Non-toxic, has strong dry strength, and  alkaline solution which is caustic
Soybean is moderately resistant to heat, wet, and and discolour wood, sensitive to
damp environments. microbial degradation, and not

suitable for exterior applications

Low shear strength, produces
Non-toxic, hygroscopic, superiority blisters, small bubble-like voids,

Peanut TN
of colour and peanut allergies limit its
applications.
Gluten Non-toxic, sustainable source of protein Costly




Macromol 2022, 2

290

2.1.2. Vegetable Oils

Vegetable oils are an excellent raw material for the production of PU adhesives. The
most important component of vegetable oil is triglycerides, which are glycerol esters with
three long chains of fatty acids of varying composition depending on the source of the
oil. As triglycerides hydrolyse to form a range of fatty acids and glycerols, polyols, and
isocyanates, raw materials for the synthesis of polyurethane can be derived from them.
Various vegetable oils that can be utilized for PU synthesis are Castor Oil, Palm Oil, Canola
Oil, Soyabean Oil and Jatropha Oil.

Castor Oil

Of all the vegetable oils, castor oil is the favourite among the researchers and the most
commonly used one because of its renewability, low cost, easy availability, and being non-
edible. Castor oil contains ricinoleic acid, which is a monounsaturated fatty acid, bearing
a hydroxyl functional group and thus, can be employed for PU synthesis [39]. Different
compositions of PU adhesives derived from castor oil have been reported in Table 4. Being
non-edible (due to the presence of toxic protein, i.e., ricin), there is no hesitation among the
researchers to use it as a potential source of PU synthesis. The mechanical properties of
the castor oil-based adhesive are highly dependent on the NCO/OH molar ratio, due to
higher or lower cross-linking achieved during the reaction. Studies on solvent-less castor
oil-based PU adhesives reported the impact of the NCO/OH molar ratio and the chemical
characteristics of the substrates on the adhesion force [40]. As reported, the resulted PU
adhesive foam joints displayed peeling strength values of 75% and wood joints showed lap
shear strength values 20% higher than that of commercialized solvent-based adhesives.

Table 4. Different Compositions of PU Adhesives Derived from Castor Oil [35].

Compositions of . R
S. No. PU Adhesive Method of Preparation Applications
Bonding/adhesion of
1. Castor oil—pentaerythritol Trans esterification reaction ~ wood to wood and metal
to metal
2. Castor oil—polyester polyols Trans esterification reaction Wood adhesive
. . . Wood-wood, steel-steel
3. Castor oil—cellulose acetate Condensation reaction adhesion
4 Castor 0il—MDI modified Condensation reaction Wood-wood, stainless
) cellulose acetate steel lubricants
5. Castor oil-based PU adhesives Condens;a tion/ trans Wood adhesives,
esterification reactions sealants

Castor oil—dicarboxylic acid
6. (maleic acid, fumaric acid, Condensation reaction Wood Adhesives
oxalic acid)

Palm Oil

Palm oil and palm kernel oil are the two main forms of oil generated from the palm oil
tree. Palm oil has been reportedly used by researchers for the production of PU adhesives,
which shows higher hydrolytic stability and hydrophobicity. Patel et al. studied the ring-
opening reaction of epoxidized palm olefin with phthalic acid, which is utilized to generate
PU adhesives with, which contain palm oil-based polyester [41]. Khoon et al. studied
polyurethane wood adhesive derived from palm oil-based polyester polyol, where glycerol
was used as a crosslinker and DBTL as a catalyst [18]. TDI and MDI were employed as
isocyanates in this study. Radojc¢i¢etal., explored the ring-opening polymerization reaction
of palm oil-based polyol to synthesize polyester PU with low hydroxyl content, with high
molecular weight exhibiting a longer gel time [42].
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Canola Oil

Canola oil has unsaturated double bonds in its fatty acid chains as well as an ester
group, which allows it to be employed in the manufacturing of a wide range of important
goods, such as polyols, owing to its high protein content and hydrophobic properties.
Canola oil-based PU adhesives have excellent attributes such as equivalent lap shear
strength, chemical resistance, and hot water resistance, implying that they have a lot of
potential in particleboard manufacture. Li et al. [20] studied the adhesion attributes of
sodium bisulfite (NaHSO3)-modified canola protein. Protein was extracted from canola
meal through alkali solubilization and acid precipitation methods and was further modified
with different concentrations of NaHSOj3 (0-15 g/L). With the increase in the concentration
of NaHSO;3, the purity of canola protein was found to be decreased. The isolated wet
protein was used as an adhesive.

Jatropha Oil

Jatropha oil is a non-edible, renewable 0il with gum that can be utilized in adhesives,
with excellent adhesion and improved mechanical characteristics. Aung et al. reported
jatropha oil-based PU adhesive bearing epoxy groups which enhanced adhesion [19].
Gadhave et al. reported jatropha oil-based polyurethane adhesive via epoxidation reaction
of hydroxylated polyols with 2,4-toluene diisocyanates [43]. Saalah et al., synthesized a
renewable jatropha oil-based polyol by polymerization of jatropha oil with isophorone
diisocyanate and dimethylol propionic acid; the product is widely used as a binder for
wood and decorative coatings [22].

Soybean Oil

Soybean-based adhesives have mostly been utilized in the production of adhesives as
well as wood composites such as particleboard and medium-density fibre board. Dai et al.
synthesized Soy oil-based PU adhesives by reacting BIOH polyols X-0002 and IPDI via
maintaining NCO/OH ratio 1:4 and examined the variations in physical and mechanical
properties with hydroxyl functionalities in soy-based polyols in PU films [37].

2.1.3. Lignin

Lignin is generated as a by-product from the paper and pulp industry. The glass
transition temperature, aromatic content of the final polymer, and thermal stability of
adhesives can all be improved by including lignin into the polyurethane matrix as a polyol
substitute. Due to its aromatic crosslinked structure, lignin is somewhat steady at high
temperatures and works as a thermosetting material. Because of its aromatic composition,
lignin acts as a hard segment and replaces the soft segment of PU, i.e., polyol, and boosts
the mechanical strength, thermal characteristics, and composite material properties of
blends, copolymers, and composite materials. Lignin incorporation into PU matrix leads to
enhancement in its thermal stability, delamination, and resistance to abrasion [44]. Alinejad
et al., prepared lignin-based polyurethane adhesives by polymerization of lignin with
toluene -2,4-diisocyanate (TDI) and partial polyethylene glycol (PEG). Partial polyethylene
glycol was used but, it was further replaced by lignin to avoid the hard and brittle prop-
erty. The final product was used as wood adhesives. The amount of lignin incorporated
enhanced the glass transition temperature and thermal stability of the adhesive [29].

2.1.4. Starch

Starch is widely being used in many industrial applications, such as the food industry,
pharmaceutical industry, paper industry, and printing industry because of its inherent
biodegradability, abundance, and renewability [45]. The main sources of starch are wheat,
rice, potato, corn, etc. Two natural resources are potato starch and edible or non-edible
plant-derived oils that can be employed to prepare PU adhesives. Starch glycosylation
followed by oil transesterification to generate polyol can be used to make starch-based
PU adhesives.
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2.1.5. Polylactic Acid

Thermoplastic polyester polylactic acid is noted for its biodegradability. Lactate
polyols are polyester polyols that include lactic acid units as a component and can be
prepared from 100% bio-renewable material. Gadhave et al., prepared high functionality
polyester polyols containing lactate polyols suitable for rigid cast polyurethane, having
high bio-based content and that exhibit biodegradability [43].

