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Polyurethanes (PUs) are key players in the plastics industry. According to the Global Polyurethane Market
(2019-2023), their value in the global market reached $95.13 billion in 2019 and is expected to grow at a
compound annual growth rate of 12%. This is in line with the increase in the number of research papers
and patents on the synthesis and application of petroleum-based PUs (P-PUs) and biomass or green PUs
(G-PUs) (from 67 657 to 79 468, and from 198 810 to 226 164 for papers and patents, respectively, just
over the past decade). Environmental concerns about fossil-based isocyanates are the reason why investi-
gations on their green counterparts have got receiving more attention. According to statistics, almost 8%
of research papers published on PUs between 2015 and the present used green-based resources.
However, no comprehensive report or review dealt with such an important field in the chemistry of poly-
urethanes. This review highlights and reviews the production of isocyanate compounds directly from
biomass. Moreover, various methods applied in the synthesis of bio-derived isocyanates are discussed.
Technically, we discuss the main difficulties in the synthesis of biomass-based PUs. To address sustain-
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ability concerns, we overview the whole range of isocyanate compounds economically viable for
biomass-based synthesis. We believe that the elimination of phosgene is a key to the production of green
PUs. However, there is still a long way to go to develop green PUs with properties and performance com-
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1. Introduction

Polyurethanes (PUs) are versatile polymers widely used in a
broad range of applications, such as protective coatings,
adhesives and insulation, in automotive and construction
industries. PUs can be found in a variety of forms,"” such as
solid products, foams, paints, varnishes, adhesives, and
impregnations. They are best known for their excellent
mechanical, chemical, and physical properties, mainly
abrasion resistance, durability, and tensile strength.>® Thanks
to promising features, the PU market has always experienced
growth. Fig. 1 gives, by product, a useful view of the PU market
in the United States. Accordingly, the global PU market is
expected to grow at a compound annual growth rate (CAGR) of
3.8% between 2021 and 2028.” Estimations also suggest that
urbanization and migration may result in an increase in PU
consumption in the construction and transport industries.
Correspondingly, the demand for PUs should taken an upward
trend.
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The use of fossil-based feedstocks has been seriously
limited over the last few decades to avoid greenhouse gas emis-
sions. Moreover, not surprisingly, huge amounts of plastic
waste are dumped in landfills, ending up in the seas and
oceans, posing a serious global crisis.”'® Therefore, research-
ers have been working to obtain greener and cleaner products.
As European standard EN16575 defines, plastics derived fully
or partially from biomass (e.g. vegetable oils, sugar, starch) are
known as green materials."" Thus, in line with a green planet,
hydrogen production, circular economy, CO, capture, smart
building constructions, etc., concerns about petroleum-based
PUs (P-PUs) have increased. Fig. 2 shows the number of publi-
cations on non-isocyanate polyurethanes (NIPUs) and biomass
or green PUs (G-PUs).">" As can be seen, interest in this topic
among researchers has been growing since 1978, but the real
growth in the number of articles in this field began in the
early 2000s. Since then, new articles about “greener” poly-
urethanes are published every year. A notable increase in inter-
est on G-PU topics began in 2008, and on NIPU topics in 2013.
Nowadays, more than 200 articles related to G-PUs and about
60 related to NIPUs are published annually. Of course, the
data presented are only simplified statistics to observe a trend
in the field of polyurethanes. Research papers related to the
production of G-PUs or NIPUs are still relatively rare in the
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Polyurethane market size, by product (USD billion)
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Fig. 1 Polyurethane market size based on data from the Market Analysis Report.®
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Fig. 2 The number of articles over the years.'?*3

total number of publications on polyurethanes, therefore
further development of this topic is very important.
Furthermore, a patent analysis has been conducted to
confirm technological trends in the production of isocyanates.
At the outset, the quantitative features of patents related to
polyurethanes are examined. Fig. 3 shows the general growing

This journal is © The Royal Society of Chemistry 2023

trend in the field of polyurethanes and monomers for their
production. The analysis was based on two keywords “poly-
urethane” and “isocyanate”. Between 1920 and 2022, 1442 374
patent applications for polyurethanes were registered world-
wide. The increase in patent filings occurred in the 1970s.
Thereafter, interest in the subject has steadily increased.
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Fig. 3 Diagram of patent applications from 1920 to 2022.

Another marked increase was observed in the 2000s, and from
that time the development of this topic really began. There was
a slight decline in 2010, compared to 2009, which may have
been caused by delays between the filing and publication of
patents, as is also seen in other cases. Based on the
International Patent Classification, the majority of patent
applications searched in the field of “polyurethane” are
layered products containing a synthetic resin (B32B27), macro-
molecular compounds obtained otherwise than by reactions
only involving unsaturated carbon-to-carbon bonds (C08G),
coating compositions, e.g. paints, varnishes or lacquers
(C09D5), and the use of organic (C08K5) and inorganic ingre-
dients as components of mixtures (C08K3). However, isocya-
nates are mainly registered in two groups: polymeric products
of isocyanates or isothiocyanates (C08G18) and layered pro-
ducts comprising a synthetic resin (B32B27).

DIISOCYANATE

mO=C=N-R-N=C

NOCN-R'-NH-CO{0O-R-0O-

R, R'" - aliphatic chain

Fig. 4 Reaction scheme of diisocyanate with polyol.*®
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Typically, PUs are obtained via the polyaddition reaction of
di- or poly-isocyanates and polyols."* The mechanism of the
polyaddition reaction between isocyanates and polyhydroxy
compounds was first introduced by Otto Bayer and coworkers
in 1937."® This reaction can be simply explained as shown in
Fig. 4.

The production of PUs is predominantly based on pet-
roleum-based feedstocks, with benzene, toluene, ethylene, and
propylene as the most common chemicals. On the other hand,
raw materials based on natural products (oils, sugars, and bio-
based glycerol) are used quite limitedly. Over the past two
decades, the plastics industry has sought to replace P-PUs with
G-PUs from renewable resources to acknowledge sustainability
concerns about fossil-based resources.'® Bio-polyols are widely
known for the production of G-PUs, among them are polyols
produced from rapeseed oil, soybean oil, castor oil, lignin, or

POLYOL

=0 + n HO-R-OH

CO-NH-R'-NH-CO{O-R-0OH

n-1
POLYURETHANE
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cardanol. Polyurethanes are often derived from chemically
modified triglycerides and their fatty acids.'” Isocyanates, on
the other hand, are mainly obtained by reacting an amine with
the toxic phosgene. Currently, there is a lack of comprehensive
knowledge on the preparation of isocyanates from renewable
raw materials. Their main drawback in addition to the toxicity
of phosgene consists of limited fossil resources used to produce
isocyanates.® Therefore, it is necessary to develop an alternative,
more environmentally friendly way to produce isocyanates.®

