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Abstract: Nowadays, “green” is a hot topic almost everywhere, from retailers to universities to
industries; and achieving a green status has become a universal aim. However, polymers are
commonly considered not to be “green”, being associated with massive energy consumption and
severe pollution problems (for example, the “Plastic Soup”) as a public stereotype. To achieve
green polymers, three elements should be entailed: (1) green raw materials, catalysts and solvents;
(2) eco-friendly synthesis processes; and (3) sustainable polymers with a low carbon footprint,
for example, (bio)degradable polymers or polymers which can be recycled or disposed with a
gentle environmental impact. By utilizing biobased monomers in enzymatic polymerizations, many
advantageous green aspects can be fulfilled. For example, biobased monomers and enzyme catalysts
are renewable materials that are derived from biomass feedstocks; enzymatic polymerizations are
clean and energy saving processes; and no toxic residuals contaminate the final products. Therefore,
synthesis of renewable polymers via enzymatic polymerizations of biobased monomers provides
an opportunity for achieving green polymers and a future sustainable polymer industry, which will
eventually play an essential role for realizing and maintaining a biobased and sustainable society.
Keywords: enzymatic polymerization; biobased polyesters; biobased polyamides; biobased
monomer; lipase; renewable resources

1. Polymers: From Petrol-Based to Biobased and Beyond
Polymers are one of the most important materials that are being exploited and developed by
mankind, which play an essential and ubiquitous role in our modern life. They are large molecules or
macromolecules that are composed of many small molecular fragments known as repeating units. They
are in widespread use as plastics, rubbers, fibers, coatings, adhesives, foams and specialty polymers [1].
According to their origin, polymers can be classified as natural polymers or synthetic polymers.
Natural polymers occur in nature via in vivo reactions, where biocatalysts, normally enzymes, are
inevitably involved. Natural polymers can be found in all living organisms: plants, animals and
human beings. Examples of natural polymers include lignocellulose, starch, protein, DNA, RNA and
polyhydroxyalkanoates (PHAs), just to name a few. Normally, the structures of natural polymers are
well-defined, with some exceptions like lignocellulose.
Synthetic polymers are commonly produced via polymerization of petrol-based chemicals having
simple structures. Chemical catalysts, especially metal catalysts, are normally used in the preparation of
synthetic polymers. Because of the booming of petrochemical industry and the concomitant availability
of cheap petroleum oils, as well as the well establishment and advancement of polymerization
techniques, numerous synthetic polymers have been developed, for example, phenol-formaldehyde
resins, polyolefins, polyvinyl chloride, polystyrene, polyesters and polyamides, and so on. Synthetic
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Most known aliphatic polyesters could be produced as biobased polymers [45,46], as the majority
of their starting monomers can be produced from biomass feedstocks. Aliphatic polyesters are
also (bio)degradable materials which can be recycled, disposed, composted or incinerated with
a low environmental impact [46,47]. Aliphatic polyesters are widely used as thermoplastics and
thermoset resins, with many commodity and specialty applications. Among them, PLA is the
most well-known aliphatic polyester, which can be used as fibers, food packaging materials and
durable goods, with a global demand of around 360 kilo tons in 2013 [48]. PBS is another important
commodity polyester which can be applied as packaging films and disposable cutlery, with a global
market of around 10–15 kilo tons per year [49]. In addition, aliphatic polyesters have found potential
applications in biomedical and pharmaceutical fields such as in sutures, bone screws, tissue engineering
scaffolds, and drug delivery systems, due to their biodegradability, biocompatibility and probable
bioresorbability [46,50–52].
Compared to aliphatic polyesters, semi-aromatic polyesters generally possess better thermal and
mechanical properties, which can be used as commodity plastics and thermal engineering plastics.
Examples of semi-aromatic polyesters are poly(trimethylene terephthalate) (PTT), PET, PBT, and
poly(ethylene naphthalate) (PEN). Among them, PET is the most commonly used semi-aromatic
polyester. It is the fourth-most-produced plastic [53], with a global supply of more than 19.8 million
tons in 2012 [54]. PET has been widely used as beverage bottles, food containers, fibers and fabrics,
packing films, photographic and recording tapes, engineering resins, and so on. It should be noted that
PET is commonly referred by its common name, polyester, in textile and fiber applications; whereas the
acronym “PET” or “PET resin” is used when applied as bottles, containers and packaging materials.
Aromatic polyesters are high performance thermoplastics, with high thermal stability and
chemical resistance, and excellent mechanical properties. Aromatic polyesters have found many
applications in the mechanical, chemical, electronic, aviation and automobile industries [55]. However,
aromatic polyesters generally possess a poor solubility even in aggressive solvents and are difficult
to process, caused by their extremely rigid structures [56]. Examples of aromatic polyesters are
poly(4-hydroxybenzoate-co-6-hydroxynaphthalene-2-carboxylate) (Vectra® , Celanese, Irving, TX,
USA; Vectran® , Kuraray, Chiyoda-ku, Tokyo, Japan), poly(4-hydroxybenzoate-co-4,41 -biphenylene
terephthalate) (Xydar® , Solvay, Brussels, Belgium; Ekonol® , Saint-Gobain, Courbevoie, France) and
poly(6-hydroxynaphthalene-2-carboxylate-co-4-hydroxybenzoate-co-4,41 -biphenylene terephthalate).
Besides,
aromatic polyesters and some semi-aromatic copolymers such as
poly(2-chlorohydroquinone terephalate-co-l,4-cyclohexylenedimethylene terephthalate) and
poly(p-hydroxybenzoate-co-ethylene terephthalate) are liquid crystalline materials in which both liquid
crystalline and polymer properties are combined. These liquid crystalline polyesters are generally
characterized by a rod-like molecular structure, rigidness of the long axis, and strong dipoles [55].
Aromatic polyesters are good candidates for thermotropic main-chain polymers due to the highly rich
aromatic (mesogenic) fragments, and the low inter-chain forces because of the relatively low energy of
association of the ester groups.
Generally speaking, polyesters can be produced via two methods: (1) step-growth polycondensation
of diols and diacid/diesters, or hydroxyacids/hydroxyesters; and (2) ring-opening polymerization
of cyclic monomers (lactones, cyclic diesters and cyclic ketene acetals) and cyclic oligomers. Both
of these two methods have some merits and also suffer from some drawbacks. On the one hand,
the building blocks for step-growth polycondensation are generally easily obtained at a relatively
cheap price. However, elevated reaction temperatures (150–280 ˝ C), long reaction times, high vacuum
condition, heavy metal catalysts and a precise stoichiometric balance between monomers are normally
required for polycondensation. In addition, side-reactions and volatilization of monomers may occur
at elevated temperatures or under high vacuum [50,57]. On the other hand, removal of by-products is
not required by ring-opening polymerization and, therefore, high molecular weight products can
be obtained under relatively mild conditions in a matter of minutes. Besides, side reactions can be
greatly suppressed during ring-opening polymerization. However, extra synthesis steps and heavy
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metal catalysts are often required for the preparation of the starting materials, cyclic monomers and
cyclic oligomers.
Moreover, polyesters can be also synthesized by other methods such as polyaddition of diepoxides
to diacids [58], and acyclic diene metathesis (ADMET) polymerization of diene monomers containing
ester bonds in the main chain [59].
At present, some biobased polyesters are already commercially available, including fully biobased
PLA, PHAs, and poly(ethylene furanoate) (PEF), partially biobased PBS, PET, PTT and poly(butylene
adipate-co-terephthalate) (PBAT), and so on (Table 1) [34,49,60–68]. However, polymers including
polyesters, polyamides and other types, are still mainly derived from petroleum oils. The production
capacity of biobased polymers represented only a 2% share of the total polymer production in 2013
and will increase to 4% by 2020 [3].
Table 1. A selected list of commercially available biobased polyesters and their manufacturers.
Biobased Polyester

PLA

Biosourcing (%) a

up to 100

Manufacturer

Trademark

NatureWorks (Minnetonka, MN, USA)
Synbra (Etten-Leur, The Netherlands)
Zhejiang Hisun Biomaterials Biological Engineering
(Taizhou, Zhejiang, China)
Nantong Jiuding Biological Engineering (Rugao, Jiangsu, China)
Teijin (Chiyoda, Tokyo, Japan, Japan)
Mitsui Chemicals (Minato, Tokyo, Japan)
Futerro (Celles, Belgium)
Corbion Purac (Amsterdam, The Netherlands)

Ingeo™, NatureWorks®
BioFoam®

BIOFRONT™
LACEA®
Futerro®
LX175, L175, L130, L105, D070
Mirel™
Nodax™
MINERV-PHA™
GreenBio
Kaneka PHBH
ENMAT™
BIOCYCLE®
BioPBS™
Bionolle™
GS Pla®

REVODE 100 and 200 series

PHAs

100

Metabolix (Cambridge, MA, USA) and ADM (Decatur, IL, USA)
MHG (Bainbridge, GA, USA)
Bio-on (San Giorgio di Piano, Bologna, Italy)
Tianjin Green Biosciences (Tianjin, China)
Kaneka (Tokyo, Japan)
Tianan Biological Materials (Ningbo, Zhejiang, China)
PHB Industrial S/A (Serrana, Brazil)

PBS

50

PTT MCC Biochem ( Chatuchak, Bangkok, Thailand)
Showa Denko K.K. (Tokyo, Japan)
Mitsubishi Chemical (Chiyoda-ku, Tokyo, Japan)

PEF

100

Avantium (Geleen, The Netherlands)

-

PET

up to 30

Coca Cola (Atlanta, GA, USA)
Toyota Tsusho Corporation (Nagoya, Aichi Prefecture, Japan)

PlantBottle™
GLOBIO®

PTT

37
up to 35

DuPont (Wilmington, DE, USA)

Sorona®
Biomax®

PBAT

30–70

Novamont (Novara, Italy)
BASF (Ludwigshafen, Germany)

Origo-Bi™
Ecoflex® FS

Co-polyester

9–30

SK Chemicals (Seongnam-si, Gyeonggi-do, Korea)

ECOZEN®

Co-polyester

-

DuPont (Wilmington, DE, USA)

Biomax®

a

Biosourcing (%): the percentage of carbon originating from biomass sources among the total organic carbon.

3. Polyamides
Polyamides are polymers in which the monomeric units are linked together by amide bonds.
Examples of polyamides include naturally occurring polyamides like proteins, and synthetic
polyamides such as polycaprolactam (nylon 6 or PA 6), poly(hexamethylene adipamide) (nylon
6,6 or PA 6,6), poly(hexamethylene terephathamide) (PA 6,T), and poly(p-phenylene terephathamide)
(PPTA, Kevlar® , DuPont, Wilmington, DE, USA). Similar to polyesters, polyamides can be classified to
three types: aliphatic, semi-aromatic and aromatic polyamides, depending on the chemical composition
of the main chain (Scheme 2).
Aliphatic polyamides, commercially known as nylons or nylon fibers, are highly valued
semi-crystalline thermoplastics that are widely used as synthetic fibers, construction materials, food
packing materials, engineering resins, and so on [69]. Currently, a variety of aliphatic polyamides
are commercially manufactured, including nylon 6 (PA 6), nylon 10 (PA 10), nylon 11 (PA11) and
nylon 12 (PA 12), and nylon 4,6 (PA 4,6), nylon 6,6 (PA 6,6), nylon 6,10 (PA 6,10) and nylon 6,12
(PA 6,12). Among them, nylon 6 is the largest produced aliphatic polyamide by far, with a global
production of 4.2 million tons in 2010; and nylon 6,6 ranked the second largest aliphatic polyamide
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in the market, with a global production of 2.1 million tons. Actually, nylon 6,6 is the first example of
aliphatic polyamides, which was firstly produced in the laboratory by Carothers and Hill at DuPont
in 1930. After that, this polyamide was prepared by DuPont as nylon 6,6 fiber on 28 February 1935,
and then produced at full-scale in July 1935. Regarding nylon 6, it was firstly developed by Schlack
at IG Farbenindustrie in 1938, for the purpose of reproducing the properties of nylon 6,6 without
violating the patents [70,71]. At present, 66% of nylon 6 production is used as fibers, 30% is applied as
engineering thermoplastics, and the rest 10% is consumed as films. For nylon 6,6, 55% of the current
production is used as fibers, and the remainder is applied as engineering thermoplastics. Other nylons
like nylon 4,10, nylon 6,12, nylon 10,10, nylon 11 and nylon 12 are commonly used as high performance
materials [72].
Semi-aromatic polyamides consist of both aliphatic and aromatic fragments in the polymer main
chain. Especially, polyphthalamides (PPAs), a type of semi-aromatic polyamides, are defined by ASTM
D5336 as “polyamides in which at least 55 mol % of the carboxylic acid portion of the repeating
unit in the polymer chain is comprised by a combination of terephthalic acid (TPA) and isophthalic
acid (IPA)” [73]. Compared to aliphatic polyamides, semi-aromatic polyamides are much stiffer,
rendering the polyamides with higher mechanical strength and better thermal resistance. In addition,
semi-aromatic polyamides possess many other merits such as high heat chemical/abrasion/corrosion
resistance, good dimensional stability, superior processing characteristics and direct bonding to
many elastomers. Semi-aromatic polyamides can be used as thermal engineering materials and
high performance materials, which have found various applications in many areas, for example, in
marine, automotive industry, oil industry, electronics, machinery, domestic appliances, medical devices,
personal care, and so on. Examples of semi-aromatic polyamides are PA 6,T, poly(nonamethylene
terephthalamide) (PA 9,T), and poly(decamethylene terephthalamide) (PA 10,T). They are commercially
produced by many companies such as DuPont (Zytel® HTN, PA 6,T), Solvay (Amodel® , PA 6,T),
EMS-GRIVORY (Grilamid® HT, PA 6,T), Mitsui (ARLEN® , PA 6,T/6,6), Kuraray (Genesta® , PA 9,T),
and Evonik (VESTAMID® HTplus, PA 6,T/X or PA 10,T/X) [72,74].
Aromatic polyamides are normally referred to wholly aromatic polyamides, or aramids in which
at least 85% of the amide linkages are directly attached to two aromatic groups [73,75,76]. Due to
the amide linkages and the rigid aromatic structures, the stiff rod-like aromatic polyamide chains
interact with each other by strong and highly directional hydrogen bonds and π-π stackings. Therefore,
aromatic polyamides possess outstanding thermal and mechanical resistance, and excellent chemically
inert property, but a poor solubility and processability. Aromatic polyamides are high performance
materials that are used as advantageous replacement for metals or ceramics, cut-resistant, flame
resistant and high-tensile strength synthetic fibers and coatings, bullet-proof body armor, protective
clothing, electrical insulation materials, sealing materials, composites, and so on. Examples of aromatic
polyamides are PPPTA and poly(m-phenylene isophthalamide) (PMPI). These two aramids are the most
well-known commercially available aromatic polyamides, with the trademark of Kevlar® (DuPont)
and Nomex® (DuPont), respectively. Besides, some aromatic polyamides display liquid crystalline
properties. For example, the solid-state PPPT (Kevlar® , DuPont, Wilmington, DE, USA) is an example
of main chain lyotropic liquid crystal polymers [55].
Similar to polyesters, polyamides can be generally synthesized via two methods: (1) step-growth
polycondensation of diacids/diesters with diamines, or ω-amino acids/esters; and (2) ring-opening
polymerization of lactams. For example, nylon 6,6 is produced by polycondensation of adipic acid
and 1,6-hexanediamine, while nylon 6 is typically produced by ring-opening polymerization of
ε-caprolactam.
Regarding the equipment and the reaction conditions followed, the polymerization steps in
polyester and polyamide synthesis are similar [57]. However, with respect to the formation of high
molecular weight products, the polymerization of polyamides differs from that of polyesters to some
extent. Firstly, the chemical equilibrium is favored for the amide formation but is less favored for the
ester formation. Secondly, when dicarboxylic acids are used as starting materials, salts are formed in
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polyamide synthesis, but there is no salt formation in polyester synthesis. In this case, stoichiometric
equivalence can be much more easily achieved in polyamide synthesis. Thirdly, the amide interchange
reactions (transamidations) are much slower than the ester interchange reactions (transesterifications).
Currently, some biobased polyamides are already commercially available, including fully biobased
nylon 4,10, nylon 10,10 and nylon 11, and partially biobased nylon 6,10, nylon 10,12 and PA 10,T, and
so on (Table 2).
Table 2. A selected list of commercially available biobased polyamides and their manufacturers.
Biobased Polyamide