2.1.6. Applications of Bio-Based PU Adhesive

Owing to the high stickiness on a variety of substrates such as metals, wood, plas-
tics, glass, etc. These bio-based polyurethane adhesives have a wide range of industrial
applications. The applications of bio-based polyurethane adhesive in assorted sectors are
described below:

In Construction: PU adhesives are widely used in wood flooring, heavy-duty rubber
flooring, and parquet bonding due to their great strength and resistance. PU adhesives are
suitable for ceramic tiles, mirrors, bath surrounds, and concrete due to their ability to bond
wet/frozen timber, as well as their high green strength and shear strength [27].

In Packaging: Snack food bags, printed films, and shopping bags commonly use one-
component PU adhesives for adherence. In addition, for medical applications, a tailored
two-component PU adhesive is used to adhere polyvinyl chloride to aluminium sheets.
Hot melt PU adhesives are suited for wrapping applications due to their low viscosity and
low application temperature.

Transportation: Polyurethane adhesives are used in a variety of industries, including
automotive, trucks, and railways. Polyurethane adhesives are highly appreciated due to
their short cure time and ability to generate strong flexible bonds [46].

Electronics: PU adhesives are good for bonding copper foil, electronic coil fabrication,
surface fix conductive adhesion, and bonding die-stamped printed circuit boards due to
their properties of curing at room temperature, endurance, and great resistance to thermal
shocks and vibrations.

Footwear: The shoe industry requires PU adhesive to join waterproof insole materi-
als and in the sole attachment because of its excellent water resistance, substantial heat
resistance, flexibility in cold rapid settings, and good initial strength [47].

Biomedical applications: Tissue adhesives have gained popularity in recent decades,
owing to an increase in the number of surgical procedures performed around the world.
Depending on the adhesive purpose, these tissue adhesives are categorised into three basic
types: (i) Hemostats, which prevent blood loss by interfering with the coagulation cascade,
generally have weak mechanical characteristics and are employed in cases of blood loss
owing to sutures tissue injury; (ii) glues that cling strongly to tissues and (iii) Sealants,
which create a physical barrier to stop air/gas or blood seeping [48]; they usually provide
mid-range tissue adhesion and are utilised in conjunction with sutures [34], and these
systems, on the other hand, perform better in a dry atmosphere.

2.2. Polyurethane Coatings

PU coatings are used to enhance mechanical strength and to induce desired barrier
properties in the components of aircraft, automotive, container ships, oil tankers, industrial
machines, residential refrigerators, etc., [49]. In addition, these organic coatings shield
the materials from intrusive environmental conditions such as humidity, biological de-
terioration, chemical and automated destruction, and radiation and impart colour and
gloss [50]. Different types of PU coatings of industrial importance are discussed in the
subsequent section.

High solids polyurethane coatings: High solids coatings have narrow molecular
weight distribution and low solvent emissions; they have a suitable spray viscosity, which
in combination with their low molecular weight, is responsible for their drying behaviour,
without compromising the performance of the material [51].
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Ultraviolet (UV) curable polyurethane coatings: PU curing polyurethane coatings
have become popular in recent years. Polymerization and thermal curing processes, which
involve solvents and catalysts, are used to fix traditional polyurethane coatings [52]. UV-
curing technology is distinguished from thermal curing by the 5E abbreviation, which
stands for Eco-Friendly, Economical, Efficiency, Enabling, and Energy Saving, making
it “clean and green” [53]. Polyurethane acrylate-based UV-curable coatings are excel-
lent in imparting abrasion resistance, impact resistance, scratch resistance, and optical
transparency [53].

Hyperbranched polyurethane coatings: The three main types of dendritic polymers
are dendrimers, hyperbranched polymers, and dendrigrafts. Because of their unique struc-
tural properties such as no entanglement and high surface functionalities, hyperbranched
polymers and dendrimers emerged as an important class of polymeric materials in the
recent years; they also have enhanced cross-link density, excellent reactivity, and reduced
viscosity. Hyperbranched polymers, on the other hand, are preferred over dendrimers due
to their one-step synthesis and fewer purification processes. Hyperbranched structures
outperform linear structures in terms of characteristics [54]. Hyperbranched poly (ester
amide) was also shown to be biodegradable, which might be considered a green advantage
in advanced surface coating technology [55].

Water-borne polyurethane coatings: WPU material has received a lot of attention in
the past few decades due to its many advantages, such as good flexibility, stiffness, impact
and abrasion resistance, gloss, chemical resistance, lesser flammability, high adhesive
strength, durability, low viscosity, easy cleaning and weather-ability, as well as zero or
low volatile organic chemical compound emissions [56]. Because the viscosity of a WPU
dispersion is independent of the polymer’s molecular weight, high solid content WPU
dispersions with high-molecular-weight films can be produced with outstanding quality
simply by physical drying [57]. A binary colloidal system in which PU particles are
continually disseminated in aqueous solutions is known as PU dispersions. Due to ionic
groups (PU ionomers) in the linear thermoplastic PU backbone, WPUs are dispersible in
water. Polyurethanes, on the other hand, are not water-dispersible due to hydrophobic
isocyanates (which also react with water) [58]. A PU ionomer is a copolymer with a PU
backbone and repeat units that include pendant acid groups that are neutralised completely
or partially to form salts. Internal emulsifiers include cationic-like quaternary ammonium
groups, anionic-like carboxylated or sulfonated groups, and non-ionic groups such as
polyols containing ethylene oxide end groups. Micelles are formed in water by cationic
and anionic PU ionomers, respectively. The types of ionomers, isocyanates, and polyols
utilised all have an impact on the performance of the resulting WPU dispersions.

UV curable WPU coatings: UV stable coatings cure quickly when exposed to ultraviolet
light, resulting in outstanding performance. UV-curable waterborne polyurethane com-
bines the advantages of UV equipment with those of aqueous coatings. UV-curable WPU
coatings had been widely investigated because of their flexibility, non-toxic behaviour,
chemical resistance, and remarkable mechanical properties. UV-WPU coatings, despite
their many advantages, have worse solvent resistance and thermal stability than typical
solvent-based polyurethane coatings, and the tensile strength is significantly reduced at
temperatures above 80 °C. Due to their lower VOC emissions than solvent-based PU
coatings, environmentally friendly waterborne polyurethane (WPU) coatings are widely
employed [58]. The UV-cured WPU coatings are a significant class of green and environ-
mentally friendly coatings with excellent mechanical qualities and a quick curing procedure.
Due to numerous end groups, compact molecular structure, and reducing chain entangle-
ment, hyperbranched polyurethanes (PUs) have intriguing features such as high solubility,
reactivity, and good rheological behaviour.

Hyperbranched WPU coatings: Because of their distinct molecular architectures, such
as compact molecular nature, numerous end groups, and decreased chain entanglement,
hyperbranched polymers differ significantly from their linear counterparts. Branched-chain
polymers have the most exciting properties, such as good rheological behaviour, strong
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reactivity, and solubility, and so have a wide range of applications [59]. The step-growth
polycondensation technique is used to make polycarbonate, polyphenylene, polyesters,
poly(ether ketone), polyamides, poly(4-chloromethylstyrene), polyurethanes, and other
hyperbranched polymers. The number of generations, which is a statistical measure of the
total number of monomers in a hyperbranched polymer, influences the compatibility of
hyperbranched WPUs with nanofillers.