In recent years, several researchers have reported the syn-
thesis of G-PUs and measured the properties and performance
of bio-based products. In this regard, some of them have also
classified and reviewed the syntheses of G-PUs and green iso-
cyanates. In recent years, several researchers have reported the
synthesis of G-PUs and measured the properties and perform-
ance of bio-based products. Therefore, some of them have
classified and reviewed the syntheses of G-PUs and green iso-
cyanates. We have information on the production of both
polyols and isocyanates from vegetable oils, sugars or lignin.
The researchers outlined their progress in the field of bio-
based isocyanates over the last few years. As a result, the poten-
tial to synthesize isocyanates also from algae or CNSL (cashew
nut shell liquid) is known, and will be described later in this
paper. Nevertheless, published review papers have presented
some parts of this broad research field. In addition, no report
or review on patents covering G-PUs has been published.
Overall, three review papers published recently can be men-
tioned. Paraskar et al. also presented perspectives on the poly-
urethane coating industry with a focus on the use of bio-based
monomers. The synthesis of polyols from vegetable oils by
transesterification, epoxidation and thiol-ene coupling reac-
tions was described in detail. However, in the review there is
only a mention of the toxicity of phosgene in the production of
isocyanates. The possibility of using fatty acids to synthesize
bio-based isocyanates was briefly reported, and several com-
mercially available bio-based isocyanates were mentioned.
Unfortunately, this paper is weak in its detailed overview of
possible routes for the synthesis of bio-based isocyanates.'®
The second paper is a summary of recent developments in the
production of polyols and isocyanates based on renewable raw
materials for the production of PUs. The paper presents com-
mercially available petrochemical isocyanates, but does not
deal with their toxicity and effects on human health.
Moreover, this work mainly focuses on obtaining non-isocya-
nate polyurethanes (NIPUs), and only mentions the possibility
of producing diisocyanates, for example, from dimerized fatty
acids, which come from renewable resources.® Very recently,
Ma et al. reported on recent advances in the synthesis of
biomass-based polyols and their application in polyurethane
materials. The possibilities of using such raw materials as tur-
pentine, vegetable oils, lignin or cellulose were presented. Low
price, high efficiency and reduction of pollution were pointed
out as advantages of the above-mentioned materials. The
paper underlines the urgency of the replacement of petro-
chemical polyols with bio-based polyols and reports on the
research direction of bio-based PUs in the future.*’
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Therefore, a comprehensive review of the toxicity of com-
mercial isocyanates as well as the classification of G-PUs
seems necessary. Moreover, a patent analysis of the develop-
ment of the G-PU market could shed more light on the present
and future research on G-PU formulations. We comprehen-
sively reviewed the current state of knowledge in the field of
isocyanates based on renewable raw materials. In addition, the
environmental impacts of fossil-based isocyanates and isocya-
nates derived from renewable raw materials are discussed.
Furthermore, the toxicity of petrochemical-based isocyanates
is systematically addressed.

The article is organized as follows: the next section provides
a brief overview of polyurethanes and their trends in the global
market, as well as the challenges ahead for the chemical
market. The next sections include an overview of isocyanates
currently used, as well as the impact of isocyanates on human
health, with a focus on the toxicity of phosgene, which is used
extensively in isocyanate production. Section 4 focuses on iso-
cyanates derived from bio-based feedstocks. Specifically, it
describes the possibilities of synthesizing such isocyanates,
the raw materials for their production, and potential appli-
cations. It also provides a detailed patent analysis to show
trends in the industry, as patents give important information
about the technological trends and new technologies. Finally,
future research directions and a summary of the review is
included in the final section.

2. Characteristics of polyurethanes

The overall properties of polyurethanes are related to their
chemical composition, structure, and morphology.
Polyurethane, which consists of alternating hard (HS) and soft
(SS) segments, is a block copolymer. A general structure of
polyurethanes is shown in Scheme 1. The content of hard and
soft segments affects the structure, mechanical properties,
thermal stability, and low temperature capability.”! In the
temperature range from 30 to 150 °C, the hard segments are
glassy (or even semi-crystalline) polymers, while the soft seg-
ments are already above the glass transition temperature. By
varying the relative amounts of hard and soft phases, the
physical and mechanical properties of polyurethanes can be
adjusted. Increasing the content of hard segments should lead
to increased modulus, strength, and brittleness of the
material.”?

Because of differences in the polarity and chemical nature
of monomers between segments, domain structure formation
and phase separation occur. The hard segment domains and
the soft segment domains can be distinguished, as shown in
Scheme 2.>* Phase separation and domain formation depend
on many factors, such as the nature of the monomers, the type
and size of HS and SS, the reaction conditions, and the
average molecular weight of the polyol. For example, in ther-
moplastic polyurethanes, the proportion of soft segments is
much higher than the proportion of hard segments.”*
Consequently, these materials exhibit a complex morphology

Green Chem., 2023, 25, 2482-2504 | 2485
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Scheme 1 The structure of polyurethane.??

View Article Online

Green Chemistry

soft segment

Scheme 2 The phase structures of segmented polyurethanes.?®

in which flexible segments form a continuous matrix in which
rigid segments are dispersed.

The microphase separation between the segments results in
thermodynamic incompatibility. This incompatibility depends
on several factors such as the length of the segments, the
structure of the reactants, and the degree of crystallinity.
Because hydrogen bonds are formed between the N-H bond of
one segment and the carbonyl group of the other segment, the
rigid domains act as cross-links. Therefore, the hard domains
are responsible for high modulus reinforcement, while the soft
segments affect plasticity and extensibility.>®

Moreover chemistry and formulation of PUs largely affect
the performance of the final product. For example, thermo-
plastic PUs are high-strength, lightweight materials and have
relatively low processing costs. In addition, thermoplastic com-
ponents are relatively easy to manufacture with high volume
and precision.”” The properties of thermoplastics can be
formed by an adequate ratio of hard segments to soft seg-
ments. For example, the increase of the hard segments ratio in
the molecular structure results in a better combination of
matrices, which leads to higher tensile strength, better chemi-
cal resistance and higher hardness.?® On the other hand, ther-
moset PUs retain their strength and shape even after heating.
This makes them well suited for manufacturing durable parts
and large, solid shapes.*® For example, different diisocyanates
affect the degree of swelling and thermomechanical properties
of thermoset PUs. For systems based on TDI (toluene diisocya-
nate) and HDI (hexamethylene diisocyanate), PUs showed

2486 | Green Chem., 2023, 25, 2482-2504

hard segment

higher Young’s modulus and lower elongation at break than
for systems based on IPDI (isophorone diisocyanate). However,
the type of isocyanate did not affect the thermal stability of the
materials, which was good for all systems.*°

3. Fossil-based isocyanates

Commercially available isocyanates usually contain one or two
isocyanate groups attached to an aromatic or aliphatic mole-
cule. Aromatic isocyanates have some improved mechanical
properties and higher reactivity, while aliphatic isocyanates do
not turn yellow when exposed to light, which is a definite
advantage, unfortunately they are more expensive than aro-
matic isocyanates.*’ In industrially produced P-PUs, two iso-
cyanates are used in 90% of the applications: TDI (toluene dii-
socyanate) and MDI (diphenylmethane diisocyanate).>* These
isocyanates are produced on a large scale. TDI was the pioneer
and is currently used mainly for low-density flexible foams.*?
TDI exists in two isomeric varieties; we distinguish 2,4-diiso-
cyanatoluene and 2,6-diisocyanatoluene. TDI is obtained by
hydrogenating dinitrotoluene and then reacting the product
(toluenediamine) with phosgene. For commercial use, mainly
a mixture containing 20% of the 2,6-isomer and 80% of the
2,4-isomer is used.** Unfortunately, the disadvantage of this
product is the chemical inequality of the -NCO groups. The
isocyanate group in position 4 may be up to 6 times more reac-
tive than that in position 2.>* Another important isocyanate is

This journal is © The Royal Society of Chemistry 2023
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MDI, which is also obtained by reacting with phosgene. MDI is
generally a mixture of three isomers: 4,4'-methylene diphenyl
diisocyanate (97%), 2,4'-methylene diphenyl diisocyanate (1.5
+ 2.5%) and 2,2-methylene diphenyl diisocyanate (0.5%).*
Table 1 provides a summary of commonly used isocyanates
and their properties.