Biosourcing (%) a

Manufacturer

Nylon 4,10 (PA 4,10)

100

DSM (Heerlen, The Netherlands)

EcoPaXX®

63

BASF (Ludwigshafen, Germany)
EMS-GRIVORY (Domat/Ems, Switzerland)
Evonik (Essen, Germany)
Solvay (Rhodia) (Brussels, Belgium)
DuPont (Wilmington, DE, USA)
Arkema (Colombes, France)
Suzhou Hipro Polymers (Suzhou, Jiangsu, China)

Ultramid® S Balance
Grilamid® 2S
VESTAMID® Terra HS
Technyl® eXten
Zytel® RS LC3030
Rilsan® S
Hiprolon® 70

Nylon 10,10 (PA
10,10)

100

EMS-GRIVORY (Domat/Ems, Switzerland)
Evonik (Essen, Germany)
DuPont (Wilmington, DE, USA)
Arkema (Colombes, France)
Suzhou Hipro Polymers (Suzhou, Jiangsu, China)

Grilamid® 1S
VESTAMID® Terra DS
Zytel® RS LC1000
Rilsan® T
Hiprolon® 200, Hiprolon®211

Nylon 10,12 (PA
10,12)

45

Evonik (Essen, Germany)
Suzhou Hipro Polymers (Suzhou, Jiangsu, China)

VESTAMID® Terra DD
Hiprolon® 400

Nylon 11 (PA 11)

100

Arkema (Colombes, France)
Suzhou Hipro Polymers (Suzhou, Jiangsu, China)

Rilsan® PA11
Hiprolon® 11

PA 10,T

50

EMS-GRIVORY (Domat/Ems, Switzerland)
Evonik (Essen, Germany)

Grilamid® HT3
VESTAMID® HTplus M3000

Polyphthalamide
(PPA)

>70

Arkema (Colombes, France)

Rilsan® HT

Transparent
polyamide

54

Arkema (Colombes, France)

Rilsan® Clear G830 Rnew

Co-polyamide

Tailored, up to 100

Arkema (Colombes, France)

Platamid® Rnew

Polyamide

High Bio-Content

EMS-GRIVORY (Domat/Ems, Switzerland)

Grilamid® TR

Nylon 6,10 (PA 6,10)

a

Trademark

Biosourcing (%): the percentage of carbon originating from biomass sources among the total organic carbon.

4. Biobased Monomers for Polyester and Polyamide Synthesis
Generally speaking, lactones, diacids and their ester and anhydride derivatives, diols, polyols,
and hydroxyacids and their esters are good building blocks for polyester synthesis, while lactams,
ω-amino acids and their esters, diacids and their derivatives, and diamines are suitable monomers for
polyamide synthesis. Herein, some predominate biobased monomers for polyester and polyamide
synthesis are outlined.
4.1. Biobased Lactones and Lactams
Lactones and lactams are abundant moieties in naturally occurring compounds with diversified
structures and varied ring sizes. Examples of naturally occurred lactones and lactams are tetronic acid,
5,6-dihydropyran-2-one, coumarin, α-alkylidene-γ-lactones and lactams, α-alkylidene-δ-lactones and
lactams, β-lactam, and so on. They are widely applied in the fine and functional perfumery and in the
pharmaceutical industry. However, few studies referred to the synthesis of polyesters and polyamides
from naturally occurring lactones and lactams, probably due to their complicated structures, limited
availability, and high price [77].
3-Hydroxybutyrolactone (3-HBL) is a biobased platform molecules listed in “DOE TOP 10” [18].
It is a chiral compound that can be used for the synthesis of pharmaceuticals, polymers and organic
solvents. However, the chemical synthesis of 3-HBL is quite difficult, with multiple steps [5,18,78].
Currently, (S)-3-HBL is commercially produced from L-malic acid via a continuous chemical synthesis
process under high pressure in a fixed-bed reactor using a ruthenium-based catalyst [79,80] This
process involves hazardous conditions, expensive catalysts, as well as multiple purification steps [78].
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[78]. Recently, Prather et al. [78,81] developed a biosynthesis pathway for 3-HBL in recombinant E.
Recently, Prather et al. [78,81] developed a biosynthesis pathway for 3-HBL in recombinant E. coli
coli (Escherichia coli) using glycolic acid or glucose as the starting material. However, the large-scale
(Escherichia coli) using glycolic acid or glucose as the starting material. However, the large-scale
biological production of 3-HBL is still challenging, which requires further studies.
biological production of 3-HBL is still challenging, which requires further studies.
Some other lactones, such as propiolactone, γ-butyrolactone, angelilactone, γ-valerolactone, and
Some other lactones, such as propiolactone, γ-butyrolactone, angelilactone, γ-valerolactone, and
furan-2(5H)-one, can be derived from renewable resources [18,82].
furan-2(5H)-one, can be derived from renewable resources [18,82].
In addition, lactams can be converted from biomass feedstocks. Among them, ε-caprolactam is
In addition, lactams can be converted from biomass feedstocks. Among them, ε-caprolactam is
an important raw material for the synthesis of nylon 6. At present, ε-caprolactam is produced via a
an important raw material for the synthesis of nylon 6. At present, ε-caprolactam is produced via a
six-step chemical process using benzene and ammonia as starting materials. Recently Heeres et al.
six-step chemical process using benzene and ammonia as starting materials. Recently Heeres et al. [83]
[83] reported the conversion of biobased 5-(hydroxymethyl)furfural (HMF) to ε-caprolactam via four
reported the conversion of biobased 5-(hydroxymethyl)furfural (HMF) to ε-caprolactam via four steps
steps (Scheme 3), two steps less than the traditional approach. In addition, Bouwman et al. [84]
(Scheme 3), two steps less than the traditional approach. In addition, Bouwman et al. [84] reported
reported the production of ε-caprolactam from biobased levulinic acid via a four-step process.
the production of ε-caprolactam from biobased levulinic acid via a four-step process. Moreover,
Moreover, synthesis of ε-caprolactam from sugar-derived lysine is developed [85,86]. It is also
synthesis of ε-caprolactam from sugar-derived lysine is developed [85,86]. It is also possible to
possible to produce ε-caprolactam via fermentation of sugars and the relevant industrial process is
produce ε-caprolactam via fermentation of sugars and the relevant industrial process is currently
currently under development [31].
under development [31].

Scheme 3.
3. Synthesis
Synthesis of
of ε-caprolactam
ε-caprolactam from
from biobased
biobased chemicals.
chemicals.
Scheme

4.2.
4.2. Biobased
Biobased Aliphatic
Aliphatic Diacids
Diacids
Succinic
Succinic acid
acid is
is a naturally occurring
occurring dicarboxylic
dicarboxylic acid,
acid, which
which is
is predominantly
predominantly produced
produced
commercially
commercially through
through petrochemical
petrochemical routes
routes by
by catalytic
catalytic hydrogenation
hydrogenation of
of maleic
maleic acid
acid or
or anhydride,
anhydride,
with
with a global
global production
production of
of 30–50
30–50 kilo
kilo tons
tons per year [87,88]. Succinic
Succinic acid
acid can
can be
be also
also produced
produced by
by
fermentation
of
carbohydrates
or
glycerol
using
engineered
bacteria
or
yeast.
The
current
bio-route
fermentation of carbohydrates or glycerol using engineered bacteria or yeast. The current bio-route
for
yeast strains
strains [88].
[88]. To
for succinic
succinic acid
acid is based on proprietary E. coli or yeast
To lower
lower the
the cost,
cost, other
other
microorganisms
andyeast
yeast
have
developed,
like Coryne-type
bacteria,
which
shows a
microorganisms and
have
beenbeen
developed,
like Coryne-type
bacteria, which
shows
a significantly
significantly
higher productivity
toCurrently,
E. coli. [33]four
Currently,
fourhave
companies
have
built up
higher productivity
compared tocompared
E. coli. [33]
companies
built up
commercial
commercial
for the of
production
of biobased
acid:
Reverdia,
Succinity,
Bioamber
facilities for facilities
the production
biobased succinic
acid:succinic
Reverdia,
Succinity,
Bioamber
and
Myriant and
[29].
Myriant
[29].
Itaconic acid is an attractive unsaturated monomer that has already been produced industrially by
acid isusing
an attractive
unsaturated
monomer
that[89,90].
has already
been produced
industrially
sugarItaconic
fermentation
Aspergillus
terreus early
in the 1960s
The current
production
of itaconic
by
sugar
fermentation
using
terreus
earlyChina,
in theJapan
1960sand
[89,90].
The[91].
current
production
of
acid
is around
80 kilo tons
perAspergillus
year, mainly
in USA,
France
To reduce
the cost
itaconic
acid
is
around
80
kilo
tons
per
year,
mainly
in
USA,
China,
Japan
and
France
[91].
To
reduce
and increase the sustainability, current studies mainly focus on strain improvement of microorganisms
the
cost and increase
the sustainability,
current studies
focus onand
strain
of
by mutagenesis,
development
of more cost-effective
processmainly
methodologies,
the improvement
use of alternative
microorganisms
mutagenesis,
development
of more cost-effective process methodologies, and the
cheap substratesby
such
as cellulolytic
biomass [91].
use ofAdipic
alternative
as cellulolytic
biomass
[91]. which is mainly used for the
acid cheap
is one substrates
the most such
important
commodity
chemicals,
Adipic of
acid
is one
the most
commodity
chemicals,
which
is mainly
used tons
for the
production
nylon
6,6 [33,92].
Theimportant
current global
market for
adipic acid
is around
4 million
per
production
of
nylon
6,6
[33,92].
The
current
global
market
for
adipic
acid
is
around
4
million
tons
per
year [31]. At present, over 90% of adipic acid is manufactured industrially by oxidation of cyclohexanol
year
[31]. (a
Atmixture
present,ofover
90% of adipic
acid is manufactured
industriallynitric
by oxidation
of
or KA-oil
cyclohexanol
and cyclohexanone)
using concentrated
acid [92–95].
cyclohexanol
or two
KA-oil
(a mixturebiosynthetic
of cyclohexanol
and cyclohexanone)
using
concentrated
nitric acid
In recent years,
prospective
pathways
to biobased adipic
acid
have been developed