Nanocomposite WPU coatings: Waterborne surface coating materials with low volatile
organic compounds (VOCs) are environmentally safe and, as a result, the most sought-
after materials in today’s society. Waterborne polyurethane (WPU) coatings offer excellent
stiffness and elasticity, but they have much lower mechanical strength and toughness than
solvent-based coatings. Nano-sized inorganic fillers have been added to WPU dispersions
to create nanostructured coatings, demonstrating that this is a potential method for increas-
ing WPU properties. The manufactured WPU nanocomposites have a lot of potential as an
environmentally friendly transparent surface coating material with low VOC content.

2.2.1. Vegetable Oil-Based Polyurethane Coatings

Polyurethane coatings based on vegetable oil have proven their worth by exhibiting
significant properties such as abrasion and chemical resistance, remarkable toughness,
corrosion resistance, low-temperature flexibility, and prospering industrial applications,
as well as lowering or eliminating the use of volatile organic compounds (VOCs). The
type of PU coating depends on the curing procedure and solvent employed. In addition
to dispersing conventional polyurethane using petrochemical solvents, extensive research
has been done on water-based PU extracts that use water as a solvent. Dispersions of
waterborne PU have an inherent benefit over traditional in that they are environmentally
friendly and safe to use [54]. PU treatment can occur at room temperature or below room
temperature. UV curing is a type of thermal curing that uses UV radiation to provide the
energy needed for the curing operation. To improve the properties of conventional PU
coatings to fulfil the industrial norms, extensive investigation has been done on high-solid
contents, nanocomposites, and hyperbranched coatings of PU, which are dependent on the
respective properties and compatibility of distinct components [49]. Because it takes less
time, uses less energy, and has a better curing action than other techniques, this method
has proven to be more efficient than others. A sustainable alternative to mitigating failures
from degradative corrosion is the appropriate utilization of domestically leftover resources
such as vegetable oils (Figure 5).
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Figure 5. Common Vegetable Oils’ Degree of Unsaturation and Fatty Acid Composition [55].
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2.2.2. PU Coatings Based on Cashew Nut Shell Liquid (CNSL)

In addition to vegetable oils, CNSL, an agricultural by-product of the cashew indus-
try, has been utilized as binders for coatings material [60-62]. Meta substituted phenolic
compounds identified in CNSL, a reddish-brown phenolic lipid, include 2-methyl cardol,
cardol, cardinal, and anacardic acid. High vacuum distillation of CNSL yielded cardanol,
a crucial precursor for a variety of oligomers and polymers [62,63]. For polymer curing,
the meta-position of an unsaturated alkyl chain (C;5H31.05, n = 0-3) can be used as an
autoxidizable site [64]. CNSL (cashew nut shell liquid) is a naturally occurring substituted
phenol that can be used in place of phenol, with similar or superior outcomes. It is a
low-cost and renewable material that finds use in Insecticidal, fungicidal, anti-termite, and
therapeutic applications. In addition, it is also used as an additive in many plastic composi-
tions. Cardanol-based polyols are considerably modified (the most common modification
site is the phenolic hydroxyl group), resulting in autoxidizable bio-based polyurethane
coatings with isocyanates [64]. All cardanol-based polyols have a 15-carbon side chain at
the meta position, which may affect the polymers’ thermal and mechanical properties, as
all changes are made to these unsaturation sites. Friction materials, cars, surface coatings,
adhesives, laminates, rubber compounding, and a range of other applications use CNSL
resins. The chemical structure of different cardanol-based polyols (CAP) from aromatic
cardanol is depicted in Figure 6.
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Figure 6. Chemical Structures of CNSL’s Major Components [63].

Because of the aromatic ring of cardanol, the PU backbone is particularly rigid, and the
PU coating has a firm adherence to the metal, resulting in improved stiffness and hardness.
Aside from CNLS-based polyol, CNLS-based cyclic carbonate (CC) was efficiently used as
a precursor for non-isocyanate polyurethane preparation (NIPUs) [64]. For the synthesis
of NIPU, di-glycidyl ether of cardanol (NC-514), a CNSL-derived product and epoxy
formulation modification, was employed.

2.2.3. Polyurethane Coatings Based on Terpene

Terpene-based polyols with strong impact strength, water resistance, adhesion, flexi-
bility, and pencil hardness can be crosslinked with poly-isocyanate to produce PU coatings
(Figure 7). Terpenoids are good bio-based raw ingredients that have a high value in polymer
applications [65].
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Figure 7. Chemical structure of polyols based on terpene [65].
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2.2.4. Polyurethane Coatings Based on Eucalyptus Tar

Eucalyptus tar is a complicated combination primarily made up of phenols, particu-
larly guaiacyl and syringyl derivatives [66]. A solid residue known as bio-pitch is created
during the distillation of bio-oil, and it makes up a considerable component of the final
product (approximately 50%). To make a tar-based varnish and a bio-pitch-based black
paint, eucalyptus tar derivatives are used as a source of hydroxyl groups. Eucalyptus tar
was distilled to produce heavy oil and bio-pitch, which were then mixed with castor oil to
create a renewable polyol [67].

2.3. Polyurethane Foams

Among most polymers, the actual kingpin of the cellular structure kingdom is
Polyurethane (PU) foams, which account for 67% of the global PU consumption and repre-
sents 50% of the polymer foam market [68]. PU foams hold a good reputation for several
applications such as thermal insulation, acoustic insulation, automotive seating, mattresses,
etc. Based on their density they are classified as rigid, semi-rigid, and flexible foams.

Bio-based polyurethane foams: Bio-based building blocks such as alginate and other
carbohydrates have been successfully integrated into PU foam networks via their hydroxyl
groups (-OH) for improved biocompatibility and breakdown kinetics.

2.3.1. Vegetable Oil-Based Polyurethane Foams

In recent years, interest in the synthesis of vegetable oil-based polyurethane foams
has increased significantly. Lubczak et al. [69] produced rigid polyurethane foams based
on polyol derived from hydroxyalkylation of cellulose with glycidol and ethylene carbon-
ate. These foams exhibited several inherent properties equivalent to conventional rigid
polyurethane foams including apparent density (60.5 kg/m?), low shrinkage (~3%), and
low water absorption percentage of 6.6%. The thermal Conductivity of these foams turned
out to be 0.0338 W/m K. Lin et al. [70] produced bio-based polyurethanes utilizing polyols
consisting of lipids derived from enzymatic hydrolysis of food wastes, comprising a mix-
ture of rice, noodles, meat, and vegetables, etc. The polyols required for foam synthesis
were developed by trans-amidation with diethanolamine and epoxidation followed by
epoxy ring-opening with trimethylolpropane. Takemura et al. [71] tried to reduce the
reliance on petroleum-based polyol by using four different sets of agricultural waste lig-
uefied polyols including Oil seed Rape Straw (OS), Rice Straw (RS), Wheat Straw (WS),
and Corn Stover (CS) respectively and consequently studied the influence of NCO/OH on
the foam properties such as density, compressive strength, elastic modulus, morpholog-
ical structure, storage modulus (E’), glass transition temperature (Tg), water absorption
ability, etc. respectively. It was observed that density, compressive strength, and elastic
modulus first decrease then held stable, and finally improve with increasing NCO/OH
ratio; moreover, the glass transition temperature values shift to the higher temperature
range at a high NCO/OH ratio. Chittapun et al. [72] investigated the usage of cellulose
extracted in a high yield percentage of ~37.2% from Kai algae composed of Cladophora
sp. and Microspora sp. by the alkalization of macroalgae having incorporated in varying
dosages as a reinforcing filler for polyurethane foam composites. The addition of algal
cellulose led to open cells and softer foam with reduced cell size along with an increase in
apparent density, however, a decline in compressive modulus values was observed. The
presence of filler at 1% (w/v) concentration has caused increased stiffness and transition
temperature but a drop in loss modulus.

