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Abstract 

The rapid depletion of fossil resources and rising environmental concerns are recent challenges facing polymer industry which 

rely on petroleum. Therefore, seeking an unconventional solution to these problems is crucial. Recently, the synthesis of 

polymers from renewable resources has become a serious solicitude of researchers. The utilization of green polymers provides 

a suitable solution for fossil fuel consumption and the consequent rising environmental menace.  

Polyesters, one of the foremost versatile polymers, have been widely used in fibers, plasticizers, plastics, and coatings. The 

majority of these materials are produced from petrochemical resources. However, many researchers are specializing in 

developing and industrializing polyesters derived from bio-based monomers. Moreover, bio-based polyesters are closely 

related to monomers renewable resources. However, these monomers are favorable for synthesizing polyesters cover most of 

monomers with new structures and characteristics. This review deals with different synthetic approaches for bio-based 

monomers to polyester and its application in environmentally friendly packaging materials.  

Keywords: Polyester; Biodegradability; Enzymatic polymerization; Packaging. 
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1. Introduction 

The recent environmental concerns and climate 

changes motivated the scientific community to find 

suitable and cost-effective alternatives to petroleum-

based polymeric materials. Over the past five 

decades, millions of tons of plastic products were 

manufactured. In 2008, the global plastic production 

worldwide was around 260 million tons, which has 

dramatically increased within the last ten years to 

reach almost a 350million tons in 2017. Indeed, only 

about 10 percent of that is recycled and of the plastic 

that is simply trashed, about 7 million tons end up in 

oceans each year. Polymers are either synthetic or 

natural, the first type of polymer is commonly 

produced via polymerization of petrol-based 

chemicals having simple structures. Metal catalysts 

are normally utilized as chemical catalysts in the 

polymers’ assembly. Numerous synthetic polymers 

are developed because of the profitable petrochemical 

industry and therefore the accompanying availability 

of cheap petroleum oils, as well as, the well the 

establishment and advancement of polymerization 

techniques. For instance, phenol-formaldehyde resins, 

polyolefins, PVC, polystyrene, polyesters, and 

polyamides. Synthetic polymers which include the 

massive group referred to as plastics became 

prominent in the first 20th century; and plastics are 

widely used as bottles, bags, boxes, textile fibers, 

films, and so on. In contrast with natural polymers, 

synthetic polymers usually possess far more simple 

and random structures. [1] On the other hand, natural 

polymers occur in nature, they are water-based and 

can be extracted. Examples of natural polymers are 

wool, silk, protein, DNA, and cellulose. 

Polyester polymers have crucial functions in many 

applications such as fabrics, coatings, and packaging 

materials. They can be aliphatic polyester, semi-

aromatic, or fully aromatic polyester. (Scheme 1) 

Bio-based polymers are the main source for most 

known aliphatic polyesters because the majority of 

their building blocks may be derived from biomass 

feedstock. Aliphatic polyesters also are (bio) 

degradable materials that might be recycled and have 

an occasional environmental impact upon disposal, 

compost and incineration. Aliphatic polyesters are 

widely used as thermoplastics and thermoset resins, 

with many products and specialty applications. [2] 

Poly(lactic acid) (PLA) is the most well-known 

aliphatic polyester, which might be used as fibers, 

food packaging materials, and robust goods, with a 

worldwide demand of around 360-kilo tons in 

2013.[2] Poly(butylene succinate) (PBS) is another 

important commodity polyester that might be applied 

as packaging films and disposable cutlery, with a 
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worldwide market of around 10 -15 kilo tons. [3] 

Additionally, aliphatic polyesters have found 

potential applications in biomedical and 

pharmaceutical fields due to their biocompatibility 

and biodegradability. [4-6] 

 

 

 

 

 

 

 

 

Scheme 1: a) aliphatic polyester, b) semi-aromatic 

polyester, c) aromatic polyester. Examples for 

aliphatic and semi-aromatic polyesters are: d) 

polylactic acid and e) polyethylene terephthalate, 

respectively. 