Polymers 2016, 8, 243

9 of 52

[92–95].
In recent
Polymers 2016,
8, 243 years, two prospective biosynthetic pathways to biobased adipic acid have 9been
of 53
developed and are under commercialization evaluation at the moment [31,33]: (1) chemo-catalytic
conversion of biologically derived precursors such as cis,cis-muconic acid or D-glucaric acid; and (2)
and are
under commercialization
evaluation
thesugars
moment
[31,33]:
direct
biological
conversion of vegetable
oils at
and
using
yeast.(1) chemo-catalytic conversion of
biologically
derived
precursors
such
as
cis,cis-muconic
acid
or
D
(2) direct biological
In addition, suberic acid, sebacic acid and dodecanedioic-glucaric
acid areacid;
alsoand
(potentially)
biobased
conversion which
of vegetable
and sugars
monomers
can beoils
converted
fromusing
plantyeast.
oils [31,96–98].
In addition, suberic acid, sebacic acid and dodecanedioic acid are also (potentially) biobased
monomers
canDiols
be converted
from plant oils [31,96–98].
4.3. Biobasedwhich
Aliphatic
and Polyols
1,3-Propanediol
(1,3-PDO)
is a commodity chemical used for the production of various
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1,3-Propanediol (1,3-PDO) is a commodity chemical used for the production of various polymers,
chemical processes for the industrial production of 1,3-PDO, starting from petrol-based
with an annual global demand of around 1 million tons [99]. At present, there are two chemical
acrylaldehyde or ethylene oxide [100,101]. Nowadays biobased 1,3-PDO is commercially synthesized
processes for the industrial production of 1,3-PDO, starting from petrol-based acrylaldehyde or
via fermentation of D-glucose based on corn using a genetically engineered E. coli. [100] In addition,
ethylene oxide [100,101]. Nowadays biobased 1,3-PDO is commercially synthesized via fermentation
it is promising to produce 1,3-PDO from biomass-derived glycerol using a bacterial fermentation
of D-glucose based on corn using a genetically engineered E. coli. [100] In addition, it is promising to
process [99–103].
produce 1,3-PDO from biomass-derived glycerol using a bacterial fermentation process [99–103].
1,4-Butanediol (1,4-BDO) is widely used as a building block for polymer synthesis, with an
1,4-Butanediol (1,4-BDO) is widely used as a building block for polymer synthesis, with an annual
annual global market of over 2.5 million tons [104]. The industrial production of 1,4-BDO dominantly
global market of over 2.5 million tons [104]. The industrial production of 1,4-BDO dominantly depends
depends on petrol-based chemicals such as maleic anhydride, acetylene, butane, propylene and
on petrol-based chemicals such as maleic anhydride, acetylene, butane, propylene and butadiene.
butadiene.
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Other aliphatic diols such as 2,3-butanediol, 1,6-hexanediol, 1,8-octanediol and 1,10-decanediol,
Other aliphatic diols such as 2,3-butanediol, 1,6-hexanediol, 1,8-octanediol and 1,10-decanediol,
are (potentially) biobased monomers [5,109,110].
are (potentially) biobased monomers [5,109,110].
Moreover, glycerol and D-sorbitol are abundant and inexpensive biobased aliphatic polyols.
Moreover, glycerol and D-sorbitol are abundant and inexpensive biobased aliphatic polyols.
Glycerol is obtained as a byproduct in the production of biodiesel from vegetable oils and fats [5,111],
Glycerol is obtained as a byproduct in the production of biodiesel from vegetable oils and fats [5,111],
while D-sorbitol is produced industrially on large scale by reduction of glucose derived from biomass
while D-sorbitol is produced industrially on large scale by reduction of glucose derived from biomass
feedstocks [33].
feedstocks [33].
Furthermore, sugars like glucose and sucrose, and sugar alcohols such as erythritol, xylitol and
Furthermore, sugars like glucose and sucrose, and sugar alcohols such as erythritol, xylitol and
sorbitol, are polyols with multi hydroxyl groups. They are naturally occurring compounds which can
sorbitol, are polyols with multi hydroxyl groups. They are naturally occurring compounds which can
be produced via fermentation of various sources of biomass feedstocks [112].
be produced via fermentation of various sources of biomass feedstocks [112].
4.4. Biobased Aliphatic Diamines
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4.4. Biobased Aliphatic Diamines
1,4-Butanediamine (1,4-BDA, putrescine) is naturally produced by decomposition of amino
acids in living and dead organisms, which is used for the production of engineering plastics and
high performance materials such as nylon 4,6, nylon 4,10 and PA 4,T. It is produced industrially via
chemical synthesis approaches starting from petrol-based 1,4-dichloro-2-butene or 1,4-dihalobutane, or
succinodinitrile [113,114]. It is also possible to synthesize biobased 1,4-BDA via chemical conversion of
biomass-derived succinic acid [18], or via fermentation of sugars using engineered E. coli strains [113].
1,5-Pentanediamine (1,5-PDA, cadaverine) is a naturally occurring compound which is produced
by hydrolysis of protein during the tissue putrefaction of animals, the same as 1,4-BDA. 1,5-PDA can
be used for the production of nylon 5,6 and nylon 5,10. The industrial production of 1,5-PDA is similar
to that of 1,4-BDA, using petrol-based 1,5-dichloropentane, glutarodinitrile, or glutaraldehyde as the
starting material [114]. Moreover, the biosynthesis of 1,5-PDA is well established, by decarboxylation
of lysine using several microorganisms [115,116]. It is also promising to produce biobased 1,5-PDA via
fermentation of sugars by metabolic engineering. Currently, biobased 1,5-PDA has been produced
in industrial scale by Cathay Industrial Biotech (Shanghai, China) [29]. In addition, Ajinomoto
(Tokyo, Japan) is working on the industrial production of biobased 1,5-PDA by decarbonating of lysine
via an enzymatic process.
1,6-Hexanediamine (1,6-HDA) is a raw material for synthesis of nylon 6,6, nylon 6,10 and PA
6,T, which is currently produced industrially from petrol-based butadiene or propylene. Recent
developments show that biobased 1,6-HDA can be produced by chemical-catalytic conversion of
adipic acid [117] or 1,6-hexanediol [110] derived from carbohydrates, or by a fermentation route [31].
The commercial production of biobased 1,6-HDA is already in preparation stage [31].
1,8-Octanediamine (1,8-ODA) can be potentially derived from biomass. It can be produced by
amination of suberic acid which can be converted from plant oils [118].
1,10-Decanediamine (1,10-DDA) can be chemically converted from sebacic acid derived from
castor oils. They are interesting biobased monomers for the synthesis of fully biobased nylon 10,10
which have already been commercially available in the market [31].
4.5. Biobased Aromatic Monomers
Lignin is the largest non-carbohydrate components of lignocellulosic biomass which is composed
by oxidative coupling of three phenylpropane components: p-coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol [119]. Due to the unique structures and chemical properties, lignin provides a broad
opportunity for the production of a wide variety of biobased chemicals, especially biobased aromatic
chemicals that so far cannot be accessible via chemical or biological modifications of other biomass
feedstocks (Scheme 5).
However, it remains a big challenge to develop an efficient approach for the recovery of aromatic
chemicals with tailored structures from lignin [120]. Currently, only vanillin can be produced
via a commercial process by oxidation of lignosulfonates, a byproduct from the sulfite pulping
industry [121–123]. Recently, new chemical and biotechnological approaches for the production
of vanillin are studied [23,120,124–126]. Starting from vanillin, many biobased aromatic monomers for
polyester synthesis can be produced, for example, vanillic acid, divanillyl diol, dimethyl divanillate,
and so on [127–131].
Terephthalic acid (TPA) is industrially produced by oxidation of p-xylene. It is used mainly
as a precursor for the production of aromatic polyesters and polyamides such as PET, PBT and
PPAs. The current global market size of TPA is around 30 million tons per year, and is expected to
increase to 60 million tons in 2020 [31]. Nowadays, several technologies to produce biobased TPA
and its precursors from renewable resources have been proposed (Scheme 6) [49,132–139]; and some
companies and research institutes are active in the development of biobased TPA [31,49,138] and full
biobased PET. Nevertheless, no commercial biobased TPA and fully biobased PET are current available
in the market.
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and
(Scheme
[5,18,24,143].
carbohydrates [18,24]. It is also possible to produce FDCA via a biocatalytic approach starting from
HMF (Scheme 7) [141]. At present, FDCA is industrially produced by Avantium (The Netherlands)
using an enabling chemical synthesis technology [14,31]; and the price is expected to be cheaper than
the biobased and petrol-based TPA [31,142].
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Other interesting biobased furan monomers for polyester or polyamide synthesis
include 2,5-bis(hydroxymethyl)furan (BHMF), 2,5-bis(aminomethyl)furan, 2,5-bis(hydroxymethyl)
Polymers 2016, 8, 243 and 2,5-bis(aminomethyl)tetrahydrofuran (Scheme 7) [5,18,24,143].
12 of 52
-tetrahydrofuran

Scheme 7.
7. Promising
Promising biobased
biobased furan
furan monomers
monomers for
for polyester
Scheme
polyester or
or polyamide
polyamide synthesis.
synthesis.

4.6.
Other Biobased
Biobased Monomers
Monomers
4.6. Other
Lactic acid,
acid,one
oneofofthe
the
most
well-known
organic
acids
occurring
naturally,
can
be found
in
most
well-known
organic
acids
occurring
naturally,
can be
found
in many
many
carbohydrates,
for example,
in naturally
and fermented
products,
human
beings
carbohydrates,
for example,
in naturally
and fermented
food food
products,
plant,plant,
human
beings
and
and
animals
[144].
In
most
living
organisms,
lactic
acid
is
also
identified
as
a
principal
metabolic
animals [144]. In most living organisms, lactic acid is also identified as a principal
intermediate. Lactic
Lactic acid
acid can
can be manufactured chemically or biologically in industry [144]. In the
chemical synthesis approach, lactic acid is prepared via hydrolysis of lactonitrile, a by-product of
acrylonitrile production, by concentrated hydrochloric or sulfuric acid. This process is simple, but
results in a racemic mixture of D
D- and L
L-lactic acid; and the production of lactic acid depends on the
acrylonitrile
thisthis
casecase
[145].[145].
On the
other
acidlactic
can be
produced
fermentation
acrylonitrile industry
industryin in
On
thehand,
otherlactic
hand,
acid
can beviaproduced
via
of
sugars
by
bacteria.
This
microbial
fermentation
process
involves
the
utilization
of
biomass
feedstocks,
fermentation of sugars by bacteria. This microbial fermentation process involves the utilization of
low
reaction
temperature,
low energy
consumption
and can
resulted inand
enantio-pure
lactic
acid by
biomass
feedstocks,
low reaction
temperature,
low energy
consumption
can resulted
in enantioselecting
an
appropriate
microbial
strain
[145–147].
Currently,
the
global
demand
of
lactic
acid is
pure lactic acid by selecting an appropriate microbial strain [145–147]. Currently, the global demand
350
kilo
ton
per
year,
with
a
sustainable
growth
in
the
next
decade;
and
more
than
90%
of
lactic
acid
of lactic acid is 350 kilo ton per year, with a sustainable growth in the next decade; and more than
is
commercially
produced
via fermentation
of glucose
[59]. Alternatively,
production
of lactic acid
90%
of lactic acid
is commercially
produced
via fermentation
of glucose
[59]. Alternatively,
from
biobased
glycerol
and
its
derivatives
is
feasibly;
however,
this
route
cannot
compete
with
the
production of lactic acid from biobased glycerol and its derivatives is feasibly; however, this
route
fermentation
process
of the high
cost. because of the high cost.
cannot compete
with because
the fermentation
process
3-Hydroxypropionic acid (3-HPA) is a valuable biobased platform building blocks listed in
“DOE
“DOE TOP
TOP 10”
10” and
and revised
revised “DOE
“DOE TOP
TOP 10”
10” [18,22].
[18,22]. It can be produced via chemical approaches
staring from
from 1,3-PDO,
1,3-PDO,3-hydroxypropionaldehyde
3-hydroxypropionaldehydeororacrylic
acrylicacid,
acid,
which
cost-effective
which
areare
notnot
cost-effective
[5].[5].
In
In
recent
years,
promising
biosynthetic
pathways
have
been
developed
to
produce
biobased
3-HPA,
for
recent years, promising biosynthetic pathways have been developed to produce biobased 3-HPA,
example, via fermentation of sugars
sugars using
using genetically
geneticallymodified
modifiedmicroorganisms
microorganisms [148–150].
[148–150].Currently,
Currently,
the commercial production of biobased 1,3-HPA is under preparation
preparation stage by several
several companies
including Perstorp, Opxbio-Dow chemical, BASF-Cargilland-Novozymes,
and
Metabolix
BASF-Cargilland-Novozymes, and Metabolix [29].
[29].
Many long
their
derivatives
cancan
be produced
fromfrom
renewable
resources
such
longchain
chainfatty
fattyacids
acidsand
and
their
derivatives
be produced
renewable
resources
as
plant
and
fatsand
[97,151–153],
and theyand
are they
good are
building
for blocks
polyester
polyamide
such
as oils
plant
oils
fats [97,151–153],
good blocks
building
forand
polyester
and
synthesis.
Examples
of
long
chain
fatty
acids
include
oleic
acid,
ricinoleic
acid,
erucic
acid,
vernolic
polyamide synthesis. Examples of long chain fatty acids include oleic acid, ricinoleic acid, erucic acid,
acid,
andacid,
so onand
[9,154].
vernolic
so on [9,154].
Moreover, there are many other biobased building blocks for polyester or polyamide synthesis,
synthesis,
such as ethylene glycol [31], polycarboxylic acids (citric acid, tartaric acid) [8], 11-amino-undecanoic
acid [31], and so on.