Table 1 Characteristics of isocyanates®’
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Fig. 5 shows the isocyanate market forecast from 2021 to
2025, the estimated growth of the sales market is 5%.*> The
increase in demand in the global market is driven by the high
demand for building materials (e.g. adhesives and foams).
Furthermore, the growth of production in the automotive
industry also contributes to the increase in isocyanate sales.

Molecular
weight (g Melting
Compound  Structure mol ™) point [°C]  Solubility Commercial use  Ref.
MDI 250.25 38 Benzene nitrobenzene, P-PUs, PIR 37
acetone, kerosene and
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CH; C
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N N
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Fig. 5 Global isocyanate market 2021-2025.4°

Due to the fact that isocyanates are an intermediate product in
many applications, the demand for isocyanates is expected to
expand in the next few years.*
The prominent players in the isocyanate market are listed
below:
+ Asahi Kasei Corporation,
« BASF SE,
+ Bayer Material Science,
+ Chemtura Corporation,
Covestro AG,
« Dow Inc.,
Evonik Industries AG,
Gujarat N.V. Fertilizers,
+ Huntsman Corporation,
« Kumho Mitsui Chemicals,

« Lanxess AG,

« Mitsui Chemicals Inc.,

» Tosoh Corporation,

« Wanhua Chemical Group,

« Vencorex.*?

However, volatile raw material prices and their availability
are constraints for the isocyanate market. Over and above this,
the toxicity of isocyanates and their negative impact on the
environment is an extremely important issue. The most econ-
omical (and therefore most widely used) way to produce isocya-
nates is through the reaction of phosgene with amines. Since
phosgene is a highly toxic gas, this reaction is harmful to
human and animal health.?” The global phosgene market was
worth $3460.35 million in 2015 to $4672.05 million by 2021,
with isocyanate production consuming around 77% of global
phosgene production.”® The most significant route of exposure
to phosgene is inhalation. The best way to prevent poisoning
is to control exposure to hazardous levels. Unfortunately, this
is difficult in the case of isocyanates because of the very low
concentrations required to induce bronchospasm after sensit-
ization. The odor threshold starts at 0.5 ppm, but toxic effects
have been observed at concentrations below the threshold.*’
Animal studies suggest that exposure levels range from <5 ppb
to 5-10 ppb.>° In the respiratory tract, phosgene interacts with
amino, hydroxyl, and sulfhydryl groups, causing the destruc-
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tion of proteins and disruption of cellular functions. This
results in a breakdown of the blood-air barrier and sub-
sequent death.” Industries that use phosgene must have a rig-
orous Safety Management System. This requires companies to
invest a significant amount of capital, for example, in develop-
ing hazard identification and assessment procedures and an
accident prevention system. Furthermore, phosgene installa-
tion must comply with national and international agreements
and regulations. The associated regulatory requirements bring
additional costs and obstacles to the use of phosgene.’?
Moreover, household isocyanate contamination can also be an
important problem due to the presence of isocyanates in
various consumer products such as mattresses, pillows and
soles. Furthermore, semi-volatile organic compounds such as
isocyanates can be adsorbed by dust indoors, exposing house-
hold members to long-term exposure. Unfortunately, this
problem has not been solved yet studied in depth, but there
are concerns that continuous exposure to even low levels of iso-
cyanates may influence the risk of allergy diseases.”?

In addition, commonly used isocyanates, such as TDI or
MDI, are highly toxic not only due to their method of pro-
duction but also during decomposition because they release
carcinogenic diamines. The most harmful route to human
exposure is the inhalation of isocyanate vapors, which can
cause respiratory diseases.> Lower molecular weight isocya-
nates are more volatile at room temperature, increasing the
risk of inhaling their vapors. In contrast, higher molecular
weight isocyanates pose a hazard when aerosolized or heated
in a workplace environment. Due to the exothermic nature of
the underlying reactions, inhalation risks are very common
while working with isocyanates.’® Dermal contact with isocya-
nates has also been shown to have negative effects on human
health.>® Their toxicity is directly related to the high reactivity
of isocyanates. Exposure to isocyanates is one of the most
common causes of occupational asthma in industrialized
countries.””*® Furthermore, even low levels of isocyanates in
the air can be highly toxic during inhalation. Samples of iso-
cyanates have even been identified in wastewater after building
material fires.>® The production of isocyanates and products
containing them is regulated from a health and safety perspec-

This journal is © The Royal Society of Chemistry 2023
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Compound Toxicity Ref.

Butane diisocyanate (BDI) The degradation product is putrescine, which is a chemical compound that belongs to biogenic 62
amines. It is formed by the breakdown of proteins. In large doses, it is toxic

Hexamethylene diisocyanate Diamines released in degradation are toxic, although less toxic than aromatic diamines from MDI or 63

(HDI) TDI

Isophorone diisocyanate (IPDI) Degradation product less toxic than aromatic isocyanates 64

Lysine diisocyanate (LDI) During degradation, LDI degrades to lysine, a nontoxic by-product 65

Methylenebis (phenyl Toxic aromatic diamine degradation products 66

isocyanate) (MDI)

Toluene diisocyanate (TDI) Very toxic by inhalation 67

tive (Mishra et al., 2009).°° Table 2 shows the toxic degradation
products of commercially used isocyanates. The above factors
influence the development of bio-based isocyanates. The
growth in the production of bio-based isocyanates is expected
to further stimulate the demand in the market as the prices of
crude oil, which is used in the production of isocyanates, are
highly variable.

From research, we already know that polyurethanes based
on bio-based polyols can exhibit properties similar to PUR
based on petrochemical polyols. For example, Zhao et al
proved that TPUs based on a PLA derivative showed balanced
mechanical properties, and better damping properties after
multiple reprocessing.®® Meanwhile, replacing petrochemical
isocyanates with their bio-based alternatives is not so obvious,
but it is feasible, this process can be implemented in various
ways. One method is to synthesize PUs entirely from bio-based
isocyanates, but this is rarely applied; more often a mixture of
bio- and petrochemical isocyanate is used. Both solutions are
economically and environmentally beneficial. When using a
petrochemical isocyanate, the cost of the mixture will certainly
be reduced, while using bioisocyanate, entirely or partially, will
have a beneficial effect on environmental
Unfortunately, bio-based isocyanates have low reactivity, which
is due to their aliphatic structure.®® However, it does not mean
that their application is unfeasible. Hojabri et al. obtained dii-
socyanate from oleic acid by the Curtius rearrangement and
proved its feasibility for polyurethane production by reacting
with both bio- and fossil-based polyols. In their study, they
found that polyurethanes based on bio-HPMDI (1,7-hepta-
methylene diisocyanate) had similar mechanical properties
and thermal stability to HDI-based samples.”’ The same
research group obtained fully bio-based PUR on HDEDI (1,16-
diisocyanatohexadec-8-ene), the materials obtained had better
tensile strength, but had lower Young’s modulus and higher
elongation than HPMDI-based PUR.”* A group of researchers
from the Netherlands also obtained PUR based on bio-isocya-
nate. Two isocyanates were used in this process: 1-lysine diiso-
cyanate ethyl ester (LLDI) and r-lysine tri-isocyanate ethyl ester
(LLTI). The materials obtained were slightly yellow, as LLDI
and LLTI were colored. Polyurethanes based on LLDI were
more flexible than samples based on petrochemical isocyanate
(IPDI). Unfortunately, PUs based on bio-based isocyanates
swell in organic solvents, which does not happen with petro-

concerns.