 

Biodegradability is a term used for materials that 

degrade naturally with time regardless of the origin of 

these materials. Among various biodegradable 

polymers, aliphatic polyester occupies a leading 

position due to the ease of hydrolytic or enzymatic 

chain cleavage to hydroxy-carboxylic acids that are 

eventually metabolized. [7] Nature produces an 

enormous amount of biomass by photosynthesis 

every year 75% of it can be included in the class of 

carbohydrates. However, 3.5 % of these compounds 

are used by mankind. [8-10] Many of these renewable 

resource polymers are biodegradable under suitable 

conditions. [11] However, aside from polylactide, 

their high cost restrains their widespread use as bulk 

polymeric materials, relative to conventional 

petroleum-based plastics. More economically viable 

processes and also the synthesis of the latest forms of 

biodegradable polymers would increase the 

applications for these polymers and additionally 

lower their cost. For this reason, several research 

groups have directed investigative efforts toward the 

synthesis of the latest renewable monomers and 

therefore the conversion of these monomers into their 

corresponding polymers. The present review is 

concerned with different synthetic approaches for 

bio-based polyesters by chemical method or 

inhomogeneous processes involving catalysts such as 

enzymes. A combination of chemical and enzymatic 

methods will also be described. It summarizes the 

application of biodegradable polyester in eco-friendly 

packaging materials.  

- Chemical polymerization to polyesters 

1)  Ring-opening polymerization (ROP) 

Polylactic acid (PLA) is biodegradable, 

biocompatible polyester that can be considered a 

promising alternative to polyethylene terephthalate 

and polystyrene in packaging application that meets 

environmental regulation. [12] The most economical 

method used for industrial production of PLA is the 

ring-opening polymerization of lactone monomer in 

presence of stannous bis(2-ethylhexanoate) 

(Sn(Oct)2) as catalyst Scheme 2. [13] 

s 

Scheme 2: Ring-opening polymerization to PLA. 
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Scheme 3: Conventional ROP of e-Caprolactone to 

polycaprolactone (PCL). 

Polycaprolactone (PCL) is mostly prepared from 

petroleum-based monomers. However, Tang et al. 

described the ROP of a carbohydrate lactone, the 

yield was 90% from the commercially available D-

gluconolactone which is derived from gluconic acid 

and is used as a food additive Scheme 4. [14] 
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D-gluconolactone  
Scheme 4: Synthesis of PCL from the sugar-based 

monomer. 

 A new synthetic route for the preparation of 

caprolactone from 5-hydroxymethyl furfural is 

reported that opens the way for bio-based PCL. [15] 

Recently, a review describing synthesis of renewable 

carboxylic acid using metal catalysts is published. It 

covered the bio-based polyesters from cellulosic 

sugars but also includes hemicellulosic sugars and 

lignin. [16] 

- Enzymatic polymerization of non-

petrochemical monomers to polyesters 

Enzymes are protein in nature that catalyzes 

biological reactions in vivo and also can catalyze in 

vitro unnatural substrates. Enzyme catalysis is 

characterized by high yield, mild reaction conditions, 

a high reaction rate with no formation of byproducts, 

and high selectivity. The enzymatic polymerization 

technique is an appealing approach for synthesis that 

can be considered an alternating technique for the 

production of polymeric materials. [17-21] Moreover, 

it can reduce dependence on non-renewable resources 

and address the pollution effects of the polymer 

industry. Scopus database showed more than 4000 

articles is published in the period 2008-2021 covering 

enzymatic polymerization method, from these 110 

documents dealing with bio-based and biodegradable 
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polymers. Scheme (4) shows the enzymatic ring 

opening reaction for the formation of polyester.  

R O

O

+ Lipase - OH Lipase-COO-R-CH2-OH

H2O

R= (CH2)n

Lipase-COO-R-CH2-OH Lipase - OH OCO-R-CH2-O

n

+

 

Scheme 4: Reaction mechanism of eROP to produce 

polyester. 

Enzymatic polymerization is the most preferable 

technique synthesis of PLA by ring opening 

polymerization due to the wider range of molecular 

weight that can be produced (Scheme 5). [22, 23] 

Lipases are effective catalysts in the enzymatic 

production of aliphatic polyester. [24] The most 

widely used catalyst for the formation of PLA is 

Novozym 435 (N435) which consists of immobilized 

Candida Antarctica lipase B (CALB) physically 

adsorbed on a macro-porous resin. [22, 23, 25]  
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Scheme 5: Enzymatic ring opening polymerization of 

lactide to produce PLA. 