5. Lipases
Lipases (triacylglycerol lipases, triacylglycerol acyl hydrolases, E.C. 3.1.1.3) are enzymes which
catalyze the hydrolysis of water-insoluble triglycerides with long-chain fatty acids to di-glycerides,
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organic
synthesis, lipases can be used to catalyze other reactions in non-aqueous media, for example,
5.
Lipases
esterification, transesterification, interesterification, amidation, transamidation, aminolysis, aldol
Lipases (triacylglycerol
lipases,[155–159].
triacylglycerol acyl hydrolases, E.C. 3.1.1.3) are enzymes which
condensation
and Michael addition
catalyze
the
hydrolysis
of
water-insoluble
triglycerides
long-chain
fatty acids
to di-glycerides,
Generally, lipases possess high catalytic
reactivitywith
in nonpolar
organic
solvents
with log P
mono-glycerides
and glycerol
with release
free fatty
acids in aqueous
solution
(Scheme
8). Insolvents
organic
(logarithm of partition
coefficient)
of moreofthan
1.9 [160–162].
Examples
of suitable
organic
synthesis,
lipases
can
be
used
to
catalyze
other
reactions
in
non-aqueous
media,
for
example,
for lipases are benzene (2), toluene (2.5), diphenyl ether (4.05), hydrocarbons like cyclohexane (3.2)
esterification,
transesterification,
amidation,
transamidation,
aminolysis,
aldol
and n-hexane (3.5),
and so on [163].interesterification,
Lipases also function
in some green
solvents such
as ionic liquids
condensation
andCO
Michael
addition [155–159].
and supercritical
2 [164–168].

Scheme 8.
8. Lipase-catalyzed
of triglyceride.
triglyceride.
Scheme
Lipase-catalyzed hydrolysis
hydrolysis of

Despite their different sources and diverse structures, all lipases possess a very similar α/β
Generally, lipases possess high catalytic reactivity in nonpolar organic solvents with log P
hydrolase fold (Scheme 9). The α/β hydrolase fold consists of a β-sheet core of five to eight parallel
(logarithm of partition coefficient) of more than 1.9 [160–162]. Examples of suitable organic solvents
strands (only the second β strand shows an antiparallel orientation to the others) connected on both
for lipases are benzene (2), toluene (2.5), diphenyl ether (4.05), hydrocarbons like cyclohexane (3.2)
sides by α-helices, forming a α/β/α sandwich-like shape [169–172]. Lipases and other enzymes
and n-hexane (3.5), and so on [163]. Lipases also function in some green solvents such as ionic liquids
including esterases, proteases, dehalogenases, epoxide hydrolases and peroxidases which exhibit
and supercritical CO2 [164–168].
similar structural features, belong to the α/β hydrolase family [169,173].
Despite their different sources and diverse structures, all lipases possess a very similar α/β
It is generally acknowledged that the specificity, selectivity and catalytic reactivity of an enzyme
hydrolase fold (Scheme 9). The α/β hydrolase fold consists of a β-sheet core of five to eight parallel
depend on its active site, the region that undergoes the binding of substrate molecules and the
strands (only the second β strand shows an antiparallel orientation to the others) connected on both
occurrence of enzymatic reactions. The active site of an enzyme consists of amino acid residuals that
sides by α-helices, forming a α/β/α sandwich-like shape [169–172]. Lipases and other enzymes
form temporary bonds with the substrate (binding site) and other amino acid residues that catalyze
including esterases, proteases, dehalogenases, epoxide hydrolases and peroxidases which exhibit
the corresponding reaction of that substrate (catalytic site). As for lipases, the active site is situated
similar
features,
belongabove
to the the
α/βcentral
hydrolase
family
[169,173].
inside astructural
pocket, which
is located
β-sheet
of the
protein [174]. Although the active
generally
thatsizes,
the specificity,
selectivity
reactivitycharacteristics
of an enzyme
sites It
ofislipases
haveacknowledged
different shapes,
depths of the
pockets,and
andcatalytic
physicochemical
depend
on
its
active
site,
the
region
that
undergoes
the
binding
of
substrate
molecules
and
the
of their amino acids [175], the binding sites display highly homologous amino acid sequences
[171];
occurrence
of
enzymatic
reactions.
The
active
site
of
an
enzyme
consists
of
amino
acid
residuals
that
and the active site of lipases consists of a highly conserved catalytic triad: a nucleophilic residue
form
temporary
bonds
substrate
(binding
and other
amino acid
that catalyze
(serine),
a histidine
basewith
and athe
catalytic
acidic
residuesite)
(aspartic
or glutamic
acid,residues
usually aspartic
acid)
the
corresponding
reaction
of
that
substrate
(catalytic
site).
As
for
lipases,
the
active
site
is situated
(Scheme 9). In addition, many lipases exhibit a lid, a surface loop that is a lipophilic α-helical
domain
inside
a pocket, which
is and
located
above
central
of The
the protein
[174].
Although
active
in the polypeptide
chain
covers
the the
active
sites β-sheet
[171,176].
lid controls
the
access ofthe
substrate
sites
of
lipases
have
different
shapes,
sizes,
depths
of
the
pockets,
and
physicochemical
characteristics
molecules to the catalytic center of lipase. In the presence of a lipid-water interface, the lid opens the
of
theircenter
aminoand
acids
[175],
the binding
sites display
highly
amino
acid sequences
[171];
active
thus
the active
site becomes
accessible.
Inhomologous
this case, a large
hydrophobic
surface
of
and
the active
site of lipases
a highly
conserved
a nucleophilic
residue
the enzyme
is revealed,
whichconsists
activatesofthe
enzyme.
However,catalytic
withouttriad:
the lipid-water
interface,
the
(serine),
histidine
base and a catalytic
acidic residue
or glutamic
acid, usually
acid)
lid is in aa closed
confirmation.
As a consequence,
the(aspartic
active center
is not accessible
andaspartic
the enzyme
(Scheme
9).
In
addition,
many
lipases
exhibit
a
lid,
a
surface
loop
that
is
a
lipophilic
α-helical
domain
is inactive.
in the polypeptide chain and covers the active sites [171,176]. The lid controls the access of substrate
molecules to the catalytic center of lipase. In the presence of a lipid-water interface, the lid opens the
active center and thus the active site becomes accessible. In this case, a large hydrophobic surface of
the enzyme is revealed, which activates the enzyme. However, without the lipid-water interface, the
lid is in a closed confirmation. As a consequence, the active center is not accessible and the enzyme
is inactive.
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Scheme
hydrolase
fold
and
the
location
ofofcatalytic
Scheme9.
Secondarystructure
structurediagram
diagramof
theα/β
α/βhydrolase
hydrolasefold
foldand
andthe
thelocation
locationof
catalytictriad
triad
Scheme
9.9.Secondary
Secondary
structure
diagram
ofofthe
the
α/β
catalytic
triad
amino
acid
residues
in
lipases.
Ser:
serine
residue;
Asp
or
Glu:
aspartic
or
glutamic
acid
residue;
His:
aminoacid
acidresidues
residuesininlipases.
lipases.Ser:
Ser:serine
serineresidue;
residue;Asp
AspororGlu:
Glu:aspartic
asparticororglutamic
glutamicacid
acidresidue;
residue;His:
His:
amino
histidine
histidineresidue;
residue;helixes
helixesindicate
indicateα-helixes;
α-helixes;arrows
arrowsindicate
indicateβ-sheets
β-sheets[177].
[177].
histidine
residue;
helixes
indicate
α-helixes;
arrows
indicate
β-sheets
[177].

Thegeneral
general
catalytic
mechanism
lipases
illustrated
Scheme
10,
whichinvolves
involves
an
The
catalytic
mechanism
of lipases
is illustrated
in Scheme
10, which
involves
an
acylation
general
catalytic
mechanism
ofoflipases
isisillustrated
ininScheme
10,
which
an
acylation
step
followed
byaadeacylation
deacylation
step
[171,174].
Atthe
the
acylation
step,the
the
hydroxyl
groupofof
acylation
step
followed
by
step
[171,174].
At
acylation
step,
hydroxyl
step
followed
by
a deacylation
step [171,174].
At
the acylation
step,
the hydroxyl
group
of thegroup
catalytic
thecatalytic
catalytic
serine
activatedby
by
transferring
proton
amonghistidine,
theaspartate,
aspartate,
histidine,
andserine
serine
the
serine
isistransferring
activated
aaproton
among
the
histidine,
and
serine
is activated
by
a transferring
proton
among
the
aspartate,
and serine
residues
of
the
residuestriad,
therendering
catalytictriad,
triad,
rendering
an
increaseofofthe
theof
nucleophilicity
thehydroxyl
hydroxyl
residue
residues
ofofthe
catalytic
rendering
an
increase
nucleophilicity
ofofthe
residue
ofof
catalytic
an
increase
of the
nucleophilicity
the hydroxyl residue
of the serine.
After
theserine.
serine.
Afterthat,
that,
thehydroxyl
residue
thecarbonyl
serineattacks
attacks
thethe
carbonyl
group
thesubstrate
substrate
the
After
the
residue
ofofthe
the
serine
carbonyl
group
ofofthe
that,
the hydroxyl
residue
ofhydroxyl
the serine
attacks
groupthe
of
substrate
(carboxylic
ester or
(carboxylic
esterforming
carboxylic
acid),
formingintermediate
thefirst
firsttetrahedral
tetrahedral
intermediate
with
anegative
negative
charge
(carboxylic
ester
ororcarboxylic
acid),
forming
the
intermediate
with
carboxylic
acid),
the first
tetrahedral
with a negative
charge
on athe
oxygencharge
of the
onthe
theoxygen
oxygen
thecarbonyl
carbonylgroup.
group.
Theoxyanion
oxyanion
holeisisformed
formedby
by
hydrogen
bonding
between
the
on
ofofThe
the
hole
hydrogen
between
carbonyl
group.
oxyanion
hole
isThe
formed
by hydrogen
bonding
between
thebonding
amide
groups
of the
amideacid
groups
the
amino
acidresiduals
residuals
theenzyme
enzyme
andthe
the
carbonyl
group
oxygen
the
amide
groups
ofofthe
acid
ofofthe
and
group
ofofthe
amino
residuals
ofamino
the enzyme
and
the carbonyl
group oxygen
of carbonyl
the
substrate.
Byoxygen
the
formation
substrate.
Byhydrogen
the formation
formation
of at
at least
least two
two hydrogen
hydrogen
bonds
the oxyanion
oxyanion
hole,
the
charge
substrate.
By
the
bonds
inin the
hole,
the
charge
of
at least two
bondsofin
the
oxyanion
hole,
the charge
distribution
is stabilized
and
the
state
distribution
stabilizedand
andthe
thestate
stateis
energy
thetetrahedral
tetrahedral
intermediate
isreduced.
reduced.
Then
the
distribution
stabilized
energy
ofofthe
intermediate
Then
the
energy
of theisis
tetrahedral
intermediate
reduced.
Then
the alcohol
componentis(R
–OH)
is
released
1
alcohol
component
(R1intermediate,
1–OH)isisreleased
released
from
thebond
bond
withthe
the
intermediate,
whilethe
the
“acidic
alcohol
(R
–OH)
the
with
while
“acidic
from
thecomponent
bond
with the
whilefrom
the
“acidic
component”
ofintermediate,
the
substrate remains
covalently
component”
ofthe
thesubstrate
substrate
remains
covalently
boundtotothe
theWhen
serinethe
residue
acyl-enzyme
component”
covalently
bound
serine
residue
ininthe
acyl-enzyme
bound
to theof
serine
residue
inremains
the acyl-enzyme
intermediate.
enzyme
isthe
attacked
by a
intermediate.
When
the
enzyme
is
attacked
by
a
nucleophile
(R
2new
–OH),
the
deacylation
step
occurs.
intermediate.
the
enzyme
is
attacked
by
a
nucleophile
(R
2
–OH),
the
deacylation
step
occurs.
nucleophile
(RWhen
–OH),
the
deacylation
step
occurs.
The
product
(a
carboxylic
ester
or
carboxylic
2
Theproduct
product
newcarboxylic
carboxylic
esterororis
carboxylic
acid)This
then
released,
the
enzyme
The
(a(anew
carboxylic
acid)
isisthen
released,
isis
acid)
is
then released,
while
the ester
enzyme
regenerated.
nucleophile
(Rwhile
–OH)the
canenzyme
be water
2while
regenerated.or
This
nucleophile
(R2–OH)
2–OH)can
canbe
bewater
water(hydrolysis)
(hydrolysis)ororan
analcohol
alcohol(alcoholysis).
(alcoholysis).
regenerated.
This
(R
(hydrolysis)
an nucleophile
alcohol
(alcoholysis).

Scheme
General
catalytic
mechanism
ofoflipases
lipases
Scheme10.
10.General
Generalcatalytic
catalyticmechanism
mechanismof
lipases[174].
[174].
Scheme
10.
[174].