This journal is © The Royal Society of Chemistry 2023

chemical PUs. In this research, PUR based on a mixture of bio-
based and petrochemical isocyanates was also obtained. It has
been found that the mechanical properties depend on the
ratio of substrates used. The samples in which the IPDI
content predominated were brittle and hard. The addition of
bio-isocyanate caused the material to soften and become more
fragile. On the other hand, PUs based on the LLDI/LLTI
mixture showed the highest deformation at the maximum
load. Meanwhile, Glowinska et al. studied the properties of
PURs obtained from a mixture of isocyanates (Tolonate X FLO
100 (for more on this product see section 4.1), MDI and
HDI).*® The analysis showed that the type of diisocyanate
mixture affects the thermomechanical properties of partially
bio-TPUs. Polyurethanes based on a mixture of HDI and
Tolonate X FLO 100 have higher thermal stability and show
higher tensile strength than those based on a mixture of MDI.

In summary, the properties of G-PUs require further
improvement. Obtaining fully bio-based PUs is expensive and
more challenging than producing P-PUs. An interesting
alternative is the partial replacement of petrochemical hard
segments, with bio-monomers. That would certainly reduce
production costs, but, unfortunately will have less environ-
mental benefit than a full G-PU. Therefore, undertaking large-
scale production of bio-based isocyanates is important from
an environmental point of view. The production of fully G-PUs
is expected to be an important scientific challenge at that
point.

4. Bio-based isocyanates and their
synthesis

In light of the restrictions on diisocyanates adopted by the
European Union authorities under REACH regulation, it is
extremely important to look for alternative ways to produce iso-
cyanates or to modify the synthesis of polyurethanes.”” The
results of the patent analysis indicate a growing trend in the
field of polyurethanes, while publication analysis shows
increasing interest in the field of bio-isocyanates/bio-poly-
urethanes. The scientific results can contribute to the changes
in the policy and use of isocyanates, providing information on
the risks posed by various substances. A brief summary of
patents related to the production of bio-based isocyanates is
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presented below. Patent analysis can readily identify current
research gaps and can provide an important source of infor-
mation for researchers. Moreover, it is a kind of science-indus-
try connection. Later in this paper, the authors describe com-
mercially available bio-based isocyanates and refer to papers

outlining new ways to synthesize bio-isocyanates.

cyanates. Patents US9950996B2, US4749806A

Table 3 Patent analysis

Table 3 shows selected patents in the field of bio-based iso-
and
CN102659631B show the synthesis of isocyanates without the
use of toxic phosgene, which reduces the harmfulness of the
production process itself.”*”7> Patent WO2014147142A1 dis-
closes an allophanate composition for coating production.”®
Examples of implementation disclose an allophanate-type bio-
based isocyanate prepared from hexamethylene diisocyanate.

View Article Online

Green Chemistry

The invention EP3819259A1 relates to a process for the low-
carbon synthesis of isocyanates using the RWGS reaction, pro-
viding hydrogen from water electrolysis to produce chlorine, as
well as using oxygen from water electrolysis to burn poly-
urethane materials to form carbon dioxide and, in some cases,
burning pyrolysis residues obtained from polyurethane-con-
taining materials and using the resulting carbon dioxide as a
feedstock for the RWGS reaction.”” The carbon monoxide,
advantageously produced from the recycling of the waste poly-
urethane material, reacts with chlorine to form phosgene,
which in turn reacts with amines to form isocyanates. From
isocyanates, polyurethane materials can be re-produced by
reacting with polyether polyol or polyester polyol. If CO, and
electricity from renewable energy sources are used to electro-

Patent number Title

Brief description

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

US9950996B2 Bio-based aromatic diisocyanates for the
preparation of polyurethanes”

US4749806A Process for the synthesis of isocyanates and of
isocyanate derivatives’®

CN102659631B One-step synthesis of ethyl isocyanate”

(cc)

WO02014147142A1  Allophanate composition”®

EP3819259A1 Method for the production of isocyanates and
polyurethanes with improved sustainability””
CN113461894A Sponge synthesized from bio-based isocyanate

and mattress prepared from sponge”®

2490 | Green Chem., 2023, 25, 2482-2504

The present invention provides bio-based aromatic diisocyanate of
formula (I) (scheme included in the patent description), wherein X is
OCHj, Y is selected from —H or OCHj, and m = 0-12. The present inven-
tion further provides a method for the preparation of aromatic diisocya-
nate of formula (I) useful for the preparation of polyurethane

The present invention relates to a process for the synthesis of
isocyanates and isocyanate derivatives. Isocyanates are obtained by
reacting an organic halide with a metal cyanate in an organic medium in
the presence of a catalyst consisting of a complex of nickel with at least
one organic ligand, in which complex the nickel is in the zero oxidation
state. A carbamate or a urea, respectively, are obtained by a subsequent
reaction with a hydroxy compound or a primary or secondary amine.
Isocyanates and their derivatives are used especially either as refined
synthesis agents for the production of pesticides and medications, or as
monomers or comonomers for the preparation of many macromolecular
compounds

The invention relates to one-step synthesis of ethyl isocyanate. The
method abandons a process of phosgene feeding in routine techniques,
and uses xylene as a solvent 150-200 kg ethylamine hydrochloride is
dissolved in 400-600 L xylene; the xylene solution containing 200-300 kg
trichloromethyl carbonate is added into a reaction vessel in a dropwise
manner in the presence of 5-10 kg of a catalyst; and the following steps
are carried out: preparation of the catalyst, synthesis of the target
product, separation of the target product, synthesis of ethyl isocyanate,
and preparation of the product after separation. The method effectively
solves the problems of high risk, severe pollution, high cost and poor
quality and the like in the process of phosgene feeding in the production
process in the routine techniques that use phosgene

The invention relates to a composition for preparing a coating
comprising (a) at least one compound comprising at least two secondary
amine functions and (b) an isocyanate component comprising at least
one allophanate and at least one polyfunctional isocyanate, and
optionally a solvent

The invention relates to a method for producing isocyanates and
optionally polyurethanes by the following method: synthesising
phosgene from carbon monoxide and chlorine; reacting phosgene with
diamines to form diisocyanates and hydrogen chloride; providing carbon
dioxide gas flow; and cleaning the carbon dioxide gas flow of additional
components, wherein carbon dioxide is converted by means of an RWGS
reaction to form carbon monoxide and hydrogen, which are used as raw
materials for polyurethane production, as well as optionally reacting the
diisocyanates with polyether polyol and/or polyester polyol to form
polyurethanes

The invention relates to the technical field of mattresses, in particular to
a sponge synthesized from bio-based toluene diisocyanate and a
mattress prepared from the sponge. Preferably, the bio-based TDI is
prepared by reacting toluene extracted from organisms with nitric acid,
hydrogen, carbon monoxide and oxygen

This journal is © The Royal Society of Chemistry 2023
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lyze water, a polyurethane material can be produced with
improved sustainability. Even though the invention uses phos-
gene, it is an example of producing polyurethanes with a sig-
nificant reduction in fossil carbon, which is in line with the
sustainability policy. The last invention presented,
CN113461894A, provides a sponge obtained from a bio-based
isocyanate.”® The bio-based TDI is prepared by reacting
toluene extracted from organisms with nitric acid, hydrogen,
carbon monoxide and oxygen. The listed applications rep-
resent only part of the state of the art in the field of sustain-
able isocyanate application. It can be observed that there is a
correlation between current research trends and patent appli-
cations based on the results of our patent analysis.