Commercially available such as Candida rugosa 

lipase (LCR), [26] Burkholderia cepacia (LBC), and 

the lipase from P. fluorescens (lipase AK), lipases 

that have been used for the production of PLA. [27-

29] In another approach, isolation of the enzyme from 

a strain of microorganism is described by 

Panyachanakul et al. [30] The new thermally stable 

enzyme identified as Streptomyces sp. Showed 

tolerance toward 10-20% (v/v) hexane and toluene. 

However, the kinetics of ring open polymerization of 

lactone is slow and the type of enzyme affects the 

polymerization rate. [28] Moreover, Duda et al. 

studied the thermodynamics of polylactone 

production by chemical and enzymatic ring open 

polymerization (eROP) and found that the rate of 

enzymatic reaction increases with the ring size of the 

used monomer. [31] 

 The rate-determining step in eROP comprises a 

lactone-lipase complex that promotes hydrophobicity 

of the monomer and it increases with larger lactone 

rings. Concerning lactone polymerization, N435 is 

the most effective enzyme of high reactivity as 

concluded by reactivity comparison experiments 

conducted by Duchiron et al. [28,32] In most eROP 

of PLA, the enzyme was not dried and the presence 

of water is crucial in the polymerization reaction. 

There are two types of water associated with 

enzymes, free water present on the surface of the 

enzyme and structural water embedded inside the 

enzyme molecules. [33] The measured free water 

content of N435 was found to be 0.77–1.97 wt%. [33] 

Synthesis of PLA with different patches of N435 

yielded polymers of decreasing molecular weights 

with increasing free water in the enzyme. Conduction 

eROP by freeze-dried enzyme led to an increase of 

polymer molecular weight by nearly 17%. [28]  

Immobilization of the enzyme is carried out to 

control and improve the kinetics of the 

polymerization reaction. Immobilization of the 

enzyme allows its recyclability and reduces 

processing costs. It also prevents aggregation and 

enhances enzyme reactivity by increasing enzyme 

rigidity and solvent tolerance. [34,35] Moreover, non-

immobilized enzymes are susceptible to deactivation 

by raising temperature due to protein unfolding and 

enzyme aggregation. [36] clay- and acrylic resin-

immobilized Candida antarctica lipase B (CALB) and 

its free form were used in the synthesis of D,L-lactide 

isomers and it was found the immobilized enzyme 

converted 70% of the monomer and small amounts of 

oligomers. [37] The slower polymerization reaction 

proceed for 4 days and these slow kinetics compared 

to the free enzyme could be attributed to the hydroxyl 

groups at the clay surface that can act as co-initiator 

in the polymerization reaction. Employing N435 in 

the eROP to produce PCL and poly (-valerolactone) 

in a flow tubular reactor was reported. [38] The 

enzyme was used to produce PCL in toluene at 70oC 

10 times with proven high efficiency. Several 

parameters confirm the success of the polymerization 

process such as polymer molecular weight, glass 

transition temperature, polymer crystallinity, and 

yield. Lassalle et al. utilized immobilized CALB in 

isopropyl ether to prepare PLA for four days. [25] 

The range of polymer molecular weight of the 

obtained solid was between 400-244 g/mol and LA 

conversion between 22-96%. Production of PLA of 

Mw 20000g/mol and polydispersity (PDI) around has 

been achieved by eROP with the use of IL 

[BMIM][PF6] at 130oC. [33] The formed polymer 

can find application as a carrier for drug delivery and 

release or as a soft block of thermoplastic elastomers. 

It is worth mentioning that the highest reported 

molecular weight for PLA was Mn= 78,100 g/mol 

using Burkholderia cepacia for seven days at 125 C. 

[27] It should be pointed out that large-scale 

polyester production can be attained by lipase-

catalyzed polymerization as described by Binns et al. 