Hu et al. [73] successfully developed flame retardant and self-extinguishing flexible
polyurethane foam by coating the foam surface through a layer-by-layer assembly of up
to 9 bilayers of alginate, alginate, chitosan, and hydroxyapatite particles; they studied
the effect of the number of bilayers deposited on the foam surface on the flame-retardant
and the mechanical properties of the resultant foams. PU Foams coated with 9 bilayers
exhibited self-extinguishing characteristics at 32 s during exposure to a butane torch.
The incorporation of 9 bilayers of FR coating to the flexible foam remarkably led to a
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decline in both peak heat release rate and smoke production rate by 77.7% and 53.8%
respectively. The introduction of hydroxyapatite particles as reinforcement having a rigid
surface resulted in an enhancement in tensile strength value by 56% against uncoated
foams [74]. Senthil et al. [75] prepared reinforced biodegradable polyurethane foams and
strips in a one-shot process by reacting a trifunctional polyol-polycaprolactonetriol as a
soft segment and isophorone diisocyanate (IPDI) as a hard segment while incorporating
fullerenes as a reinforcing agent in different loadings into the cellular network structure.
It has been observed that the density and the hardness values of the fabricated foams
tend to increase and vary as a function of Cgy concentrations. Leszczyriskaa et al. [76]
investigated the combined role of renewable resources on the individual properties of
cellular foams during the fabrication of rigid polyurethane foams; they utilized different
concentrations (10-50 wt.%) of rapeseed oil-based polyol (RO) and egg shell (ES) waste
in a fixed amount of 20 php as reinforcing filler for the production of rigid foams. The
obtained foams appeared light-yellow in colour with apparent density ranging from 85 to
93 kg/m?>. The presence of RO polyol and ES filler induced lowering of glass transition
temperature in the final foams owing to the plasticizing effect of fatty acid hydrocarbon
chains of vegetable oil-based polyol. The compressive strength values of obtained foams
were also found to be decreased with the addition of RO in the formulation recipe. The
incorporation of vegetable-based polyol in higher concentrations has also compensated for
the rise in foam friability and water absorption characteristics due to the presence of filler
powder while improving the dimensional stability of the resultant foams.

2.3.2. Application of Bio-Based Polyurethane Foams

Polyurethane foams are one of the most versatile materials used today in different
engineering and household applications, which include:

Insulation: Polyurethanes are inexpensive, long-lasting, and reduce carbon emis-
sions [77]. Polyurethanes provide insulation that reduces heat loss in buildings, auto-
mobiles and refrigerators, thus saves energy. Polyurethane insulations are popular because
of their durability and less maintenance and easy installation [78].

Furniture and Bedding: Polyurethanes are widely employed in furniture and bed-
dings [79]. Flexible polyurethane foams are generally used for cushioning purposes, as
their density can be adjusted according to the requirement of the users.

Footwear: Polyurethanes allow designers to make footwear that should be restful,
durable and fit for use [80]. Polyurethanes with good abrasion-resistant properties are used
to make shoe soles of high strength.

Packing Foams: Packing foams provides protection and cushioning to packaged prod-
ucts [81]. Polyurethane foams are available in convoluted, flat and custom-cut shapes and
are often used to pack highly sensitive equipment such as electronics and circuit boards.

Rafting Boats: Raft manufacturers use RPUFs to produce inflatable boats and surf-
boards, as it provides strength, buoyancy and sounds deadening [82].

Biomedical applications of PU foams: There are various advantages to using PU foams for
wound dressing purposes; they can provide acceptable gas and moisture mobility while
having little adhesion to the wound spot due to their tunable porosity and pore diame-
ters [83]. Silver nanoparticles for asiaticoside and antibacterial activity, a recognised herbal
wound curing agent, were used to enhance bioactive characteristics. High polysaccharide
components contributed to a powdery surface and reduced mechanical characteristics, so
foams with middle polysaccharide components were analysed for their experimental effi-
cacy in human patients with distressing dermal burns or abrasion wounds [84]. Outcomes
demonstrated non-infected and accelerated wound healing as compared to usual treat-
ments. Silver nanoparticles display cytotoxicity at high amounts, an approach to tackle this
concern is by nanoparticle encapsulation with phenolated lignin before its incorporation
into the PU foam [85].
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2.4. Polyurethanes Elastomers

Polyurethane is an extensively used synthetic elastomer in biomedical applications
due to its outstanding hemocompatibility and biocompatibility. Amending its chemical
structure can affect its mechanical attributes such as responsiveness, fatigue resistance,
elasticity, tolerance, or durability in the body during healing. Additionally, adjustment
of chemical groups for PU structure, allows for an alteration of surface and bulk, by
introducing biomolecules such as biorecognizable groups or anticoagulants, as well as hy-
drophilic/hydrophobic balance. Such variations have been developed to improve implant
acceptability. As a consequence, traditional solvent-based polyurethanes have become the
industry standard for high-performance systems, and are widely employed in medical
devices such as tubing, dressings, antimicrobial membranes, catheters, and total arti-
ficial hearts, among others [86]. Figure 8 briefly displays the different applications of
polyurethane elastomers in the biomedical field.
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Figure 8. Classification of Polyurethane Elastomers in Biomedical Field.

2.4.1. Non-Implantable Devices
Wound Dressing

Skin healing takes place in different time spans, depending on the extent of the case,
according to the wound kind, infection degree, origin, depth, and health of the patient
(diabetes, cancer). Wound exfoliation (removal of infected tissues), swabbing for infection,
washing, and ultimately dressing with an acceptable system are all part of the chronic
wound care standard; this stage is especially delicate, as an inappropriate substance might
induce wound dryness or over-moisture, which can lead to bacterial infection [87].

Films as Wound Dressing Applications

Bio-based PU wound dressing membranes have been developed from vegetable oils.
For example, a ricinoleic methyl ester-based prepolymer and methoxysilane (Si-OMe)-
terminated castor oil prepolymer were used to make hybrid PU/siloxanes [88]. The intro-
duction of a synthesised aniline tetramer resulted in significant electroactivity, antioxidant,
and antibacterial properties [89].
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Fibrous Mat for Wound Dressing Applications

Blending TPUs with biopolymers such as gelatin and/or chitosan before electrospin-
ning has significantly improved the attributes such as biocompatibility, flexibility, and
hydrophilicity [90] of wound dressing mats. Another method relies on the creation of a
bi-layered mat prepared using gelatin electrospinning and electrospun TPU [91]. With
AgNO;, for example, antibacterial TPU-gelatin-chitosan blends have been created, where,
the mechanical support was provided by PU, with gelatin and chitosan as supplemen-
tary components.