4.1. Feedstock for the synthesis of bio-based isocyanates

Since the early days of the polyurethane industry, biomass-
derived substrates have been used. Initially, rigid polyurethane
foams were obtained using castor 0il.**> The development of
synthetic alternatives led to the complete elimination of pre-
cursors from bio-based sources. Work on the synthesis of poly-
urethanes from renewable raw materials has now resumed due
to predictions that fossil fuels will be depleted. Commercially
produced bio-based isocyanates are already available, but their
accessibility is limited. For example, Vencorex Chemicals
(Saint-Priest, France) has launched an aliphatic diisocyanate
called Tolonate™ X FLO 100 derived from palm oil. This iso-
cyanate is characterized by low viscosity and 32% green carbon
content.”® This isocyanate is typically used as a precursor for
the synthesis of epoxy resin for coating applications. However,
to the best of our knowledge, there are no examples related to
the preparation of flexible polyurethane foams using
Tolonate™. Moreover, Covestro offers a PDI trimer under the
trade name Desmodur® eco N 7300.%° 1t is the world’s first
bio-based curing compound for lightweight polyurethane
coating systems. It is characterized by being biobased (70%)
and having a reduced carbon footprint (by 30%) compared to
fossil-based products. It is used, for example, in coatings for
the automotive or plastics industries. It can be used in both
solvent-based and solvent-free systems. In terms of properties,
it is similar to its petrochemical counterparts and has similar
qualities. The last commercially available isocyanate is
STABIO™ PDI, manufactured by Mitsui Chemicals.?! It is an
aliphatic polyisocyanurate based on biobased 1,5-pentamethyl-
ene diisocyanate. It is characterized by a biomass content of
more than 60% and a high NCO content. It shows appropriate
resistance to solvents and weathering. It is applicable e.g. in
paints. Unfortunately, the companies listed do not disclose
their formulas in patent applications, presumably they use so-
called trade secrets due to the unique product. Table 4 pre-
sents a comparison of the commercially available isocyanates.

Bio-based isocyanate synthesis can be carried out by the
Curtius, Hoffman or Lossen rearrangement illustrated in
Fig. 6. Unfortunately, these methods have some disadvantages.
The Curtius process uses highly toxic and explosive azides,
while in the Hoffman and Lossen rearrangement, only ali-
phatic isocyanates can be obtained.®?

This journal is © The Royal Society of Chemistry 2023
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In addition to different methods of synthesis, isocyanates
can also originate from different biomass components. This
section provides a description of the raw materials for the syn-
thesis of bio-based isocyanates.

4.1.1. Fatty acids. The synthesis of diisocyanates based on
fatty acids was described in the second half of the twentieth
century. Isocyanates obtained from vegetable oils usually have
an aliphatic structure, which makes them less reactive than
isocyanates derived from petrochemical feedstock with an aro-
matic structure.®® In the work presented by Changqing Fu
et al. a diisocyanate was synthesized from castor oil-derived
undecylenic acid by thiol coupling (TEC) via the Curtius
rearrangement. Diisocyanate was synthesized with a yield of
76.4%. This isocyanate was used as a starting material in the
preparation of biobased polyurethane waterborne dispersion
(BPUD) through reacting with castor oil and a castor oil-based
carboxylic acid-type hydrophilic chain extender, which was
obtained from castor oil by using 3-mercaptopropionic acid via
TEC. Measurements showed high flexibility of the material
obtained and low elongation at break. Unfortunately, the iso-
cyanate was synthesized by the reaction with sodium azide,
which is a highly explosive substance, which can lead to pro-
blems related to the expansion for large-scale production.’

Hojabri et al.®® in their work proposed a method for obtain-
ing aliphatic 1,7-heptamethylene diisocyanate (HPMDI) from
oleic acid by the Curtius rearrangement (Scheme 3). The reac-
tion involved the thermal decomposition of acyl azide, which
was an intermediate in the preparation of isocyanates. The
resulting product was then converted in situ to polyurethane.
The problem of hydrolysis of acyl azide and isocyanate was
eliminated by the use of anhydrous reagents. The obtained dii-
socyanate was successfully used in the next step for the syn-
thesis of polyurethanes. The materials obtained exhibited
physical properties comparable to those of similar materials
based on petrochemical feedstocks. One drawback of the
described diisocyanate production process is the requirement
for dry reaction conditions. Moreover, the azides used are
explosive and require special conditions to work at lower temp-
eratures. Furthermore, the described method uses the solvent
THF, which is a hazardous substance, so it would require
further studies with the use of milder solvents. Therefore, pro-
ducing isocyanates based on the described method would be
difficult to implement on a large scale, and would require the
development of a process and a lot of money. In a subsequent
work by Hojabri et al.®® the synthesized poly(ester-urethanes)
obtained from polyester diols and aliphatic diisocyanates were
from natural raw materials. The results obtained confirmed
the structure and properties of materials based on natural
products.

In another work, Hojrabi et al.”" synthesized 1,16-diisocya-
natohexadec-8-ene (HDEDI) from oleic acid by the Curtius
rearrangement (Scheme 4). First, oleic acid was reacted with
the Grubbs catalyst to give unsaturated dicarboxylic acid. In
the second step, the Curtius rearrangements were carried out
using ethyl chloroformate, triethylamine, and dehydrated
tetrahydrofuran. Sodium azide was then added dropwise
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Table 4 Comparison of bio-isocyanates

NCO % Biomass [%] Viscosity [mPa s/25 °C] Company Ref.
Tolonate™ X FLO 100 13+1 25 140 + 80 Vencorex 79
o
|
oll
|| N
|
N
NH
N~ =0
o o/\zllo\ﬂ/\/\/\/\/\/\/\/
n
[¢]
Desmodur® eco N 7300 21.5 70 9200 Covestro 80
(0]
OCN )J\ e U N
07 N0
NCO
STABIO™ D-370N 25 70 2.0 Mitsui Chemicals 82

OCN

NCO
Cl N,
NaN,
R e R N,
0 o A
0o NaOH/Br, 0 ~HBr
R — R ——fp OCN —R
A
NH, HN— Br

OR1

-H,0
o 0
NH,OH A
R—< —_— R
NH

2

Fig. 6 Synthesis of isocyanates by rearrangement: A. Curtius, B. Hoffman, C. Lossen.
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CuCl, CH5CN, t-BuOOH

HOOC \/\/\/\/ COOH

1. Et3;N, THF, ethylcholorormate
2. NaN3 in water
3. reflux, THF

OCN \/\/\/\/ NCO

Scheme 3 Synthesis of 1,7-heptamethylene diisocyanate (HPMDI) from oleic acid by the Curtius rearrangement.
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HOOC

|
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/\N\/\M/\/\/ Neo
OCN

Scheme 4 Synthesis of unsaturated diisocyanates from oleic acid.

under a nitrogen atmosphere to obtain a light yellow oil,
which was used to synthesize fully bio-based polyurethanes.
From the study, it was found that for HDEDI-based poly-
urethanes, the hydrogen bond strength was higher than that
of polyurethanes produced from HPMDI, which influenced
their higher tensile strength at break in comparison to that of
TPUs synthesized from HPMDI. In addition, polyurethanes
based on HDEDI showed a lower Young’s modulus and a
higher elongation. Unfortunately, the melting point of HDEDI-
based PUs (80 °C) and HPMDI (73 °C) was much lower than
that of HDI-based polyurethanes (140 °C). Moreover, the separ-
ation of the diol from the polyol mixture required a large

This journal is © The Royal Society of Chemistry 2023

amount of solvent and time, so large-scale production would
be impossible. The last key factor limiting large-scale pro-
duction of the aforementioned isocyanates (HPMDI and
HDEDI) is their reaction yields; at the laboratory scale, they
were obtained with 68% and 57% yields, respectively.