Toincrease
increasethe
thestability
stabilitytowards
towardsorganic
organicsolvents
solventsand
andtotofacilitate
facilitatethe
therecycling
recyclingand
andreusing,
reusing,
increase
To
reusing,
lipasesare
are
normally
used
in
their
immobilized
forms
[178–185].
The
immobilized
lipases
may
show
lipases
normally
used
in
their
immobilized
forms
[178–185].
The
immobilized
lipases
may
are normally used in their immobilized forms [178–185]. The immobilized lipasesshow
may
improved
catalytic
activity,
specificity
or
selectivity.
Similar
to
other
enzymes,
lipases
can
be
improved
catalytic
activity,
specificity
or selectivity.
Similar
to other
enzymes,
lipases
cancan
be
show
improved
catalytic
activity,
specificity
or selectivity.
Similar
to other
enzymes,
lipases
generally
immobilized
viavia
three
strategies
[178]:
(1)chemical
chemical
physical
adsorptions
ontoonto
aninert
inert
generally
immobilized
via
three
strategies
[178]:
(1)
ororphysical
adsorptions
onto
an
be
generally
immobilized
three
strategies
[178]:
(1)
chemical
or physical
adsorptions
an
matrix;(2)
(2)entrapment
entrapmentwithin
withinan
aninert
inertmatrix;
matrix;and
and(3)
(3)immobilized
immobilizedasaswater-insoluble
water-insolubleparticles:
particles:crosscrossmatrix;
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inert matrix; (2) entrapment within an inert matrix; and (3) immobilized as water-insoluble particles:
cross-linked
enzyme
aggregates
(CLEAs),
cross-linked
enzyme
crystals(CLECs),
(CLECs),and
and protein-coated
protein-coated
linked
enzyme
aggregates
(CLEAs),
cross-linked
enzyme
crystals
microcrystals (PCMC).
(PCMC).
microcrystals
Due
to
the
broad substrate
substrate specificity,
specificity, high
high selectivity,
selectivity, and
and high
high thermal
thermal stability
stability and
and catalytic
catalytic
Due to the broad
reactivity,
Candida
antarctica
lipase
b
(CALB),
which
was
reclassified
as
Pseudozyma
antarctica
lipase bb
reactivity, Candida antarctica lipase b (CALB), which was reclassified as Pseudozyma antarctica lipase
(PALB) more
more recently
recently [186],
[186], is
is the
the most
most popular
popular biocatalyst
biocatalyst which
which is
is extensively
extensively used
used in
in biocatalytic
biocatalytic
(PALB)
synthesis
of
small
molecules
and
polymers.
CALB
is
a
globular
protein
that
is
composed
of
317 amino
amino
synthesis of small molecules and polymers. CALB is a globular protein that is composed of 317
acids (Scheme
(Scheme 11),
11),having
havingaamolecular
molecularweight
weightofof33
33kDa.
kDa.Similar
Similartotoother
otherlipases,
lipases,
CALB
possesses
acids
CALB
possesses
a
a
Ser-His-Asp
catalytic
triad
(Ser105,
Asp187
and
His224)
in
its
active
site
and
two
oxyanion
holes
Ser-His-Asp catalytic triad (Ser105, Asp187 and His224) in its active site and two oxyanion holes
(Thr40 and
and Gln106)
Gln106) [187],
[187], and
and the
the catalytic
catalytic mechanism
mechanism of
of CALB
CALB is
is the
the same
same as
(Thr40
as other
other lipases.
lipases.

(a)

(b)

Scheme 11. (a) The crystal structure of Candida antarctica lipase b (PDB number: 1TCA, from
Scheme 11. (a) The crystal structure of Candida antarctica lipase b (PDB number: 1TCA, from
http://www.rcsb.org/); and (b) a photo of Novozym® 435
beads.
http://www.rcsb.org/); and (b) a photo of Novozym® 435 beads.

However, the presence of the lid structure and the interfacial activation of CALB are still under
However,
the presence
of the that
lid structure
and the interfacial
activation
of CALB
still center
under
debate.
Some literature
suggested
the two α-helixes
(α5 and α10)
surrounding
theare
active
debate.
Some
literature
suggested
that
the
two
α-helixes
(α5
and
α10)
surrounding
the
active
center
of
of CALB, the most mobile part of the structure, could work as the lid [188–191], and CALB is an
CALB,
the
most
mobile
part
of
the
structure,
could
work
as
the
lid
[188–191],
and
CALB
is
an
interfacial
interfacial activated enzyme. A recent study indicated the hydrophobicity of the interface and the
activated
enzyme.
A recent determine
study indicated
the hydrophobicity
of CALB
the interface
and thesuggested
overall size
of
overall
size
of the substrate
the interfacial
activation of
[190], Others
that
the
substrate
determine
the
interfacial
activation
of
CALB
[190],
Others
suggested
that
CALB
has
no
CALB has no lid covering the entrance of the active site [187] and displays no interfacial activation
lid covering
the entrance
thea active
site [187]
and displays
In addition,
[192].
In addition,
CALB of
has
very limited
available
space no
in interfacial
the pocketactivation
of active [192].
site compared
to
CALB
has
a
very
limited
available
space
in
the
pocket
of
active
site
compared
to
other
lipases
and
this
other lipases and this explains its high selectivity [193].
explains
itsshows
high selectivity
CALB
improved[193].
thermal stability and more stable performance in its immobilized form.
CALB
shows
improved
thermalCALB
stability
and more stable
in its
immobilized
form.
At present, several immobilized
formulations
are performance
commercially
available,
including
®
At
present,
several
immobilized
CALB
formulations
are
commercially
available,
including
Novozym
®
®
Novozym 435 (N435, Novozymes A/S, Copenhagen, Denmark), Chirazyme L-2 (Roche Molecular
® L -2 (Roche Molecular Biochemicals,
435 (N435, Novozymes
A/S,
Copenhagen,
Denmark),
Chirazyme
Biochemicals,
Mannheim,
Germany),
LCAHNHE
and
LCAME (SPRIN
S.p.A, Milano, Italy), and
Mannheim,
Germany),
LCAHNHE
and
LCAME
(SPRIN
S.p.A,
Milano,
Italy),
immo
CalB immo Plus™ (c-LEcta, Leipzig, Germany, and Purolite, Bala Cynwyd, and
PA,CalB
USA)
[194].Plus™
The
(c-LEcta,
Leipzig,
Germany,
and
Purolite,
Bala
Cynwyd,
PA,
USA)
[194].
The
immobilized
CALB
immobilized CALB formulations are currently frequently used in industry, for example, for
the
formulations
are currently frequently
used in industry,
for the synthesis
pharmaceutical
synthesis
of pharmaceutical
chiral intermediates,
andfor
forexample,
the production
of other of
value-added
fine
chiral intermediates,
chemical
compounds.and for the production of other value-added fine chemical compounds.
N435
is the
the primary
primary immobilized
immobilized CALB
CALB that
that is
is used
used both
both in
in the
the industrial
industrial area
area and
and academia
academia
N435 is
research. N435
N435 functions
functions as
as aa hydrophobic
hydrophobic biocatalyst,
biocatalyst, which
which consists
consists of
of 10
10 wt
wt %
% of
of CALB
CALB physically
physically
research.
absorbed
within
90
wt
%
of
Lewatit
VP
OC
1600
bead
which
is
a
macroporous
DVB-crosslinked
absorbed within 90 wt % of Lewatit VP OC 1600 bead which is a macroporous DVB-crosslinked
methacrylate polymer
polymer resin
resin [162,194,195].
[162,194,195]. The
The bead
bead size
size of
of N435
N435 ranges
ranges from
from 0.315
0.315 to
to 1.0
1.0 mm
mm (>80%),
(>80%),
methacrylate
the effective
effective size
size is
is around
around 0.32–0.45
0.32–0.45 mm,
mm, and
and the
the average
average pore
pore diameter
diameter is
is 15
15 nm.
nm. N435
N435 can
can work
work at
at
the
mild
conditions
and
especially,
can
tolerate
some
extreme
conditions
such
as
elevated
temperatures
mild conditions and especially, can tolerate some extreme conditions such as elevated temperatures
˝ C) [196–198].
(up to
to 150
150 °C)
(up
[196–198].
6. Enzyme-Catalyzed Synthesis of Polyesters
Enzymatic polymerization is defined as “in vitro (in the test tubes) chemical synthesis of
polymers via a non-biosynthetic (non-metabolic) approach using an isolated enzyme as the catalyst”
[36,199].
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6. Enzyme-Catalyzed Synthesis of Polyesters
Enzymatic polymerization is defined as “in vitro (in the test tubes) chemical synthesis of polymers
via a non-biosynthetic (non-metabolic) approach using an isolated enzyme as the catalyst” [36,199].
Due to the unique properties of enzymes, enzymatic polymerization inherits many merits such
as high specificity and selectivity towards monomer substrates, clean-process, energy saving, gentle
environmental footprint, nontoxic natural catalysts, and recyclable catalysts (after immobilization).
With these, enzymatic polymerization provides an opportunity to achieve “green polymer chemistry”.
At present, 4 enzyme classes, oxidoreductases, transferases, hydrolases and ligases, are identified
to induce or catalyze polymerizations (Table 3) [200]. Many polymers are successfully synthesized
via enzymatic polymerizations, for example, vinyl polymers [38,201], polysaccharides [202–205],
polyesters [42,44] and polyamides [206–208]. Among them, polyesters are the most extensively studied
polymers in enzymatic polymerization; and lipases are the most efficient biocatalysts for enzymatic
polymerization of polyesters [42].
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environmental footprint, nontoxic natural catalysts, and recyclable catalysts (after immobilization).
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Generally speaking, three polymerization modes can be proceeded for the lipase-catalyzed
polyester synthesis (Scheme 12): (1) step-growth polycondensation; (2) ring-opening polymerization;
and (3) a combination of ring-opening polymerization and polycondensation (ring-opening additioncondensation polymerization). Among them, polycondensation and ring-opening polymerization are
the most common methods used for biocatalytic polyester synthesis.

Generally speaking, three polymerization modes can be proceeded for the lipase-catalyzed
polyester synthesis (Scheme 12): (1) step-growth polycondensation; (2) ring-opening polymerization;
and (3) a combination of ring-opening polymerization and polycondensation (ring-opening
addition-condensation polymerization).
Among them, polycondensation and ring-opening
polymerization are the most common methods used for biocatalytic polyester synthesis.
Four modes of elemental reactions may occur during the lipase-catalyzed polyester
synthesis, inducing hydrolysis, esterification, transesterification (alcoholysis and acidolysis), and
interesterification (Scheme 13). These reactions are all reversible. Therefore, to facilitate the ester
formation, it is crucial to remove the remaining water and byproducts like alcohols from the reaction
mixture, for example, by adding absorbing and drying agents like molecular sieves, applying reduced
pressure, using azeotropic distillation conditions, and so on.
Scheme 12. Main reaction modes of lipase-catalyzed synthesis of polyesters.
The first lipase-catalyzed polymerization was reported by Okumara et al. in 1984 [209].
They investigated the enzymatic polymerization of aliphatic diacids and diols by a lipase from
Aspergillus niger NRRL 337 (Scheme 14). However, only oligoesters with Mn ’s of around 1000 g/mol
were obtained.

Generally speaking, three polymerization modes can be proceeded for the lipase-catalyzed
polyester synthesis (Scheme 12): (1) step-growth polycondensation; (2) ring-opening polymerization;
and (3) a combination of ring-opening polymerization and polycondensation (ring-opening additioncondensation
polymerization). Among them, polycondensation and ring-opening polymerization
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interesterification (Scheme 13). These reactions are all reversible. Therefore, to facilitate the ester
formation, it is crucial to remove the remaining water and byproducts like alcohols from the reaction
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Scheme 13. Basic modes of elemental lipase-catalyzed reactions in biocatalytic polyester synthesis.

The first lipase-catalyzed polymerization was reported by Okumara et al. in 1984 [209]. They
investigated the enzymatic polymerization of aliphatic diacids and diols by a lipase from Aspergillus
Scheme 13. Basic modes of elemental lipase-catalyzed reactions in biocatalytic polyester synthesis.
13. Basic
modes14).
of elemental
lipase-catalyzed
reactions
in biocatalytic
polyester
synthesis.
niger Scheme
NRRL 337
(Scheme
However,
only oligoesters
with
’s of around
1000
g/mol were
obtained.
The first lipase-catalyzed polymerization was reported by Okumara et al. in 1984 [209]. They
investigated the enzymatic polymerization of aliphatic diacids and diols by a lipase from Aspergillus
niger NRRL 337 (Scheme 14). However, only oligoesters with
’s of around 1000 g/mol were
obtained.

Scheme 14. Lipase-catalyzed polycondensation of
of aliphatic
aliphatic diacids
diacids and
and diols.
diols.