2.4.2. Implantable Devices
Long Term Implants

Soft Tissues

Cardiac system: The production of biomimetic cardiac patches with elastomeric qualities
while preserving mechanical support for the tissue is the topic of investigation for cardiac
system applications. Due to a dearth of effective solutions, the demand for bioactive and
biocompatible cardiac patches for improved cell proliferation and adhesion is increasing.
Many polycaprolactone (PCL)-based PUs are used in cardiac patches and cardiac scaffolds
containing urethane and urea groups for better mechanical attributes, derived from castor
oil-based polyols [92]. To promote cell electroactivity and proliferation, oligomeric aniline
subunits were added [93]. The generated scaffolds in this case had increased conductivity
as the aniline level increased. The integration of manufactured gold nanowires/nanotubes
in a castor oil-based PU also led to a fruitful electrical stimulation of cardiomyocyte cells
for improved proliferation, adhesion, and subsequent heart tissue regeneration [94].

Cartilage: Cartilage tissues need better mechanical strength and modulus. Supramolec-
ular ionic bonds from alginate-based PU elastomers with configurable elevated mechanical
performance have been developed for this application [93]. The Young moduli ranged from
14 to 93 MPa. In vivo, the scaffolds degraded slowly, which was equivalent to PCL-based
scaffolds. The preparation of water-based PU micelles has also been tried in conjunction
with the synthesis of biodegradable PU in the form of porous scaffolds or ionic nanopar-
ticles [95]. Researchers proceeded further by adding chondrogenic induction factors and
blending the PU with hyaluronan solution for improved cartilage healing [96].

Muscles: For muscular applications, biobased TPU films based on biobased polyesters
such as polylactic acid (PLA) [97] or polyhydroxyalkanoates (PHA) derivates have lately
been prepared. Novel polyurethanes made from Hexamethylene Diamine Diisocyanate
(HMDI), poly (3-hydroxybutyrate-co-4-hydroxybutyrate) (P3/4 H B) diol, and PLA diol
were produced in a recent work [83]. Owing to a more regular structure compared to
arbitrary block polymerization, porous scaffolds from PULA-alt-3/4 H B exhibit superior
hemocompatibility, and shape recovery hydrophilicity, in vivo and in vitro cytocompatibil-
ity, which makes it a better candidate for muscle tissue scaffolds [88].

Nerves: Treatment options for peripherical nerve injuries is end-to-end interconnection
if the space is less than 2-3 cm, and autologous graft for a longer gap. Biobased and
biodegradable nerve conduit scaffolds have now been developed to direct the nerve’s
repair through a tubular graft to replace autologous grafts. Owing to their excellent bio-
compatibility, tunable mechanical strength, biodegradability, and flexibility, polyurethanes
are the most competitive materials. WPU films and a porous polyurethane network were
prepared from a reported formulated [95] and employed in various biological applications.
The inner, outer surfaces (9 and 42 m, respectively) and cross-section (23 m) of a porous PU
scaffold showed pore interconnectivity and unequal pore diameters, which are reportedly
found to be more effective than symmetrical pores, at draining wound inflammation waste
during the early stages of neuron regeneration [98], thus, resulting in faster nerve regenera-
tion. Porous networks showed superior permeability of a model bovine serum albumin
(BSA) solution compared to PU films [99], implying effective mass transport for improved
nerve healing.
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Vessels: Currently, autogenous grafts are the most common procedure for vascular
replacement, much as they are for hard tissue repair. Some individuals, however, lack
sufficient autogenous tissues, necessitating the use of synthetic vascular grafts. Nonetheless,
the development of tiny vessel scaffolds is required for improved compatibility and tissue
regeneration [100]. A lysine triisocyanate PEG prepolymer was combined with an earlier
synthesised polyester triol composed of glycolide, glycerol, D, L lactide, and caprolactone
to create biobased PUs networks [101].

Hard Tissues

Even though the physicochemical and mechanical qualities of scaffolds are accept-
able for bone tissue growth, and bone tissue regeneration; using PU scaffolds can have
drawbacks such as inadequate cellular adhesion, differentiation, and biomineralization;
this could be due to some breakdown products causing large pH changes in the scaffold
microenvironment. It has been documented that a pH of around 7.40, which is around
the physiological value, promotes osteoblast proliferation and differentiation [102]. An-
other disadvantage of PUs is their overall lack of bioactivity in specific tissue applications
such as bone tissue regeneration. The scaffold prepared from glycerol-modified CO had
better mechanical properties than the CO-based scaffold, with an elastic modulus of up
to 165.36 MPa, probably due to a reduced number of hanging and unreacted end-groups.
Good biocompatibility and osteogenic differentiation were achieved, as well as excellent
bone matrix and trabecula regeneration. Another method is to graft bone ECM components
to boost cell affinity and, as a result, promote high bone tissue regeneration [103].

Short-Term Implants

Drug delivery: Bio-based drug delivery systems have been developed with the goal
of enhancing medication release by accelerating PU breakdown. It was accomplished by
incorporating PLA [96] or PLGA [25] macromers into the PU backbone. By altering the
quantity of PLA or molar mass in the final polyurethane, tailored degradation rates can
be obtained [104]. Biodegradable PU with various soft segments are reported as efficient
carriers of epirubicin [105]. Another method involves grafting PU onto biopolymers such
as chitosan to create injectable hydrogels with controlled drug release, such as tetracycline
hydrochloride [106]. The swellingbehaviour of pure Chitosan shows very high swelling
(6000% of pure Chitosan), and it can be tuned nicely up to 200% by controlling its degree
of substitution in PU or cross-link density through grafting. The first stimulus (such as
temperature) normally allows these drug-loaded micelles to enter cancer cells, and the
second stimulus (here, enzymatic attack) causes micelles to disassemble and release the
drug. Other degradation stimuli have been investigated, with the goal of developing
enzymatic intracellular sensitive bio-based NIPU micelles for the release of anticancer
drugs [107]. From L-tyrosine amino acid resources, few amphiphilic poly-(ester-urethane)s
were synthesized, and their self-assembled nanoparticles were used as drug delivery
carriers for cancer therapy [108].

3. Non-Isocyanate Polyurethanes (NIPUs)

The isocyanates, as raw material in PU synthesis, are produced from hazardous and
toxic phosgene by the process called phosgenation. Phosgene is a subtle toxin as the smell
may not be observed and symptoms may be slow to arrive. It is known to be a widely
used chemical weapon during the first world war accounting for a significant majority of
fatalities. Moreover, the isocyanates themselves are toxic and moisture sensitive and cannot
be prepared without sophisticated safety devices and massive investments.

PU foam production involves the generation of gas, usually, carbon dioxide, which
may promote the release of isocyanates as vapours or aerosols, whose exposure may result
in detrimental health effects such as asthma and skin irritation. The Bhopal Gas Tragedy of
December 1984 in India was one of the deadliest industrial accidents in history that resulted
in the deaths of thousands of people due to the methyl isocyanate gas leak; this chemical
disaster attracted worldwide attention and demonstrated the immediate and hazardous
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effects of isocyanates [109]. Isocyanates enter the body primarily through inhalation or
skin exposure. The most extensively used isocyanates for polyurethane production; MDI
(methylene diisocyanate) and TDI (toluene diisocyanate) are labeled as CMR (carcinogenic,
mutagen, reprotoxic) and are categorized as “very harmful” chemicals by the European
Community. Perpetual exposure to MDI and TDI vapors leads to irritation in the skin, eyes,
and respiratory tract. Additionally, during the storage and formation processes of moisture
curing polyurethanes, the reaction between the isocyanate and water is troublesome, as
it may cause moisture curing. In such systems, carefulseparation of these materials from
the water becomes exceptionally essential to avoid an irreversible reaction between the
polyisocyanate component and water, forming CO, and urea, thus, resulting in an unusable,
hardened product [109] (Figure 9).
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Figure 9. Reaction of Isocyanate with water [109].