[39] In this work, 1,6-hexanediol and adipic acid are 

reacted in presence of N435 using two stage 

approach. The researchers claimed that pilot 
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production of up to 2 tons can be scaled up and the 

achieved molecular weight of the formed polymer 

was Mn of 16400 g/mol. Combination of enzymatic 

and chemical catalysis for the synthesis of bio-

polyester in the so-called chemo-enzymatic reaction 

is described for the enantioselective synthesis of -

amino acid ester in free- solvent process. [40] Pellis 

et al. investigated chain-length selectivity of Candida 

antarctica lipase B during the preparation of polyester 

from various C4-C10 diesters acids and C4-C8 diols. 

[41] The polymerization reaction was carried out in 

solventless media for 24 hours which led to monomer 

conversions up to 90% and polymers of molecular 

weights (Mw) of nearly 13KDa.  

Poly(octamethylene suberate) is a biodegradable 

polyester that belongs to poly(alkylene 

dicarboxylate)s that found enhanced interest lately. 

[42,43] The synthesis of poly(octamethylene 

suberate) (POS) using miniemulsion polymerization 

in water allowed the reuse of the enzyme several 

times. [44,45] Pfluck et.al. used immobilized 

Pseudozyma antarctica lipase B (IMM-PBLI) in a 

two-step polymerization method to obtain 

poly(octamethylene suberate). [46] Prepolymers were 

obtained after 8 hours of reaction time with molecular 

weights of (MWs) of 2800, 3400, and 4900 g/mol. In 

the second step, the prepolymers were incubated with 

IMM-PBLI, at temperatures 68-80oC to obtain final 

polymers with increased molecular weights of 5000, 

5800, and 19,800 g/mol. This method opens the way 

to a greener and industrially applicable method to 

prepare bio-based polyester. 

- Furan-Based Polyesters 

Dehydration of hexose derivatives yields 2,5-

Furandicarboxylic acid (FDCA) which is considered 

a "sleeping giant" for its chemical similarity with 

terephthalic acid utilized in the production of various 

thermoplastic polyesters such as polyethylene 

terephthalate (PET). [47] Consequently, in the last 

three decades, The researchers showed enhanced 

interest in polyesters prepared from diols and 2,5-

Furandicarboxylic. [48-68] In the late seventies, 

Moore et al. synthesized various polyesters from 2,5-

furandicarbonyl chloride which suffered from strong 

thermal instability and coloration. [69]  

 
Scheme 6: Some derivatives of 2,5-FDCA. 

The importance of 2,5-FDCA represents the most 

important member in the furane-based polyesters. It 

produces polyethylene furanoate (PEF) which has 

superior mechanical and barrier properties compared 

to PET [70-73] according to the extensive studies for 

the crystallization kinetics, [74,75] mechanical 

properties (68,76) and enzymatic degradation of PEF. 

[77] Semi-crystalline polyesters based on 2,5-FDCA 

and diols containing 8,9,10 and 12 methylene groups 

were synthesized using a facial approach. In the three 

stages method, bis-hydroxy-alkylene furan 

dicarboxylates (BHFD) is produced by reacting bis-

hydroxy-alkylene furan dicarboxylates in the first 

transesterification stage with the corresponding diols. 

Then the BHFD reacted with dimethyl ester (DMFD) 

again at temperatures of 150–170 °C for 4-5 h. 

Finally, the temperature was raised to 210–230 °C 

and a vacuum was applied for 2–3 h. [78] The 

polymers produced have the chemical structure 

shown in scheme 7 of low coloration and molecular 

weight (Mn) ranging from 34,500 to 39,900 g/mol. 

The obtained polyesters have crystallization 

transition, melting and glass transition temperatures 

of values depending on the number of methylene 

groups of the used diol. 

O

O

O

8-12

O

O

n
 

Scheme7: polyester based on the reaction of bis-

hydroxy-alkylene furan dicarboxylate with different 

diols. 

Qu et al. described the synthesis of poly(ethylene 2,5-

furandicarboxylate) by polycondensation reaction of 

ethylene glycol and FDCA in presence of acidic ionic 

liquid as a catalyst. [79] They demonstrated that the 

solubility of the monomers in the ionic liquid is the 

main factor affecting the canalization of the reaction. 