The lipase-catalyzed
lipase-catalyzed
ring-opening
polymerization
was reported
firstly reported
by two
The
ring-opening
polymerization
was firstly
in 1993 byin
two1993
independent
independent
groups
[210,211].
Gutman
et
al.
[210]
investigated
the
lipase-catalyzed
ring-opening
groups [210,211].
Gutman
et al. [210] investigated
the lipase-catalyzed
ring-opening
polymerization of
Scheme
14. Lipase-catalyzed
polycondensation
of aliphatic diacids
and diols.
polymerization(ε-CL);
of ε-caprolactone
(ε-CL); and (PCL)
polycaprolactone
(PCL)
of was
up tosuccessfully
4400 g/mol
ε-caprolactone
and polycaprolactone
with a Mn of
up towith
4400a g/mol
was
successfully
produced
in
n-hexane
(Scheme
15).
At
the
same
time,
the
enzymatic
ring-opening
produced
in n-hexane (Scheme
15). At thepolymerization
same time, the was
enzymatic
The lipase-catalyzed
ring-opening
firstlyring-opening
reported in polymerization
1993 by two
polymerization
of
lactones was
performed
in bulk byetKobayashi
et al. [211],
usinglipases
different
as
of
lactones
was
performed
in
bulk
by
Kobayashi
al.
[211],
using
different
as lipases
catalysts.
independent groups [210,211]. Gutman et al. [210] investigated the lipase-catalyzed ring-opening
catalysts.
The enzymatic
polymerization
gave PCL
and polyvalerolactone
with up
’s of
up
to 7700,
The
enzymatic
polymerization
PCL
polyvalerolactone
to 4400
7700,
and
polymerization
of
ε-caprolactonegave
(ε-CL);
andand
polycaprolactone
(PCL)with
withM
a n ’s of
of up to
g/mol
and
1900
g/mol,
respectively.
1900 successfully
g/mol, respectively.
was
produced in n-hexane (Scheme 15). At the same time, the enzymatic ring-opening
polymerization of lactones was performed in bulk by Kobayashi et al. [211], using different lipases as
catalysts. The enzymatic polymerization gave PCL and polyvalerolactone with
’s of up to 7700,
and 1900 g/mol, respectively.
Scheme 15. Lipase-catalyzed ring-opening polymerization of ε-caprolactone.
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was successfully produced in n-hexane (Scheme 15). At the same time, the enzymatic ring-opening
polymerization of lactones was performed in bulk by Kobayashi et al. [211], using different lipases as
catalysts. The enzymatic polymerization gave PCL and polyvalerolactone with
’s of up to 7700,
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In the late 1990s, the use of N435 in the enzymatic ring-opening polymerization of lactones was
In the late 1990s, the use of N435 in the enzymatic ring-opening polymerization of lactones
introduced by Gross et al. [212] Since then, N435 became the working horse in biocatalytic polyester
was introduced by Gross et al. [212] Since then, N435 became the working horse in biocatalytic
synthesis.
polyester synthesis.
After these pioneer works, various combinations of monomer substrates such as diacids/diesters
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7. Enzyme-Catalyzed Synthesis of Polyamides
Lipases, proteases and other enzymes are capable of catalyzing the formation of amide bonds
and therefore, they are suitable enzymes for the in vitro polyamide synthesis [206]. In the following
discussion
of this section, we focus on the lipase-catalyzed polymerization of synthetic polyamides.
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Scheme 17. Basic modes of elemental lipase-catalyzed reactions in biocatalytic polyamide synthesis.
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Scheme 18. Lipase-catalyzed synthesis of aliphatic polyamides.
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Scheme 19. N435-catalyzed ring-opening addition-condensation of ethylene tridecanedioate with
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In our group, enzymatic polymerization of polyamides is one of the focused research area. For
example, the enzymatic polymerization of 2-azetidinone was first studied in our laboratory (Scheme
20) [233]. A different mechanism for the enzymatic ring-opening polymerization of β-propiolactam
was revealed and a catalytic cycle for the oligomerization of β-lactam that rationalizes the activation
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Scheme21.
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and lipase-catalyzed
lipase-catalyzed ring-opening
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polymerization of
of lactides.
lactides.

However, the direct enzymatic ring-opening polymerization of lactides generally resulted in
PLA with low molecular weights or low reaction yields, indicating that the enzymatic polymerization
efficiency was quite low. It was also found that the enzymatic polymerization of D,L-lactide resulted
in higher molecular weight products compared to D,D- and L,L-lactide [239–241]. Nevertheless, after
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However, the direct enzymatic ring-opening polymerization of lactides generally resulted in
PLA with low molecular weights or low reaction yields, indicating that the enzymatic polymerization
efficiency was quite low. It was also found that the enzymatic polymerization of D , L-lactide resulted
in higher molecular weight products compared to D , D- and L , L-lactide [239–241]. Nevertheless,
after careful adjusting the reaction conditions, high molecular weight poly(D , D-lactide) (PDLA) can
be synthesized from the N435-catalyzed ring-opening polymerization, with a Mn , dispersity and
conversion of 12,000 g/mol, 1.1 and 60%, respectively [242]. In addition, poly(L , L-lactide) (PLLA)
can be produced from the N435-catalyzed ring-opening polymerization in supercritical CO2 [243].
Although the resulting PLLA possessed a high Mw (12,900 g/mol) and a good dispersity (around 1.2),
the reaction yield was quite low, less than 12%.
A new biocatalytic approach was developed for the efficient synthesis of high molecular weight
PLLA and PDLA, starting from an O-carboxylic anhydride derived from lactic acid (L- or D-lacOCA)
(Scheme 22) [244]. The Mn , dispersity and reaction yield of the resulting PLLA and PDLA were up
to 38,400 g/mol, ď1.4, and around 90%, respectively. In addition, the tested lipases showed slight
preference to L-lacOCA over D-lacOCA. Moreover, the molecular weights of the obtained PLLA can be
controllable
by altering
Polymers
2016, 8, 243 the concentration of N435 in the reaction media.
21 of 52
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Scheme 22. Immobilized lipase Amano PS-C II from Pseudomonas sp. (lipase PS) or N435-catalyzed

Scheme 22.
Immobilized lipase Amano PS-C II from Pseudomonas sp. (lipase PS) or N435-catalyzed
ring-opening polymerization of an O-carboxylic anhydride derived from lactic acid (L- or D-lacOCA)
ring-opening
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Scheme 23. Enzymatic co-polymerization with lactides [246–248].

8.1.2. Poly(butylene succinate)
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PBS is normally synthesized via polycondensation of succinic acid or succinic anhydride with
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8.1.2. Poly(butylene succinate)
PBS is normally synthesized via polycondensation of succinic acid or succinic anhydride with
1,4-BDO at elevated temperatures, using a chemical catalyst [249]. It is also promising to synthesize
biobased PBS via enzymatic polymerization.
The lipase-catalyzed polycondensation of PBS was studied by Gross et al. [250], using a two-stage
method which is similar to those used for the industrial production but at much lower temperatures
(Scheme 24). The solvent-free enzymatic polycondensation with succinic acid gave oligomers.
However, by replacing succinic acid with diethyl succinate, the temperature varied two-stage method
in diphenyl
ether resulted in PBS with a Mw of 38,000 g/mol and a dispersity of 1.39.
Polymers 2016, 8, 243
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Scheme 24. Enzymatic polycondensation of succinic acid or diethyl succinate and 1,4-butanediol,
Scheme
24. Enzymatic polycondensation of succinic acid or diethyl succinate and 1,4-butanediol, using
using a two-stage method [250].
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24. Enzymatic
Scheme 24. Enzymatic polycondensation of succinic acid or diethyl succinate and 1,4-butanediol,
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The lipase-catalyzed solvent-free polycondensation of aliphatic diacids (C2–C12) and aliphatic

Polymers 2016, 8, 243

23 of 53

8.1.3. Other Biobased Aliphatic Polyesters
Many other (potential) biobased aliphatic polyesters are synthesized via lipase-catalyzed
polycondensation.
Polymers 2016, 8, 243 Some examples are discussed as follows.
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Scheme 27. Enzymatic synthesis of poly(octamethylene adipate-co-malate) using N435 as the
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dispersity and reaction yield of the resulting telechelic poly(hexamethylene azelate)s were around
1500–2400 g/mol, 1.73–2.18, and 78%–88%, respectively. The obtained telechelic polyesters can be
further modified by cross-linking or by chain extension reactions.
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Indeed, by using glycols with longer chain lengths or with a rigid structure, itaconate-based
Indeed, by using glycols with longer chain lengths or with a rigid structure, itaconate-based
homo-polyesters with relatively higher molecular weights were obtained from the lipase-catalyzed
homo-polyesters with relatively higher molecular weights were obtained from the lipase-catalyzed
polycondensation. As reported by Yousaf et al. [262], the N435-catalyzed polymerization of itaconic
polycondensation. As reported by Yousaf et al. [262], the N435-catalyzed polymerization of
acid with 1,4-cyclohexanedimethanol/poly(ethylene glycol) gave homo-polymers with a
of 2600
itaconic acid with 1,4-cyclohexanedimethanol/poly(ethylene glycol) gave homo-polymers with a
and 8600 g/mol, respectively. On the contrary, the tin(II) 2-ethylhexanoate-catalyzed
Mw of 2600 and 8600 g/mol, respectively. On the contrary, the tin(II) 2-ethylhexanoate-catalyzed
polycondensation with itaconic acid gelled within hours.
polycondensation with itaconic acid gelled within hours.
In addition, itaconate-based co-polyesters with high molecular weights can be prepared via
In addition, itaconate-based co-polyesters with high molecular weights can be prepared via
lipase-catalyzed co-polymerization, as discussed below.
lipase-catalyzed co-polymerization, as discussed below.
The N435-catalyzed co-polymerization of itaconic acid, adipic acid and 3-methyl-1,5-pentanediol
The N435-catalyzed co-polymerization of itaconic acid, adipic acid and 3-methyl-1,5-pentanediol
resulted in a co-polymer with a
of 19,000 g/mol [262].
resulted in a co-polymer with a Mw of 19,000 g/mol [262].
Poly(12-hydroxystearate-co-butylene itaconate) with a
of 30,000 g/mol was obtained from
Poly(12-hydroxystearate-co-butylene itaconate) with a Mw of 30,000 g/mol was obtained from the
the lipase-catalyzed directly polycondensation of methyl 12-hydroxystearate, dimethyl itaconate and
lipase-catalyzed directly polycondensation of methyl 12-hydroxystearate, dimethyl itaconate and
1,4-BDO (Scheme 30) [263]. Moreover, the lipase-catalyzed ring-opening addition-condensation
1,4-BDO (Scheme 30) [263]. Moreover, the lipase-catalyzed ring-opening addition-condensation
polymerization of methyl 12-hydroxystearate and cyclic butylene itaconate dimer resulted in poly(12polymerization of methyl 12-hydroxystearate and cyclic butylene itaconate dimer resulted in
hydroxystearate-co-butylene itaconate) with a significantly higher
of 160,000 g/mol.
poly(12-hydroxystearate-co-butylene itaconate) with a significantly higher Mw of 160,000 g/mol.
Furthermore, the NMR study indicated that the enzymatic polymerization catalyzed by different
Furthermore, the NMR study indicated that the enzymatic polymerization catalyzed by different lipases
lipases yielded poly(12-hydroxystearate-co-butylene itaconate) with different microstructures. As
yielded poly(12-hydroxystearate-co-butylene itaconate) with different microstructures. As shown
shown in Scheme 30, no ester bond was formed between the hydroxyl group of 12-hydroxystearate
in Scheme 30, no ester bond was formed between the hydroxyl group of 12-hydroxystearate and
and the carboxyl group of itaconate when the polymerization was catalyzed by N435. However, by
the carboxyl group of itaconate when the polymerization was catalyzed by N435. However, by
using immobilized Burkholderia cepacia lipase (lipase BC), an ester bond was formed between the 12hydroxystearate and itaconate unit.
Recently, we investigated the N435-catalyzed polymerization of fully biobased poly(butylene
succinate-co-itaconate) (PBSI) (Scheme 31) [264,265]. We found that the enzymatic polycondensation
of succinic acid, itaconic acid, and 1,4-butanediol only yielded oligomers, with
’s of around 500–

compositions ; (2) high molecular weight PBSIs with <30 mol % of itaconate can be prepared by using
the two-stage enzymatic polymerization in diphenyl ether; and (3) the two-stage enzymatic melt
polymerization gives PBSIs with controllable chemical compositions but low molecular weights.
Moreover, the 13C–NMR study revealed that different microstructures are present in PBSIs obtained
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Scheme 30. Lipase-catalyzed synthesis of poly(12-hydroxystearate-co-butylene
poly(12-hydroxystearate-co-butylene itaconate), using N435
or immobilized Burkholderia cepacia
cepacia lipase
lipase (lipase
(lipase BC)
BC) as
as the
the catalyst.
catalyst.

Recently, we investigated the N435-catalyzed polymerization of fully biobased poly(butylene
succinate-co-itaconate) (PBSI) (Scheme 31) [264,265]. We found that the enzymatic polycondensation
of succinic acid, itaconic acid, and 1,4-butanediol only yielded oligomers, with Mw ’s of around
500–1500 g/mol, despite different polymerization methods were used. By replacing the unactivated
dicarboxylic acids with alkyl diesters, a series of PBSIs with various molar compositions and significant
higher molecular weights were obtained, with Mw ’s of up to 28,300 g/mol. In addition, we found that:
(1) the most suitable approach is azeotropic polymerization using the solvent mixture of cyclohexane
and toluene, which results in PBSIs with high molecular weights and desirable chemical compositions;
(2) high molecular weight PBSIs with <30 mol % of itaconate can be prepared by using the two-stage
enzymatic polymerization in diphenyl ether; and (3) the two-stage enzymatic melt polymerization
gives PBSIs with controllable chemical compositions but low molecular weights. Moreover, the
13 C–NMR study revealed that different microstructures are present in PBSIs obtained from different
polymerization methods. The formation of I-B-I-3 microstructures is crucial for synthesizing high
molecular weight PBSIs with desired chemical compositions; and more I-B-I-3 microstructures can be
produced by CALB in the solvent mixture of cyclohexane and toluene under an azeotropic condition.
However, by replacing diethyl succinate (C2) with the other diacid ethyl esters with relatively
Scheme
N435-catalyzed
of poly(butylene
and the corresponding
longer
chain 31.
length
(C3~C10), synthesis
the two-stage
enzymaticsuccinate-co-itaconate)
polymerization in diphenyl
ether resulted in
seriesmicrostructures.
of unsaturated aliphatic polyesters with desired molar compositions and high Mw ’s of up to
57,900 g/mol (Scheme 32) [257]. The molar percentage of itaconate in the unsaturated polyesters can be
tailored from 0% to 35% by adjusting the feed ratio of itaconate; and all C=C bonds were well preserved
in the resulting polyesters. We found that products with relatively lower molecular weights were
generally obtained from the enzymatic polymerization at a higher feed ratio of itaconate; however,
with diethyl dodecanedioate having the longest chain length (C10) among the tested diacid ethyl
esters, higher molecular weight products were obtained at higher feed ratios of itaconate. Moreover,
the obtained itaconate-based polyesters can be thermally cross-linked or photo-cured. By adjusting the
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However, by replacing diethyl succinate (C2) with the other diacid ethyl esters with relatively
longer chain length (C3~C10), the two-stage enzymatic polymerization in diphenyl ether resulted in
series of unsaturated aliphatic polyesters with desired molar compositions and high
’s of up to
57,900 g/mol (Scheme 32) [257]. The molar percentage of itaconate in the unsaturated polyesters can
be tailored from 0% to 35% by adjusting the feed ratio of itaconate; and all C=C bonds were well
preserved in the resulting polyesters. We found that products with relatively lower molecular
weights were generally obtained from the enzymatic polymerization at a higher feed ratio of
itaconate; however, with diethyl dodecanedioate having the longest chain length (C10) among the
tested diacid ethyl esters, higher molecular weight products were obtained at higher feed ratios of
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cured. By adjusting the diacid chain length and itaconate composition, the thermal and mechanical
properties of the cured polyesters can be tuned.
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the N435-catalyzed synthesis of poly(12-hydroxydodecanoate-co-12-hydroxystearate) was
studied by the same research group (Scheme 34) [271]. The Mw , dispersity and reaction yield of
the resulting co-polyesters were around 92,300–118,200 g/mol, 2.8–3.3, and 83%–88%, respectively.
In addition, the molar percentage of 12-hydroxydodecanoate units in the final products can be tailored
from 0% to 100% by adjusting the feed ratio.