Thus, modern researchers have recognized the need to eliminate the use of isocyanates
and are looking for ways to employ environment-friendly alternatives. One such alterna-
tive is the synthesis of Non-isocyanate polyurethanes (NIPU), a new type of PU that is
safer and more promising than conventional PUs, and is becoming a viable substitute for
conventional PUs.

One example of the isocyanate-free routes of PU production is the synthesis of hy-
droxyurethane in the presence of cyclic carbonate and amines [110], which is regarded as
the best alternative method to synthesize Non-isocyanate polyurethanes (NIPU) as shown
in Figure 10. There are two isomers formed in the reaction, one containing a secondary
hydroxyl group, the other having a methylol group, each containing urethane, and a hy-
droxyl group. These hydroxyl entities can develop intermolecular hydrogen bonds with
the urethane group [109].

(0]
R J
7 N ~o 0 NT SNH
0] + H,N NH, | 2
o OHeccecenennnn H
0
o) o /J\ R
cyclic carbonate diamine R/ o T/ \NH2
OHr-vveenen H

Figure 10. Reaction of Cyclic Carbonates and Amines [110].

Another important method of NIPU synthesis is Aminolysis, which is mainly a two-
step procedure involving, (i). the development of the cyclic carbonate oligomers and then
(ii) treating it with polyamines or amines resulting in the production of NIPU; as depicted in
Figure 11. Step 1 includes the development of cyclic carbonate, i.e., one of the most efficient
ways of producing cyclic carbonate, by introducing the CO, within the epoxide group
using a suitable catalyst, followed by Step 2, i.e., Treating this cyclic carbonate oligomer
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with a primary amine to provide NIPU, via an addition reaction after ring-opening. Thus,
if the cyclocarbonate oligomer has only cyclocarbonate, then it is called NIPU. Moreover, if
something more than cyclocarbonate is present, i.e., hydroxyl groups or epoxy groups, etc.,
then it is termed HNIPU, which has different properties than that acquired by NIPU [109].
This is the most broadly used technique for the synthesis of isocyanate-free polyurethanes;
the procedure comprises the ring opening of a cyclic carbonate via polyamine, leading to
the formation of hydroxypolyurethanes.

Step: 1 Synthesis of Cyclic Carbonate Oligomers using CO,
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Figure 11. Aminolysis for the synthesis of NIPU [109].

Merits of NIPU over PU: PU finds remarkable applications in paints, coatings, adhe-
sives, and inks; for this, they are generally prepared in organic solvents. Consequently,
large concentrations of hazardous air pollutants (HAPs) and volatile organic compounds
(VOCs) evaporate in the atmosphere. Exposure to VOCs can cause health effects such
as dizziness, headaches, cancer, irritation, etc. NIPU has many advantages over conven-
tional polyurethanes. Primarily, the elimination of the use of isocyanates. Besides this, the
cyclic carbonates are derived from the natural sources available through epoxy resins and
CO,. Carbon dioxide is a cheap starting material and its utilization for PUs production
would also definitely help to trim down the Global Warming, by reducing CO,, which
is a Greenhouse gas. Thus, the two problems can be solved at once- firstly the shortage
of oil resources, and secondly, the greenhouse effect. So overall it stands by the laws for
environmental protection [111].

Applications of NIPU

NIPU Coatings and Adhesives: The applications of NIPU include especially chemical-
resistant coatings and adhesives. In addition to the numerous applications of PUR in the
production of coatings and in polymer industries. In addition to thermosetting coatings
and UV-curable coatings, NIPU systems are capable of being used for monolithic flooring.
Bio-sourced NIPU coatings and adhesives from mono(glucose) and disaccharides (sucrose)
have been reported. It was also observed that the glucose-based NIPU displayed good
surface coating and thermosetting joint adhesives [110].

Fire-resistant hybrid coatings made from inorganic material and PHUs have also
been reported to have better properties, such as chemical resistance or fire resistance,
or processability [112]. NIPU technology can also be employed in gasoline-stable and
hydrolysis-stable sealants for safeguarding electronic devices and their associated machin-
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ery in rocket construction and aircraft and for civil engineering applications; glues with
high adhesion strength and longevity. Lately, a UV curable PU resin synthesized using
NIPU chemistry using cyclic carbonate of bisphenol-based epoxy resin and polyether amine
was used for hydrophilic textile treatment. NIPU developed from plant sources has gained
vast popularity recently. Moritz Bahr et al., studied linseed and soy-oil-based NIPU, synthe-
sized by curing the carbonated linseed and carbonated soybean oil with different diamines
such as ethylene diamine; they revealed a new-route to prepare the crosslinked as well as
linear terpene-based non-isocyanate poly(hydroxypolyurethanes) (NIPU) and prepolymers
obtained from novel cyclic limonene dicarbonate [113]. Bio-based NIPUs synthesized from
carbonated sunflower oil have been studied by Simanta Doley and Swapan K. Dolui [110].
Carbonated vegetable oil was derived from a solvent-free reaction mixture of carbon diox-
ide with epoxidized sunflower oil. Javani et al. [114] documented that aromatic amine can
be utilized as hardeners for various NIPU systems. P-xylenediamine, m-xylenediamine,
and aliphatic/cycloaliphatic diamines were used by them for curing the reaction of cyclic
carbonated soyabean oil. Xylene diamine led to increased tensile strength, with an inferior
elongation in comparison to aliphatic diamine [114].

NIPU-based products can also be employed as sealants, owing to their brilliant adhe-
sive properties. Dendro-aminosilane hardeners can also be used in NIPU sealant produc-
tion, which enhances their thermal characteristics. High adhesion to glass and steel and high
impact resistance can also be acquired based on organosilanepentacyclo-carbonate [115].

4. Recycling and Disposing of Polyurethanes

Polyurethane is the world’s sixth most widely used polymer, with a yearly production
of 18 million tonnes, equating to each day’s production of PU speciality of more than
1 million m3. As a coordinate effect of its commercial victory, a plethora of waste is
produced as a direct result of its commercial achievement and its management is an
environmental and pressing concern. Land filling was once the quick fix to the obstacle;
however, because of the long life cycle of polyurethanes (>10 years), limited knowledge
is available about their activity in landfills. One of the problems confronting the current
world is the recycling of any type of plastic in order to transform waste into profitable
items. Furthermore, if the recycling procedure is green within itself, that would be an
incredible accomplishment; this fact, combined with new environmental standards, makes
the development of environmentally viable recycling processes critical.

Primary and secondary recycling are the two types of physical recycling processes,
that are commonly used. These methods do not alter the structural features of the polymer.
Polymeric waste is converted into powder, flakes, or granules for utilization in new material
production in physical processes. The following are the most important physical recycling
procedures for polyurethane:

1.  Rebonding: Flexible PU foam is cut into smaller pieces and it is used in the manufac-
ture of sports mats and carpet lay [115].

2. Regrind or Powdering: Powdered PU waste is blended with one of the virgin reagents
(usually with the polyol up to 30% wt) to build new PU goods [115].

3. Compression Molding: Powdered PU waste is exposed to high heat and pressures
in the mold. It can enable upto approximately 100% recycled substance to be ob-
tained [115].