A biocatalyst is used in solvent-free 

polycondensation reaction of dimethyl furan-2,5-

dicarboxylate and 1,4-cyclohexanedimethanol. The 

immobilized enzyme was reused but the yield of the 

produced oligomers is reduced with each reuse. [80] 

Maniar et al. studied the copolymerization reaction of 

dimethyl 2,5-furandicarboxylate (DMFDCA) and 

2,5-bis(hydroxymethyl)furan (BHMF)—with linear 

aliphatic monomers using Novozyme 435 as 

biocatalyst. [81] High molecular weight polymers 

were produced but a notable decrease in the 

molecular weight by replacing diol monomers with 

diacid ethyl esters. It should be pointed out that 

metallic catalysts such as dibutyltin (IV) oxide are 

also used for the synthesis of FDCA-based polyester. 

[82] The yellow discoloration of the polymer 

occurred by increasing the reaction temperature to 
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280oC. However, it was observed that using metal 

catalysts (Ti, Sb, Sn) caused polymer coloration and 

decreased thermal stability beside environmental and 

health concerns.(83, 84) Researchers' attempts to 

overcome these problems by ring-opening 

polymerization technique of cyclic FDCA oligomers, 

have been reported. [85] These cyclic oligomers are 

formed in the first step through polycondensation of 

esterified FDCA and ethylene glycol. The obtained 

uncolored polymer number-average molecular weight 

higher than 3000g/mol showed high thermal stability 

and lower melting point which facilitate the 

processing step. Utilization of non-metallic catalysts 

in the ring-opening polymerization of the oligomers 

was described by Carlos-Molares -Huerta et al. [86] 

Among the interesting and appealing properties of 

polymerized FDCA is the barrier property which is 

much related to food and beverages packaging. The 

detailed investigation of water and gas barrier 

properties of the polymer compared with PET 

demonstrated that CO2 permeability is reduced 19 

times and O2 is reduced by 11 times. [70,71] The 

reason for that was attributed to the restricted flipping 

of the furan ring and carbonyl rotation which hinder 

the diffusion of gases or water molecules. [87] 

Additionally, by comparing the thermal stability of 

PET and PEF (poly(ethylene 2,5-furandicarboxylate)) 

synthesized from 2,5-furandicarboxylic acid, it was 

found the thermal behavior of PEF is similar to that 

of PET and its thermally stable at temperature up to 

350oC. [88] Also, for PEF of molecular weight 

≈45000g/mol, a melting point of 210-215oC and glass 

transition temperature of 75-80, were measured. [52] 

- Industrialization of bio-based polyesters 

for packaging application 

Fast-growing packaging materials in the area of 

plastic industry led to the evolution of serious 

environmental problems due to their harmful effect 

on marine life. Lately, serious environmental 

concerns were raised with the increasing demand for 

single-use plastic items and packaging during the 

COIVD-19 pandemic. [89] Due to the excessive 

utilization of plastic –single-use items such as hand 

gloves and face masks, these wastes have found their 

way to the environment and threatened marine life. 

(90-94) It must be admitted that mismanagement and 

treatment of plastic wastes do not match with the 

increasing production of plastic based on fossil fuels. 

However, the action plan released by European 

Commission in 2020 to tackle the growing climate 

change challenges targets the transformation of "the 

EU into a fair and prosperous society, with a modern, 

resource-efficient and competitive economy where 

there are no net emissions of greenhouse gases in 

2050 and where economic growth is decoupled from 

resource use”. (95-p.2) Before this, the global 

concerns of climate change and sustainable 

developments are discussed in international 

conferences that issued developed visions for dealing 

with the implementation of integrated efforts for 

sustainable development. [96-98] However, the 

development of bio-plastics for packaging 

applications is strongly considered lately. [99] In the 

area of food packaging, accumulative research from 

academia and industry for searching for new bio-

based packaging materials results in high barrier bio-

polyesters even those containing heterocyclic 

structures such as furan or pyridine units. [100-102] 

Furthermore, oil-based derivatives such as 1,4-

cyclohexanedicarboxylic acid is used for the 

synthesis of polyester characterized by their high 

photo-oxidative stability, good melt viscosity, better 

humidity, and impact resistance compared to PET. 