Scheme 33. Lipase-catalyzed synthesis of polyricinoleate in bulk [270].

Later, the N435-catalyzed synthesis of poly(12-hydroxydodecanoate-co-12-hydroxystearate) was

The pioneer work on the enzymatic polymerization with long chain fatty acids was reported by
Matsumura et al. [270]. They investigated the lipase-catalyzed polymerization of ricinoleic
acid/methyl ricinoleate in bulk (Scheme 33). Among the tested lipases, immobilized lipase PC showed
the highest reactivity towards ricinoleic acid and methyl ricinoleate. The enzymatic polymerization
with ricinoleic acid resulted in polyricinoleate with a
of up to 8500 g/mol. However, by replacing
ricinoleic
acid with methyl ricinoleate, polyricinoleate with a much higher
of up to 100,600 g/mol 27 of 53
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Later, the N435-catalyzed synthesis of poly(12-hydroxydodecanoate-co-12-hydroxystearate) was
studied by the same research group (Scheme 34) [271]. The
, dispersity and reaction yield of the
resulting co-polyesters were around 92,300–118,200 g/mol, 2.8–3.3, and 83%–88%, respectively. In
addition, the molar percentage of 12-hydroxydodecanoate units in the final products can be tailored
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Scheme 34. N435-catalyzed polycondensation of 12-hydroxydodecanoic acid and methyl 12-

Scheme 34.
N435-catalyzed polycondensation of 12-hydroxydodecanoic acid and methyl
hydroxystearate [271].
12-hydroxystearate [271].
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Scheme 35. N435-catalyzed polycondensation of unsaturated or epoxidized ω-carboxy fatty acid
methyl esters with alkane-α,ω-aliphatic diols [272].

Scheme
35. N435-catalyzed
polycondensation of
of unsaturated
or epoxidized
ω-carboxy
fatty acid fatty acid
Scheme 35.
N435-catalyzed
polycondensation
unsaturated
or epoxidized
ω-carboxy
Schemeesters
35. N435-catalyzed
polycondensation
of unsaturated or epoxidized ω-carboxy fatty acid
methyl
with alkane-α,ω-aliphatic
diols [272].
methyl esters
with
alkane-α,ω-aliphatic
diols
methyl
esters
with alkane-α,ω-aliphatic
diols[272].
[272].

Scheme
A two-step
biocatalytic
synthesisof
of biobased
biobased functional
from
ω-carboxy
fattyfatty
Scheme
36. A36.two-step
biocatalytic
synthesis
functionalpolyesters
polyesters
from
ω-carboxy
Scheme
36.
A two-step
acids
and
diols
[273]. biocatalytic synthesis of biobased functional polyesters from ω-carboxy fatty
acids
and
diols
[273].
Scheme 36. A two-step biocatalytic synthesis of biobased functional polyesters from ω-carboxy fatty
acids and diols [273].

acids and diols
[273].
other hand, cutin and suberin are lipophilic macromolecules which are natural
On On
the the
other
hand, cutin
and
suberin are
lipophilic
macromolecules
which
are natural
On thefound
otherin hand,
cutin
and suberin
arestructural
lipophilic
macromolecules
which all
arethenatural
substances
cell walls
of higher
plants as
components.
Cutin covers
aerial
substances
found
in
cell
walls
of
higher
plants
as
structural
components.
Cutin
covers
all
aerial
substances
walls cuticle,
of higher
plants
as structural
components.
Cutin
covers
allTheir
the the
aerial
surfaces
of found
plants in
in cell
the plant
while
suberin
is the main
constituent
of cork
cells.
fatty
surfaces
of
plants
in
the
plant
cuticle,
while
suberin
is
the
main
constituent
of
cork
cells.
Their
fatty
surfaces
of
plants
in
the
plant
cuticle,
while
suberin
is
the
main
constituent
of
cork
cells.
Their
fatty
acid derivatives, such as long chain ω-hydroxyalkanoic acids, and α,ω-alkanedioic acids, and
acid acid
derivatives,
such
as as
long
acids,and
andα,ω-alkanedioic
α,ω-alkanedioic
acids,
derivatives,
such
longchain
chainω-hydroxyalkanoic
ω-hydroxyalkanoic acids,
acids,
and and

Polymers 2016, 8, 243

28 of 53

On the other hand, cutin and suberin are lipophilic macromolecules which are natural substances
found in cell walls of higher plants as structural components. Cutin covers all the aerial surfaces
of plants in the plant cuticle, while suberin is the main constituent of cork cells. Their fatty acid
derivatives, such as long chain ω-hydroxyalkanoic acids, and α,ω-alkanedioic acids, and substituted
ω-hydroxyalkanoic acids, are attractive biobased monomers for the synthesis of functional aliphatic
2016, 8, 243
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and dispersity were 20,000 g/mol, and 2.2, respectively. In addition, even at a much shorter reaction
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and a dispersity of 15,000 g/mol and
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8.4. Glycerol-Based Polyesters
8.4. Glycerol-Based Polyesters
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At a molar monomer feed ratio of 1.0:1.0, the Mn and dispersity of the obtained polyesters were
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units (Den %) was quite low, around 13%–16%. By increasing the molar feed ratio of oleic diacid
and
glycerol from 1.0:1.0 to 1.0:1.5, the resulting polyesters possessed a similar Mn and dispersity, but a
glycerol from 1.0:1.0 to 1.0:1.5, the resulting polyesters possessed a similar
and dispersity, but a
significant higher Den % (~31%). In contrast, gelation was observed in the polymerization catalyzed
significant higher Den % (~31%). In contrast, gelation was observed in the polymerization catalyzed
by dibutyltin oxide.
by dibutyltin oxide.

Scheme 41. Chemical and enzymatic synthesis of poly(glyceryl-1,18-cis-9-octadecenedioate) [283].
Scheme 41. Chemical and enzymatic synthesis of poly(glyceryl-1,18-cis-9-octadecenedioate) [283].
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epoxide-containing,
glycerol-based copolyesters via N435-catalzyed polymerization via two routes (Scheme 43) [286]. The first route
yielded corresponding polyesters with
’s, dispersities and epoxidation ratios of around 3300–7900
g/mol, 1.3–1.6, and 76%–96%, respectively; and the second route gave relatively higher values of
,
dispersity and epoxidation ratio, which were around 4200–6500 g/mol, 1.9–2.1, and 88%–94%,
respectively.
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Scheme 42. N435-catalyzed co-polymerization of divinyl esters, glycerol and ω-fatty
ω-fatty acids [284,285].
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divinyl sebacate, glycerol and vegetable oil-based fatty acids [286].
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Recently, polymeric triglyceride analogs, poly(oleic diacid-co-glycerol-co-linoleic
acid)s, were
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prepared via the N435-catalyzed polycondensation (Scheme 44) [287]. By varying the molar feed ratio
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N435-catalyzed polymerization
polymerization of
of DD-sorbitol
-sorbitol with
with divinyl
divinyl sebacate
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[288].
Scheme

In addition, divinyl sebacate and other activated monomers including bis(2,2,2In
addition,
divinyl
sebacate
and
other
activated
monomers
including
trifluoroethyl)malonate, bis(2,2,2-trifluoroethyl)glutarate and divinyl adipate, were enzymatically
bis(2,2,2-trifluoroethyl)malonate, bis(2,2,2-trifluoroethyl)glutarate and divinyl adipate, were
polymerized with disaccharides (sucrose, trehalose, and lactose), D-sorbitol and D-mannitol in
enzymatically polymerized with disaccharides (sucrose, trehalose, and lactose), D-sorbitol and
acetonitrile.[289] It was found that N435 was able to differentiate the five tested carbohydrates, as the
D -mannitol in acetonitrile. [289] It was found that N435 was able to differentiate the five tested
molecular weights of the resulting polyesters showed the following array: disaccharide-based
carbohydrates, as the molecular weights of the resulting polyesters showed the following array:
polyesters < mannitol-based polyesters < sorbitol-based polyesters.
disaccharide-based polyesters < mannitol-based polyesters < sorbitol-based polyesters.
Unactivated diacid monomers were also used as starting materials for the enzymatic synthesis
Unactivated diacid monomers were also used as starting materials for the enzymatic synthesis
of sorbitol-based polyesters. Gross et al. [280,281] reported the N435-catalyzed polycondensation of
of sorbitol-based polyesters. Gross et al. [280,281] reported the N435-catalyzed polycondensation
D-sorbitol, 1,8-octanediol and adipic acid in bulk (Scheme 46). Poly(sorbityl adipate) and
poly(octamethylene adipate-co-sorbityl adipate)s were produced, with
’s and dispersities of
around 7000–20,300 g/mol, and 1.6–3.3, respectively. In addition, the molar percentage of sorbityl
units in the co-polyesters can be tunable from 0% to 100%. Moreover, the NMR analysis revealed that
N435 showed highly regio-selectivity (≥85% ± 5%) towards the primary hydroxyl groups of D-sorbitol
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of D-sorbitol, 1,8-octanediol and adipic acid in bulk (Scheme 46). Poly(sorbityl adipate) and
poly(octamethylene adipate-co-sorbityl adipate)s were produced, with Mn ’s and dispersities of around
7000–20,300 g/mol, and 1.6–3.3, respectively. In addition, the molar percentage of sorbityl units in
the co-polyesters can be tunable from 0% to 100%. Moreover, the NMR analysis revealed that N435
showed highly regio-selectivity (ě85% ˘ 5%) towards the primary hydroxyl groups of D-sorbitol at
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1- and
6-positions
[280].
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47. N435-catalyzed co-polymerization of D-sorbitol, alkane-α,ω-aliphatic linear diols and
diacids or diesters in bulk.

8.5.2. Polyesters Based on Rigid Sugar Derivatives
DAHs (isosorbide, isomannide and isoidide) and the diacetalized monomers 2,3:4,5-di-Omethylene-galactaric acid (Glux diacid) and 2,4:3,5-di-O-methylene-D-glucitol (Glux diol), are rigid
compounds which are derived from sugars. They are good candidates for polyester synthesis,
rendering polyesters with high values of Tg and better thermal stability.
Isosorbide was enzymatically polymerized with various aliphatic diacid ethyl esters in the
Scheme 47.
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hydroxyl groups of isosorbide can be condensed by N435. However, high molecular weight
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Polyesterspolyesters
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up to 40,000 g/mol were produced via the enzymatic
polymerization by azeotropic distillation; and significantly higher molecular weight products can be
DAHs (isosorbide, isomannide and isoidide) and the diacetalized monomers 2,3:4,5-di-Oobtained by decreasing the concentration of reactants in the reaction media. Meanwhile, it was found
methylene-galactaric acid (Glux diacid) and 2,4:3,5-di-O-methylene-D-glucitol (Glux diol), are rigid
that the suitable solvents for the enzymatic polymerization were cyclohexane, cyclohexane/benzene

compounds which are derived from sugars. They are good candidates for polyester synthesis,
rendering polyesters with high values of Tg and better thermal stability.
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8.5.2. Polyesters Based on Rigid Sugar Derivatives
DAHs (isosorbide, isomannide and isoidide) and the diacetalized monomers 2,3:4,5-di-Omethylene-galactaric acid (Glux diacid) and 2,4:3,5-di-O-methylene-D-glucitol (Glux diol), are rigid
compounds which are derived from sugars. They are good candidates for polyester synthesis,
rendering polyesters with high values of Tg and better thermal stability.
Isosorbide was enzymatically polymerized with various aliphatic diacid ethyl esters in the
presence of N435 (Scheme 48), as reported by Catalani et al. [292]. The solvent-free enzymatic
polymerization gave low molecular weight poly(isosorbide adipate) (Mw ď 3800 g/mol), as the
hydroxyl groups of isosorbide can be condensed by N435. However, high molecular weight isosorbide
polyesters with Mw ’s of up to 40,000 g/mol were produced via the enzymatic polymerization by
azeotropic distillation; and significantly higher molecular weight products can be obtained by
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decreasing the concentration of reactants in the reaction media. Meanwhile, it was found that
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Scheme 48. N435-catalyzed synthesis of isosorbide polyesters [292].
Scheme 48. N435-catalyzed synthesis of isosorbide polyesters [292].