These physical procedures are beneficial with polymers that are thermoplastic, but
due to the thermostable nature of thermoset PU, they are ineffective with them. The
process adopted, from the initial efforts of re-purposing polyurethane (PU) leftovers, as a
cushion filler to one of the most recent chemical processes involving recycling agents which
are green and sustainable. Chemical recycling enables the production of fundamental
hydrocarbon entities called monomers (tertiary recycling) which could be utilized as
production resources in the petrochemical industry and chemical synthesis materials.
Using this method, it is conceivable to attain items with additional value.



Macromol 2022, 2

304

4.1. Hydrolysis

The earliest chemical approach for recycling polyurethane waste, particularly flexible
foams, was hydrolysis. It is the result of a reaction between polyurethane waste and water,
which can be steam or liquid [116]. Amine intermediates, carbon compounds, and Polyols,
are amidst the end products (Figure 12).

R (o)
\ //
HN—C

Y—r + H0 . R=NH, + CO, + HO—R

Figure 12. Hydrolysis of Polyurethane [117].

It is essential to note that the hydrolysis technologies have merely been ramped up to
pilot plant scale, and they’ve never made it to the commercial level because of the large
energy and pressure input demand in the reactor [117].

4.2. Aminolysis

Aminolysis is a sort of transesterification reaction during which the amine group
replaces the ester group attached to the carbonyl carbon of the carbamate linkage of
urethane [115], as shown in Figure 13. Products containing polyurethanes are generally
crushed or dissolved in a specific solvent, such as cyclic ether or a nitrogen-containing
chlorinated hydrocarbon solvent; they are then aminolyzed with a molecule that contains
at least one -NH, group; this reaction takes place at a temperature of 80-190 °C, and it
is widely practiced with catalysts such asaluminium hydroxide, sodium methoxide, and
sodium hydroxide. Polyfunctional alcohols and amines can be produced according to
the diamine or amino alcohol employed; they can be used to synthesize polycarbonates,
melamine resins, polyurethanes, polyesters, epoxy resins, etc. Two or more of the resulting
functional phenols can also be used to recover the associated isocyanates; this method has
also not gained any commercial success yet.

O

A\
HN—C/
\

O0—R

\
+ R-NH, — N—& + HO-R

\
HN—R

Figure 13. Aminolysis of Polyurethanes [115].

4.3. Phosphorolysis

Phosphorolysis is a process comparable to hydrolysis where esters of phosphoric
acids or phosphonic display similar behaviour as water with the production of phosphate
(Figure 14); this method allowed a combination of phosphorus-containing oligo-urethanes
to be created. Because of the phosphate functionality of the recovered product, phosphorol-
ysis can provide glycolyzates that can be employed in the manufacture of polyurethanes
with flame retardant characteristics; this approach has the privilege of being able to create
novel polyurethanes with enhanced adhesive characteristics, flame retardancy (comparable
to industrial goods with larger concentrations of flame retardants), and UV resistance [117].
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Figure 14. Phosphorolysis of Polyurethane [117].
4.4. Glycolysis
The most extensively utilised chemical recycling procedure for PU is glycolysis. It
comprises a transesterification reaction wherein a glycol’s hydroxyl group replaces the
ester group attached to the carbonylic carbon of the urethane [118]. The primary reaction is
as shown in Figure 15.
(0] o

R
>R\N/C\o/ oy + OH—R
H

Figure 15. Glycolysis of Polyurethanes [118].

This reaction creates polyols with properties that can be tweaked to a few degrees
and are potentially similar to the original substance; they can be used to manufacture
polyurethanes. Glycolysis can go in two different directions. The first allows polyols to be
recovered and used to make flexible PU foam. Split-phase glycolysis (SPG), on the other
hand, produces flexible or rigid polyols. SPG is built on diethylene glycol (DEG) glycolysis
processing of the bottom and top layers separately. The upper layer, which primarily
consists of flexible polyols, is washed with DEG, while the lower layer is allowed to react
with propylene oxide to produce rigid polyols. The biggest impediment of glycolysis is
the disparity in process parameters between flexible and rigid foams, which forces a waste
separation. Due to the great susceptibility of the process to the presence of contaminants
that commonly exist in consumer trash, this approach is also substantially more successful
when employed in post-production waste [118]. Table 5 reviews the glycolysis of various
polyurethane materials. The following agents contribute significantly toward the glycolysis
of polyurethane materials:

1. Catalysts: The catalysts engaged are amines such as diethanolamine and ethanolamine;
alkaline acetates such as sodium, potassium, or lithium acetate; hydroxides such



Macromol 2022, 2

306

as potassium or sodium hydroxides; metallic octoates such as stannous or lithium
octoates and organometallic compounds such as titanium butoxide [115].

2. Cleavage Agents: DPG, DEG, MPG, and MEG, and are some of the most commonly
utilised cleavage agents, with DEG being the most common; however, crude glycerol
is now the most assuring [115].

3. Glycolysis agent: PU ratios: In transesterification reaction, the most frequent glycolysis
agent: PU ratios used. It can be seen that the glycolysis agent to PU ratio is often more
than 1, in order to ensure optimal split-phase glycolysis and, as an outcome, a good
quality glycolyzate that may be used in the generation of a fresh PU product [115].

4. Temperature: the best temperature for carrying out the glycolysis reaction is between
160 and 250 °C, because cooler temperatures result in a slow recovery course and a
low polyol proportion, whereas higher temperatures result in excessive evaporation
of cleavage agent and a rise in the extension of the secondary reactions [115].

Table 5. Glycolysis of Various Polyurethane Materials.

PU Type Elastomer Coating Rigid Foam Flexible Foam
BaO, DEA, EA, NaOH,
. KOH, NaAc, KAc, ZnAc, DEA, TiBut,
Catalyst DEA, EA, LiAc KAc, NaOH, Dibutyltindilau- SnOct, LiOct
rate, ZnAc2
Diethylene glycol,
Monoethylene glycol,
Dipropylene glycol,
Diethylene glycol Monopropylene glycol,
Monopropylene Dipropylene glycol, Poly(ethylene glycol),
Cleavage agent glycol Monoethylene Monoethylene glycol Tetraethylene glycol, Triethylene glycol,

glycolPoly(ethylene glycol) Diethylene glycol Pentane 1,5 diol,
Triethylene glycol Glycerol, Butane 1,4 diol,
Polyethylene glycol 400,

1,6-hexane diol,

Crude glycerol

Glycol: PU (wt.%) 2:1 1:10-1:2 1:1-2:1 1:10-2:1
Tempergtgie range 160-190 190-240 170-200 160-250

. Flexible foams,

Potential Market for Adhesives Coatings Rigid foams Rigid foams, Adhesives,

recovered products

Elastomers

4.5. Gasification

Gasification is the partial oxidation of carbonate compounds which is a highly exother-
mic process, resulting in the formation of Syngas (a combination of mostly hydrogen and
carbon monoxide) and ash. One of the most notable benefits of gasification is that it elimi-
nates the requirement for waste segregation. Polyurethanes that have been combined with
some other raw materials can also be employed in the course of action. The profitability
of this method, nevertheless, completely depends on the probable use of syngas asraw
material and a source of energy for the production of acetic acid, ammonia, methanol,
carbohydrates, and other chemicals [119].