Cifarelli et al. obtained bio-polyols from epoxidized
soybean oil and linseed 0il.*” A solvent-free method using
caprylic acid or 3-phenyl butyric acid with triethylamine as the
catalyst was used. Then, as shown in Scheme 5, water blown
polyurethane foams were prepared from the obtained bio-
polyol and partially bio-based isocyanate (Tolonate X FLO 100).
The G-PU foams were characterized by an open cell structure
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Scheme 5 Scheme of the synthesis of polyurethane foam from bio-polyol and partially bio-based isocyanate.®”

with a well-developed pore network. The polyurethane foams
obtained were characterized by slightly lower values of Young’s
modulus and compressive strain in comparison to those of the
reference foam. Unfortunately, vegetable oil-based polyols are
more flammable than petrochemical polyols.®® As a result, the
obtained foams may not be suitable for commercial appli-
cations. There are several possibilities to make such foams less
flammable, e.g. by incorporating elements such as phosphorus
or nitrogen into their backbone, however, it will cause the
process to be more complicated and more expensive.

Another paper presents the synthesis of unsaturated trigly-
cerides of vegetable oils with isocyanate groups.’® The syn-
thesis had several steps; in the first step, methyl oleate was
brominated in the allylic position using N-bromosuccinimide.
The crude product was purified by column chromatography on
silica gel with n-pentane/CHCI; as the eluent. In the next step,
the obtained product was dissolved in THF and portions of
AgNCO were added. In both the first and the second stages,
the mixture was protected from sunlight. The methyl oleate
isocyanate thus obtained was mixed with methanol and
refluxed overnight. Dry conditions were maintained during the
synthesis. Allyl isocyanates were obtained in 60-70% yield.
When dried soybean oil was used instead of methyl oleate, the
by-products obtained were alkyl halides, but they reacted
readily with AgNCO. Polyurethanes and polyurea were charac-
terized by low mechanical strength and high elongation. All
polyurethanes were characterized by a high swelling ratio.
These polyurethanes can be used in applications where high
mechanical properties are not required. Therefore, the main
drawback of this synthesis was the use of an expensive reagent
such as AgNCO. Due to its unique nature, it is not possible to
replace it with a cheaper component. Moreover, this synthesis
implies the use of solvents such as THF, therefore this syn-
thesis has only a limited environmental benefit.

2494 | Green Chem., 2023, 25, 2482-2504

For the synthesis of diisocyanates also oleic and erucic acid
esters were used. Following nucleophilic substitution, novel
linear isocyanates were obtained: 1,19-diisocyanatononade-
cane and 1,23-diisocyanatotricosane.’® The process consisted
of four steps; in the first step, dimethyl nonadecanedioate and
dimethyl tricosandioate were obtained by isomerizing alkoxy-
carbonylation (Scheme 6). The obtained products were then
reduced to nonadecanediol and tricosanediol, which were
then converted to the corresponding bromides (the Appel II
reaction). In the final step, nucleophilic substitution was
carried out to obtain nonadecane diisocyanate and tricosane
diisocyanate. The yield of the process was up to 40%. Despite
the low efficiency, this type of reaction does not cause hydro-
carbon chain shortening. The diisocyanates thus synthesized
were then used for the polyaddition reaction with diols. The
research group successfully obtained transparent poly-
urethane-polyether bio-copolymers in this method. These poly-
mers had lower melting points and reduced ductility and elas-
ticity. To bring this method to a large scale, it would be necess-
ary to increase the efficiency and eliminate the use of toxic
solvents.

More et al. developed an environmentally friendly method
for the preparation of isocyanates by the phosgene-free route
presented in Scheme 7.°" The substrates in the process were
castor oil derivatives — sebacic acid and undecylenic acid. Both
acids reacted with hydrated hydrazine, and after filtration, the
solid was refluxed in ethanol and filtered to obtain a white
solid. Concentrated hydrochloric acid, acetic acid, and di-
chloromethane were added to the prepared suspension, and
then aqueous solution of sodium nitrite was dropped into the
mixture. This solution in anhydrous tetrahydrofuran was then
refluxed under a nitrogen atmosphere. The compound thus
prepared had a yield of about 70%. DITD diisocyanate had
non-equivalent NCO groups and was unstable in nature, while

This journal is © The Royal Society of Chemistry 2023
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Scheme 6 Synthesis of fatty acid based 1,19-diisocyanatononadecane and 1,23-diisocyanatotricosane.®°
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Scheme 7 Synthesis of diisocyanates based on castor oil derivatives.®*

isocyanate with equivalent units was stable and easy to work
with. Diisocyanates were used to synthesize polyurethanes
with different diols. The type of monomers affected the pro-
perties of the obtained PUs, and both amorphous and semi-
crystalline morphologies were obtained. PUs based on DITD/
propanediol were amorphous, while when the number of
carbon atoms in the diol structure was increased, semi-crystal-
linity was induced. PUs based on DIO and linear aliphatic diol
were semi-crystalline. An increase in melting point was
observed when the number of methylene units increased from
3 to 4, while a decrease in melting point was caused by a
higher number of methylene spacers.

4.1.2. Lignin. Lignin is an important renewable resource
due to its abundance.®” It is an amorphous polymer obtained
from hydroxycinnamic alcohols by dehydrogenation polymeriz-
ation.”® It is composed of three units: phenylpropane units

This journal is © The Royal Society of Chemistry 2023
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(p-hydroxyphenyl, guaiacol and syringyl) bonded by carbon-
carbon and ether bonds. Using various methods, lignin is
extracted from lignocellulosic materials.”* Processing methods
and the source of extraction affect the chemical structure of
lignin. Moreover, it is a by-product in many industries such as
the cellulose industry, and thus its reuse is desirable. Only in
2010, 50 million tons of lignin were mined, and just 2% was
used in dispersants, adhesives, surfactants, etc.”> In recent
years, the use of lignin-based aromatic building blocks (vanil-
lin, syringic acid, vanillic acid, guaiacol, syringol) for the syn-
thesis of polyurethanes has gained interest. Since lignin con-
tains a large number of hydroxyl groups, it is often used as a
substrate for renewable polyols. However, there are several
studies that prove the possibility of obtaining isocyanates from
lignin as well. The first reports on the synthesis of isocyanates
from lignin are from 1981.°° The paper “Lignin-Derived
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Polyols, Polyisocyanates, and Polyurethanes” describes two
methods for the synthesis of isocyanate from carboxylic acids.
In method A shown in Scheme 8 the acid was reacted with
thionyl chloride to form acyl chloride. Next, the reaction with
sodium azide can occur in a non-aqueous medium (“dry
method”) or in an aqueous medium (“wet method”). The

O.__OH O.__Cl 0
SOCl, aqg. NaN,
—_— E— —_—
O\R O\R

R=CH,or Ac

View Article Online

Green Chemistry
resulting azide is recovered from the reaction mixture and con-
verted to an isocyanate by the Curtius rearrangement.