The same research group also investigated the N435-catalyzed azeotropic polycondensation of
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suggested that N435 prefers isosorbide over isomannide. This is however in contract with the result
reported by Boeriu et al. [294]. They investigated the N435-catalyzed polymerization of succinic acid
with isomannide, isosorbide or isoidide in toluene/tert-butanol; and found that N435 showed
preference for isomannide over isosorbide and over isoidide. They attributed this to the preference
of N435 for the endo-hydroxyl groups, which is due to the fact that the transition state of esters with
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exo-hydroxyl groups does not form all the required hydrogen bonds for catalysis.

Scheme
Scheme 49.
49. N435-catalyzed
N435-catalyzed azeotropic
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ofisosorbide/isomannide,
isosorbide/isomannide, diethyl
diethyl adipate
adipate
and
fractions
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different
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diesters.
and fractions of different unsaturated diesters.
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A series of Glux diacid- and Glux diol-based polyesters were synthesized via the N435-catalyzed
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the enzyme CALB. Furthermore, all the synthetic polyesters possess random microstructures.

Scheme
Scheme 50.
50. N435-catalyzed
N435-catalyzed synthesis
synthesis of
of polyesters
polyesters containing
containing glucitylene
glucitylene or
or glucarate
glucarate units
units [295].
[295].

8.6. Biobased Polyamides
At present, studies related to the enzymatic synthesis of biobased synthetic polyamides are
scarcer. A few potentially biobased aliphatic polyamides, such as nylon 4,10, nylon 6,10, and nylon
8,10, can be synthesized via lipase-catalyzed polymerization. However, the molecular weights of the
obtained polyamides were quite low.
Landfester et al. [197] studied the N435-catalyzed polycondensation of diethyl sebacate and 1,8octanediamine (Scheme 51). The enzymatic polymerization gave nylon 8,10 with
’s of around
2000–5000 g/mol.
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Scheme 50. N435-catalyzed synthesis of polyesters containing glucitylene or glucarate units [295].
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[197].
1,8-octanediamine

In our group, oligomers including nylon 4,10, nylon 6,10, and nylon 8,10 were produced via the
In our group, oligomers including nylon 4,10, nylon 6,10, and nylon 8,10 were produced via the
lipase-catalyzed polymerization of diethyl sebacate with different diamines, with a
of up to
lipase-catalyzed polymerization of diethyl sebacate with different diamines, with a DPmax of up to 16
16 (Scheme 52) [235].
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Scheme 52. Lipase-catalyzed polycondensation of diethyl sebacate and diamines.
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The N435-catalyzed polymerization with dimethyl 2,5-furandicarboxylate (dimethyl
FDCA)/BHMF/5-hydroxymethyl-2-furancarboxylic acid (HMFA) was reported by Habeych N. [306]
and Boeriu et al. [307], using a one-stage method in the mixture of toluene and tert-butanol. However,
only a mixture of linear and cyclic furan oligomers were produced (Scheme 53).
Recently, we studied the N435-catalyzed polymerization of BHMF and various diacid ethyl
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The N435-catalyzed polymerization with dimethyl 2,5-furandicarboxylate (dimethyl FDCA)/
BHMF/5-hydroxymethyl-2-furancarboxylic acid (HMFA) was reported by Habeych N. [306] and
Boeriu et al. [307], using a one-stage method in the mixture of toluene and tert-butanol. However, only
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a mixture
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and cyclic furan oligomers were produced (Scheme 53).
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monomers: bis(hydroxymethyl)furan
bis(hydroxymethyl)furan
Scheme 53.
N435-catalyzed polymerizations
polymerizations with
with furan
(BHMF),
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[306,307].

Recently, we studied the N435-catalyzed polymerization of BHMF and various diacid ethyl esters,
using the two-stage, three step method (Scheme 54) [308]. BHMF-based polyesters with low molecular
weights
were53.
produced,
with Mw
’s of around 1800–2900
g/mol.
The polymerization
kinetic study
Scheme
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polymerization,
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(FDCA) [306,307].

Scheme 54. N435-catalyzed polycondensation of BHMF and diacid ethyl esters via a two-stage, three
step method in diphenyl ether at 80 °C [308].
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FDCA-based furanic-aliphatic polyesters were successfully produced via the enzymatic
polymerization of dimethyl FDCA with various aliphatic diols, using a two-stage method in diphenyl
ether at 80–140 ˝ C (Scheme 55) [309]. The obtained polyesters reached a very high Mw of up to
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Scheme 54. N435-catalyzed polycondensation of BHMF and diacid ethyl esters via a two-stage, three
38 of 53
step method in diphenyl ether at 80 °C [308].

Polymers 2016, 8, 243

Scheme 55. N435-catalyzed
N435-catalyzed polycondensation
polycondensationof
of dimethyl
dimethyl FDCA
FDCA and
and aliphatic
aliphatic diol
diol via
via aa two-stage
two-stage
Scheme
method in
in diphenyl
diphenyl ether
ether [309].
[309].
method

Furthermore,
Furthermore, high
high molecular
molecular weight
weight FDCA-based
FDCA-based furanic-aliphatic
furanic-aliphatic polyamides
polyamides were
were produced
produced
from
and
1,8-ODA,
using
a one-stage
method
or
from the
theenzymatic
enzymaticpolycondensation
polycondensationofofdimethyl
dimethylFDCA
FDCA
and
1,8-ODA,
using
a one-stage
method
aortemperature-varied
two-stage
method
(Scheme
56)
[310].
The
FDCA-based
furanic-aliphatic
a temperature-varied two-stage method (Scheme 56) [310]. The FDCA-based furanic-aliphatic
polyamides
promising sustainable
sustainable alternatives
alternatives to
petrol-based polyphthalamides
polyamides can
can be
be used
used as
as aa promising
to petrol-based
polyphthalamides
(semi-aromatic
polyamides)
and
be
applied
as
thermoplastic
engineering
polymers
(semi-aromatic polyamides) and be applied as thermoplastic engineering polymers and
and high
high
performance
materials.
The
enzymatic
polymerization
resulted
in
poly(octamethylene
furanamide)
performance materials. The enzymatic polymerization resulted in poly(octamethylene furanamide)
(PA
8,F)with
witha very
a very
to 54,000
Thisfirst
is time
the first
time that FDCA-based
(PA 8,F)
highhigh
Mw of upofto up
54,000
g/mol. g/mol.
This is the
that FDCA-based
polyamides
polyamides
are
successfully
produced
via
enzymatic
polymerization;
and
the
molecular
weights
of
are
successfully produced via enzymatic polymerization; and the molecular weights of the
obtained
Polymers 2016, 8, 243
38 of 52
the
obtained
PA
8,F
are
much
higher
than
those
produced
via
melt-polycondensation,
the
primarily
PA 8,F are much higher than those produced via melt-polycondensation, the primarily synthesis
synthesis
approach
for semi-aromatic polyamides,
at elevated temperatures
above
200 °C.
approach
semi-aromatic
aboveusually
200 ˝aC.comparable
Moreover,
the
Moreover,for
the
obtained PA polyamides,
8,F possessesataelevated
similar Ttemperatures
g and similar usually
crystal structures,
Td,
obtained
PA T8,F
possesses atosimilar
Tg and similar
crystal structures,
a comparable
Td , but a lower (PA
Tm ,
but a lower
m, compared
its petrol-based
counterpart,
poly(octamethylene
terephthalamide)
compared
to its petrol-based counterpart, poly(octamethylene terephthalamide) (PA 8,T).
8,T).

Scheme
56. N435-catalyzed
N435-catalyzedpolycondensation
polycondensation
dimethyl
FDCA
1,8-octanediamine
a
Scheme 56.
of of
dimethyl
FDCA
andand
1,8-octanediamine
via avia
oneone-stage
method
in
toluene
and
a
temperature
varied
two-stage
method
in
diphenyl
ether
[310].
stage method in toluene and a temperature varied two-stage method in diphenyl ether [310].

9. Conclusions
Conclusionsand
andOutlook
Outlook
Enzymatic
approach
forfor
thethe
production
of
Enzymatic polymerization
polymerizationisisproven
proventotobe
bea apowerful
powerfuland
andversatile
versatile
approach
production
biobased
polyesters
and
polyamides
with
different
chemical
compositions
(aliphatic
and
semi-aromatic
of biobased polyesters and polyamides with different chemical compositions (aliphatic and semipolymers),
varied architectures
(linear, branched
and hyperbranched
polymers),
and diverse
aromatic polymers),
varied architectures
(linear, branched
and hyperbranched
polymers),
and
functionalities
(pendant
hydroxyl
groups,groups,
carbon–carbon
double double
bonds, bonds,
epoxy groups,
and so and
on).
diverse functionalities
(pendant
hydroxyl
carbon–carbon
epoxy groups,
Among
enzymes
studied for
biobased
and polyamide
synthesis, synthesis,
CALB, especially
so on). the
Among
the enzymes
studied
for polyester
biobased polyester
and polyamide
CALB,
its
immobilized
form N435,
shows
broad
monomer
adaptability,
stable andstable
excellent
catalytic
especially
its immobilized
form
N435,
shows
broad monomer
adaptability,
and excellent
performance,
and great and
tolerance
variousof
conditions.
Moreover, Moreover,
with the mild
synthetic
catalytic performance,
great of
tolerance
various conditions.
with
the mildconditions,
synthetic
non-toxic
and
renewable
catalysts,
and
sustainable
materials,
synthesis
of synthesis
biobased
conditions,
non-toxic
andenzyme
renewable
enzyme
catalysts,
and starting
sustainable
starting
materials,
polymers
viapolymers
enzymaticvia
polymerizations
provides an opportunity
achieving green
polymers
and
of biobased
enzymatic polymerizations
provides anfor
opportunity
for achieving
green
apolymers
future sustainable
polymer
industry,
which
will
eventually
play
an
essential
role
for
realizing
and
and a future sustainable polymer industry, which will eventually play an essential role for
maintaining
green and sustainable
society.
realizing andamaintaining
a green and
sustainable society.
However,
However, this
this approach
approach also
also possesses
possessessome
somelimitations
limitationsand
anddisadvantages:
disadvantages:

(1)
(2)
(3)
(4)

the atom efficiency is low when ester derivatives rather than acids are used;
non-ecofriendly solvents including diphenyl ether and toluene are commonly used;
long polymerization times are required for achieving high molecular weights;
high reaction temperatures at around 100–140 °C were applied for enzymatic synthesis of
polymers having a high Tm and low solubility; and the catalytic reactivity of enzymes decreases
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the atom efficiency is low when ester derivatives rather than acids are used;
non-ecofriendly solvents including diphenyl ether and toluene are commonly used;
long polymerization times are required for achieving high molecular weights;
high reaction temperatures at around 100–140 ˝ C were applied for enzymatic synthesis of
polymers having a high Tm and low solubility; and the catalytic reactivity of enzymes decreases
significantly at such elevated temperatures;
the price of enzyme catalysts is still quite high;
enzymatic polymerizations involving monomers with short chain length like 1,3-propanediol,
monomers with secondary hydroxyl groups such as isosorbide and 2,3-butanediol, and polyols,
generally result in low molecular weight products;
the purify and price of biobased monomers remain a concern;
last but certainly not least, only limited variety of biobased monomers are currently
commercially available.

Therefore, more efforts are required to address these problems. For example, acids can be used
to improve the atom efficiency, green solvents such as ionic liquids and supercritical CO2 can be
employed as the reaction media, more robust and thermal stable enzymes should be developed for
enzymatic polymerizations, improved and optimal processes should be explored for the production of
diverse biobased monomers with high purity and low price, and so on.
Although numerous polyesters and polyamides are readily produced by using free lipases and
immobilized lipases as the catalysts, the explanations for the different polymerization results are not
clear yet. This could be an interest topic for the future research.
Noteworthy is that many experimental results reveal that lipase-catalyzed polymerizations
involving structurally similar monomers afford polymers with different compositions and varied
molecular weights. This could be attributed to the synergistic effect caused by many reasons, for
example, the specificity and selectivity of lipases towards different monomers, the physical properties
of the starting materials (purity, melting temperature, and miscibility and solubility in the reaction
media), the physical properties of the resulting intermediates and the final products (glass transition
temperature, melting temperature, crystallization ability, and miscibility and solubility in the reaction
media), the enzymatic polymerization conditions, and so on. However, such synergistic effect has not
been fully understood yet, which requires systematic studies in the future. Besides, it would be of
great interest to employ computer simulations to study the specificity and selectivity of lipases for the
monomers in the enzymatic polymerization, as well as, the enzymatic polymerization mechanism.
At present, enzymatic polymerizations have already been poised for use in commercial process to
prepare polymers targeted for cosmetic and medical applications. However, polymers including
biobased polymers are still predominately produced via conventional approaches. Due to the
fast development of biotechnologies and enzymatic polymerization techniques, and the increased
realization of the great benefits that enzymatic polymerizations and biobased monomers have to
offer, there will be more highly value-added specialty biobased polymers produced commercially
via biocatalytic approach in the near future. However, for the production of biobased commodity
polymers, engineering plastics and high performance polymers, the commercial enzymatic process is
promising but still has a long way to go, considering the high efficiency and low cost of the current
pathways to the petrol-based counterparts.
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