4.6. Pyrolysis

Pyrolysis is the anaerobic, high-pressure thermal disintegration of complex polymeric
chains into simpler molecules [120]. According to a study, polyurethane pyrolysis occurs
in at least two stages, which corresponds to the sequential thermal decomposition of the
isocyanate and polyol parts of the polyurethane. Over half of the polymer weight is lost in
the first stage, which runs at temperatures lying in the range of 100-300 degrees Celsius.
The next stage of degradation begins between 300 and 800 degrees Celsius. The amount of
ash left over after pyrolysis is even less than 3% of the original polyurethane [121]. Pyrolysis
has undeniable advantages, including the little quantity of waste produced and the ability
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to use the resultant chemicals in other petrochemical operations. Unfortunately, due to
the failure to define the ratio of individual items and the complexity of getting products
with the appropriate qualities, this is not always practicable. The resultant gas has a high
calorific value and can be used to heat and power gas engines. Furthermore, gas products
carry hazardous chemicals such as aniline, benzene, and hydrogen cyanide [117].

4.7. Hydrogenation

Pyrolysis and gasification are both processes that are analogous to hydrogenation. Gas
and oil are formed as a result of this process. The use of high-pressure hydrogen rather
than inert gas is the primary distinction between this technique and pyrolysis. This strategy
relies on addressing two key issues: the composition of the obtained gas and oil, as well as
the cost of converting them into functional products that may be utilised as substrates and
energy materials in chemical methods. Only gasification and glycolysis have been executed
on a wide scale among chemical processes of polyurethane recycling, while others are still
in the research phase. Furthermore, just glycolysis results in raw material recovery [122].

5. Biological Degradation of Polyurethane

The decomposition of organic compounds by various living organisms or their en-
zymes is referred to as biodegradation. It leads to the shortening of polymeric chains and
the eradication of some of their components leading to the decrease in its molecular mass,
and under the appropriate conditions, it can also lead to total mineralization of deteriorated
material. Since the process does not demand elevated temperatures or sophisticated chemi-
cals, biodegradation is generally more environmentally pleasant than chemical degradation.
It can also be used for the decomposition of post-consumer waste. Bacterial biodegradation,
fungal biodegradation, and enzymatic degradation are the three types of polyurethane
modifications. Polyester polyurethanes are substantially more biologically degradable
than polyether polyurethanes. The use of fungal strains in research yields more promising
outcomes for polyether ones. Mechanical cracking of more obstinate polyether urethanes,
which are commonly used in foams, can be linked to mycelium accessing material pores
and causing mechanical cracking. On the other side, microorganisms are used in the major-
ity of PU coating degradation studies. It is possible that this is due to bacteria’s ability to
develop biofilm on the sleek coated surface.

5.1. Degradation by Fungi

Fungi are microbes that are recognised to be the primary cause of PU degradation
in experimentally tested species. The majority of studies focus on soil microorganisms
involved in polyurethane breakdown [123,124]. Irrespective of isolation circumstances, soil
source, or polyurethane employed by scientists, the majority of isolated species that exhibit
promising results in PU breakdown fall into one of a few categories such as Aspergillus,
Cladosporium, Chaetomium, Penicillium, and Trichoderma; however, most of the fungi
responsible for degrading polyurethane are filamentous, with only a few yeasts yielding
positive results [125]; this disparity could be due to abiotic outcomes of fungal biodegra-
dation. Growing filaments enter the material, causing the pore size to expand, perhaps
leading to material fracture; however, the mechanism of this course, as well as the role
of abiotic and biotic components of fungal degradation, remain unknown. All types of
polyurethanes, including coatings, foams, polyether, polyester, and thermoplastic PU, have
been found to be biodegradable by fungus strains and communities [117].

5.2. Degradation by Bacteria

Though fungi are responsible for the majority of the encouraging outcomes, some stud-
ies point to bacteria as possible polyurethane degrading microorganisms. Acinetobacterg-
erneri, Bacillus subtilis, Comamonasacidovorans, and Pseudomonas chlororaphis were found
as microbes capable of degrading polyester polyurethane Impranil DLN in research [117].
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5.3. Degradation by Enzymes

The fundamental benefit of enzymatic degradation over microbial degradation is the
ability to manage bond breakage, which results in the synthesis of building blocks that can
be recycled or used as a substrate in the manufacture of other materials. The key problem
in this approach is the wide variety of raw materials utilised in polyurethane synthesis,
which necessitates treating each type of PU separately.

Figure 16 summarises the degradation of different polyurethanes by various enzymes.

p
polyester PU

Lipases, Esterases
ancreatin,Polyamidas
eProteases,Esterase

Esterase ,Lipase,
Protease

Thermoplastic poly

Thermoplastic (ester urea) PU
Polycarbonate PU
Cholesterol esterase

Cholesterol esterase

Lipase
Thermoplastic poly
(ether urea) olyester PU coating olyacryl PU coating
Cholesterol esterase, Lipase Pancreatin

Papain, Elastase,

Figure 16. Degradation of Different Polyurethanes by Various Enzymes.

The hydrolysis of the polyester component of polyester-based polyurethanes by es-
terases (Figure 17) is responsible for the majority of favourable biodegradation outcomes.
According to certain research, esterases are also accountable for the hydrolysis of urethane
linkages, resulting in alcohol chain-ends and carbamic acid; however, because acid is unsta-
ble and dissociates quickly, the release of carbon dioxide and amine is a more likely event.
Furthermore, because most polyurethane degradation assays use polyester types, they
do not distinguish between urethane hydrolysis and ester bond hydrolysis. Researchers
studying urease degradation of polyurethane encounter a similar issue, but the majority
of their observations are favourable as long as the polyurethane contains urea linkages.
Those linkages could be a piece of the soft section or the result of water foaming. Those in
long, stretchy chains, on the other hand, are much simpler to disintegrate. The generation
of alcohol, amine, and the release of carbon dioxide, proved to be extremely fruitful for
urethane bond hydrolysis by peptidases and amidases [122].
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Figure 17. Enzymatic Degradation of Polyurethane.

6. Conclusions

Attempts have been devoted in the recent past to manufacture green PU materials
from renewable resources to satisfy the specified qualities for social, technological, and
economic criteria. Different compound strategies for the integration of PU have been
offered to study the use of renewable resources rather than petroleum base requirements
in both research and industry. The bio-based PU’s promise as a long-term contender for
upgrading bio-based derivatives via different processes. The bio-based polyurethanes have
significant potential to be used as future PU products, with a partial or total replacement
of petroleum-based polyurethanes; however, the literature studies have revealed a few
problems, such as, the low bio-based content, lack of comprehension of individual formula-
tions and a lack of insight into catalyst toxicity and degradation products. Nonetheless,
the overall energy/cost imbalance is an open difficulty associated with these reaction
processes; this gave rise to the sustainable alternative for the conventional polyurethanes
i.e., Non-Isocyanate polyurethanes. The NIPUs are proving to be very efficient in a diverse
range of applications owing to their hydrolytic stability, moisture insensitivity, and green
pathway. To deal with the problem of post-consumption PU wastage, different recycling
techniques are employed and reviewed in detail. Special emphasis has been given to
the biodegradation of polyurethane wastes. Biological degradation requires a moderate
temperature and does not necessitate the use of toxic chemicals, but there is still a long
journey to go before it can be employed on a large basis. Biodegradation, in particular, is
the most attractive due to a large number of available options and accessible alterations.
By employing suitably altered building blocks while preparing, PU can be made 100%
degradable; this approach could be a realistic alternative to deal with the accumulation
of polyurethane waste. In nutshell, the path of polyurethane synthesis progresses from
hazardous to non-toxic, and finally to sustainable.
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