Kuhire et al. obtained in their work aromatic diisocyanates:
bis(4-isocyanato-2-methoxyphenoxy)alkane and bis(4-isocya-

nato-2,6-dimethoxyphenoxy)alkane, synthesized by the Curtius
rearrangement (Scheme 9). Vanillic acid and syringic acid,

N=N=N" N—0

heat

SR

Scheme 8 Reaction scheme for obtaining isocyanate from carboxylic acid.’®
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Scheme 9 Synthesis of aromatic diisocyanates.®”
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derived from lignin, were used for the synthesis. Subsequently,
the obtained diisocyanates were used to synthesize poly(ether-
urethanes) with aliphatic bioderived diol(1,10-decanediol and
1,12-dodecanediol).””%*

The direct route of synthesis by the McMurry coupling
method has also been communicated. In this method, vanillin
was reacted with TiCl,/Mg in THF (Scheme 10). The stilbene
obtained in this process then reacted with CNBr and NEt; to
give cyanate esters. Esters were isolated by filtration and water
washing. The products were obtained in appropriate yields,
and their structure was studied by single crystal X-ray diffrac-
tion.”” The prepared (bis)cyanate esters were thermally curable
under mild conditions to obtain a thermosetting material,
which was comparable to petroleum-derived epoxy resins.

Considering the good properties of lignin, its availability,
low cost and biodegradability, many attempts are currently
undertaken to use it as one of the components of polymer
matrices and other industrial applications.’® However, the
structure and functionality of lignin depend on its source and
processing conditions. These fluctuations can affect the pro-
perties of the final product causing structure inhomogeneity.
Such variations are unacceptable for commercial applications
that require repeatable properties and high purity of the
material.'%

4.1.3. Amino acid-based. The vast majority of amino acid-
based polyurethanes are used in medical materials. The publi-
cation ‘Green Polyurethanes from Renewable Isocyanates and

View Article Online

Critical Review

Biobased White Dextrins’ presents methods for the synthesis
of polyurethane films from biobased isocyanates. r-Lysine dii-
socyanate ethyl ester (LLDI), t-lysine triisocyanate ethyl ester
(LLTI), and commercial isocyanate isophorone diisocyanate
(IPDI) were used. Polyurethanes obtained from IPDI and bio-
isocyanates were compared. IPDI-based materials were trans-
parent and rigid, while polyurethanes obtained from LLDI
were flexible and milky white in color. Unfortunately, poly-
urethanes (G-PUs) with LLDI tended to crack compared to
polyurethanes with IPDL'®" Likewise, Jian Han et al. in their
work proposed a method to synthesize r-lysine diisocyanate
ethyl ester and then use it to synthesize bio-polyurethane.'®?
Polymerization was carried out in two steps using 1,4-butane-
diol and polycaprolactone diols (PCL). LDI was synthesized as
shown in Scheme 11.'%

Analysis of mechanical properties showed that the
maximum tensile strength was 23 MPa and the maximum
elongation was 1700%. Since PCL is a biodegradable polyester,
it impacts the biodegradable properties of polyurethane.
Degradation products of the obtained polyurethanes are, for
e.g., non-toxic r-lysine amino acids and a-hydroxylcaproic acid.
However, in this method the products were obtained with a
yield of 50%. Moreover, the study used pyridine, which was
responsible for absorbing the chloride formed in the reaction.
Before the proposed method finds industrial application, the
efficiency of the reaction should be improved and the use of
toxic substances like pyridine must be eliminated. It was con-

CH
- 3
/O 7
OH
1) TiCl,, Mg, THF
(reflux)
H3C\ 2) H,/PtO,
0]
OH HO
0
SCH,

CNBr,

NEt,,

-78°C to RT

CHj
o/
NCO
OCN
(0]
CH,

Scheme 10 Synthesis of bisphenols and cyanate esters from vanillin.®?
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Scheme 11 Synthesis of L-lysine ethyl ester diisocyanate (LDI).X°?

cluded that this type of degradable polyurethane has potential
for use in porous tubular scaffolds. In another work, a bio-
degradable poly(lactic acid)-poly(ethylene glycol)-poly(lactic
acid) (PLA-PEG-PLA) triblock oligomer was synthesized and
then, using the same stoichiometric ratio of PLA-PEG-PLA,
t-lysine ethyl ester diisocyanate (LDI) and 1,4-butanediol
(BDO), biodegradable polyurethanes were prepared.'®® The
obtained polyurethanes exhibited rapid degradation rates and
may find applications in drug delivery systems and contrast
agents for magnetic resonance imaging. Also, the paper ‘Non-
toxic polyester urethanes based on poly(lactic acid), poly(ethyl-
ene glycol) and lysine diisocyanate’ presents the synthesis of
polyurethanes for medical applications.'® The authors pre-
pared copolymers of poly(lactic acid) and poly(ethylene glycol),
followed by a chain-extension reaction with r-lysine ethyl ester
diisocyanate. The polyurethanes obtained had acceptable
properties.

4.1.4. Algae. The consumption of food products in chemi-
cal syntheses is disfavored by the increased demand for food.
Moreover, it is also related to high agricultural land exploita-
tion, water consumption and reduced food production. As a
result, algal biomass has gained interest over the last few

1. CH,OH, HCI, reflux |

2.N,H,*H,0

years. Their main advantages are fast growth rate, low habitat
requirements, appropriate productivity and the possibility to
produce more unsaturated fatty acids. Furthermore,
microalgae residues (e.g. proteins) can be converted into
polymers. Considering the aforementioned advantages, a
group of researchers at the University of California developed a
way to obtain isocyanates from fatty acids derived from algal
biomass. The method involved the synthesis of acyl azides in a
flow connected with the Curtius rearrangement (Scheme 9).
This solution was applied to the preparation of aliphatic diiso-
cyanates and then extended to the synthesis of linear alkyl or
aromatic isocyanates from organic acids. Initially, the group
obtained azelaic acid (AA) from palmitoleic acid derived from
algae. The azelaic acid thus obtained, was then used to syn-
thesize 1,7-heptamethylene diisocyanate (HpMDI). For this
purpose, flow-through methods were employed to ensure
safety and scalability. By using Fischer esterification, azelaic
acid was converted to azelaic dimethyl ester and then treated
with hydrazine hydrate. After the addition of nitric acid, the
product was converted to azide, and toluene was added to the
flow. The product thus obtained was dried and then heated in
flow at 85 °C for the Curtius rearrangement (Schemes 12 and

NH,
(0] HN(
aq. NaNO,*HCI NH;
l0°c (in flow)

N—N+N\[]/\/\/\/YO
2 Nang

Scheme 12 Synthesis of heptamethylene diisocyanate from algae-based azelaic acid using flow chemistry.2°®
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Scheme 13 Synthesis of heptamethylene diisocyanate from algae-based azelaic acid using flow chemistry.1°®

13). Diisocyanate was obtained with a yield of 80% and a rate
of 500 mg h™'. Environmental concerns were taken into con-
sideration and for this a hydrazine hydrate was used, which
unlike hydrazine, can be safely used. In addition, the threat of
instability of the high-energy acyl azide was eliminated by
using flow chemistry.

To the authors’ best knowledge, the presented papers are
the only reports on the synthesis of isocyanates from algae.
These methods may be a promising way to synthesize bio-
based isocyanates in an environmentally and economically
friendly way. Among the major challenges of algal production
is identifying strains with high lipid content, growth rates and
high lipid yields for large-scale production.

4.1.5. Saccharides. Natural sugars are abundantly available
due to the fact that sugar biomass is extracted from corn,
soybean, and wheat among others. They have many benefits like
structural diversity, being harmless to human health, hydrophilic
character and less environmental impact as compared to pet-

Scheme 14 Monomer synthesis.''?

This journal is © The Royal Society of Chemistry 2023

roleum based substances. Substrates for polymer production can
be obtained from sugars like mannose, lactose or galactose.'®” %

Bifunctional dianhydrohexytols can be obtained from poly-
saccharides. They are obtained from renewable resources, such
as by double dehydration of p-glucose.''®''" Bachmann et al.
used dianhydrohexitols with three configurations (p-gluco,
1-ido, p-manno) to prepare diisocyanates (Scheme 14)."'? Two
methods, cold and hot phosgenation, were used to convert the
substrates into diisocyanates. The yield of the process
depended on the stereochemistry of the dianhydrohexitols.
Phosgene addition was more efficient when the amino groups
were orientated out of the molecular plane. Therefore, the syn-
thesis of diisocyanate with an 1-ido configuration gave the
highest yield. The obtained diisocyanates were then used in a
polyaddition reaction to obtain new polyurethanes. The advan-
tage of such an isocyanate will be the use of natural raw
materials as substrates, however, the authors should consider
using a synthesis method other than phosgenation.

L-ido
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An interesting substitute for petroleum-based substances is
isosorbide, due to its rigidity and thermal stability. Zenner
et al. obtained diisocyanates based on isosorbide. In the syn-
thesis, succinic anhydride was also used because of the com-
petitive price of production of succinic acid and the ability to
eliminate petrochemical reagents.'** As shown in Scheme 15
in the first step of the reaction isosorbide and succinic anhy-
dride were reacted by double esterification under solvent-free
conditions. Then the Curtius rearrangement was used to
obtain the product, thionyl chloride and sodium azide were
used for this step. Unfortunately, aromatic solvents such as
toluene were used in this synthesis. The yield of the process to
obtain diisocyanate from isosorbide was 60% in total, it is
possible to increase the yield to 70% by obtaining isocyanate
directly from diacyl azide. The diisocyanates thus obtained
were successfully applied in the synthesis of thermoplastic
polyurethanes.

Starch derived from field corn (non-edible) was used by
Covestro to develop aliphatic pentamethylene isocyanate (PDI).

b) SOCI,, DMF (cat.), 0°C (ca. 85%)

View Article Online

Green Chemistry

It is the first commercial diisocyanate that contains 70%
renewable carbon content. Scheme 16 illustrates the pro-
duction process of this isocyanate.'**

4.1.6. Cashew nut shell liquid (CNSL). Phenols, hemi-
cellulose, and other wood-derived compounds can be suitable
starting materials for chemical synthesis due to the fact that
they are not competitive with the food industry (they are classi-
fied as non-edible biosources). This monomer source can be
cashew nut shell liquid, which belongs to natural phenols.
CNSL is a by-product of cashew nut kernel removal and may
be an interesting renewable resource.'’> There are various
components in CNSL, the main ones being anacardic acid, car-
danol, cardol, and 2-methylcardol. Cardanol can be used in
the chemical industry for coatings, resins or surfactants.'*®

Novolac resins that contain cardanol can be converted to
the corresponding cyanate esters. Nair et al. in their work
investigated the synthesis of cardanol-modified novolac resins
and the effect of cardanol on their thermal stability
(Scheme 17). The cyanate esters formed thermally stable

nod )0
Q H

a) 120°C
+
c) NaN,, H,
(0}
Scheme 15 Synthesis of diisocyanate ™
Partners

H,0, PhMe, 0°C

PhMe, 110°C,
ca.70%

i o

Covestro

oyl
\
‘ h [

biomass

fermentation

phosgenation &
derivatisation

Scheme 16 Industrial procedure for Desmodur eco N7300 from Covestro.'**
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Scheme 17 Synthesis of cardanol-based cyanate ester resins.!'®

phenol-triazine networks after curing.''” However, increasing

the cardanol content decreased the thermal stability of the
cured polymers. While Kulkarni et al. synthesized cyanate
ester monomers containing pentadecyl-substituted cyclohexyl
moieties."'® The obtained compounds, 1,1-bis(4-cyanatophe-
nyl) 3-pentadecylcyclohexane, as well as 1,1-bis(4-cyanatophe-
nyl) cyclohexane were characterized by Fourier-transform infra-
red spectroscopy and proton-nuclear magnetic resonance,
among others. These compounds exhibited better processabil-
ity, lower melting point and lower onset of cure compared to
commercially available cyanate esters.

5. Conclusions and future
perspectives

This article presents up-to-date information about biomass-
derived raw materials for isocyanate production. In recent
years, increased interest in the topic of bio-based feedstocks
has been reported. Bio-based raw materials used in the syn-
thesis can include vegetable oils, lignin or amino acids. The
isocyanates produced from biomass are characterized by a
high green carbon content and low CO, emissions. Moreover,
the use of biomass provides an alternative to depleting fossil
fuel resources. Monomers of biological origin are currently not
used on a large scale, mainly for financial reasons, but, as can
be seen, the environmental costs are much lower than those of
petrochemical raw materials. In addition, the toxicity of isocya-
nates of petrochemical origin and the phosgene used in isocya-
nate production were discussed. Many review papers have con-
sidered the synthesis of polyols from feedstock of natural
origin, but limited information is present for the synthesis of
bio-based isocyanates. This review analyzes both patent appli-
cations and papers related to sustainability in isocyanate pro-
duction. Among the factors slowing the development of bio-
based polyurethanes are high production costs and limited
production of commercially available monomers. The authors
believe that long-term efforts are required to achieve a sustain-
able and environmentally friendly way of producing poly-
urethanes. These include improving technology to produce
biobased monomers on a large scale at low cost, and develop-
ing new biobased monomers. Researchers should also empha-
size on accelerating the commercialization of existing bio-
based monomers. Ongoing development of sustainability pol-
icies and consumer awareness is also extremely important.
Therefore, this paper presents the advantages and disadvan-

This journal is © The Royal Society of Chemistry 2023

2) CNBI/ET,N, -30°C
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tages of currently known methods of isocyanate production.
Each of them has its own critical points that should be con-
sidered before large-scale production. Several of the outlined
methods seem to be interesting alternatives to petrochemical
isocyanates. Certainly, the transition from petrochemical sub-
strates to renewable feedstocks will be a major success for the
environment and industry. Perhaps a good alternative in the
beginning would be to produce PUR from a mixture of isocya-
nates to reduce the cost while on the other hand increasing
the green carbon content of the product, without sacrificing
properties. It is believed that this review will be beneficial for
researchers, academics or any other industry professionals
seeking alternatives to commercially used isocyanates of petro-
chemical origin. The authors express hope for further develop-
ment in this direction.
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