[103] However, the problem of rigidity of the films 

due to high crystallinity has been reduced by their 

reaction with suitable counter monomer. [104,105] 

Lately, copolymerization of poly(butylene trans-1,4-

cyclohexanedicarboxylate) with camphoric acid was 

described by Guidotti et al. to improve unsatisfying 

properties of the polyester such as opacity and 

fragility without sacrificing the good ones already 

exists. [106] Moreover, the aliphatic moiety in the 

camphoric acid increased the thermal stability of the 

formed modified polyester. Other biodegradable 

polyesters belonging to the family of 

Poly(hydroxyalkanoates) (PHAs) are commercially 

synthesized by microorganisms. [107, 108] 

Poly(hydroxybutyrate) (PHB) is formed of a short 

chain carbon atoms monomer and a member of PHAs 

and commercialized in the late 1980’s Imperial 

Chemical Industries (ICI) under the trade name of 

Biopol®. [109] Later, It was produced and registered 

under the name Biomer in 1994. [110] 

Another commercially available polyester is PLA 

which can be manufactured via ring-opening 

polymerization in presence of stannous chloride as a 

catalyst. The polymer can be obtained in high 

molecular weight and its film is a thermoplastic of 

good water barrier properties and it can withstand 

several manufacturing techniques such as injection 

molding, blow molding or vacuum thermoforming 

process. [111] A list of commercially available 

products based on PLA can be found in a recent 

review. [112] The successful manufacture of PLA 

fibers that can be used in non-woven articles such as 

teabags is reported. [113] Consumption of PLA in the 

world market is about 0.2 million tons (10 % of total 

production) and in 2020 the world production 

increased to 18.7 % of total biobased plastics. [114] 

Coating is considered a good tool for improving the 

properties of packaging material.  The notation 

“coating” is used to describe the layer covering the 

surface of another material called a substrate. [115] In 

the packaging field, coatings are covering the surface 

https://www.mdpi.com/2073-4360/13/8/1229/htm#B1-polymers-13-01229
https://sciprofiles.com/profile/472838
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of the packaging material or are sandwiched between 

two layers.  The thickness of the coating ranges from 

a few microns to a few tenths of nanometers. 

Coatings add many benefits to the packaging material 

of food and beverages such as increasing water vapor 

and gas barrier properties, optical properties 

including UV and transparency, mechanical 

properties, and antibacterial or antioxidant activity 

through using definite active coatings. However, the 

application of the coating layers can be achieved by 

different techniques such as spraying, spinning, 

chemical vapor deposition, or dipping. The most 

common technique is roll to roll e.g. curtain coating 

and gravure coating. [116] Researchers developed 

anti-fog coating to inhibit fog formation inside the 

packaging material to get clear flexible films for fresh 

food. The coat contained plasma-treated polyester to 

obtain a super hydrophilic surface. [117] However, 

the inclusion of biobased multifunctional polyester 

has been proposed by Nuraje et al. [118] 

Utilization of bio-based polyester as coating film for 

metal cans that act as a resisting layer against 

solvents was described. [119] Self-esterification of 

the naturally occurring 9,10,16-

trihydroxyhexadecanoic (aleuritic) acid yielded 

polyaleuritate. The physical properties of 2-3 thick 

coating layers on three different metal cans, namely 

Aluminum (Al), electrochemically tin-plated steel 

(ETP), and chromium-coated tin-free steel (TFS) 

were evaluated. The coating film showed acceptable 

adherence to the substrate, wettability, and gloss 

appearance. 

Conclusion and prospects  

Large abundance and inducement of ecological 

concerns are pushing toward expanding the use of 

bio-based materials in the food packaging sector. 

Nevertheless, much effort is required to find solutions 

for sustainability and higher performance of the bio-

based packaging material. These solutions should be 

novel, feasible, and compatible with present 

technology and take advantage of the distinguished 

properties of bio-based materials. In the review, 

different synthetic approaches to bio-based polyester 

are demonstrated. However, despite the large steps 

that have been taken in this field some major points 

should be thoroughly researched. Among them, the 

preparation of high molecular weights of polyester 

remains challenging due to side reactions. Therefore, 

developing suitable catalysts or tailoring ligands, or 

stable initiators is required. For the coating 

technology, bio-based polymers suffer from poor 

mechanical properties and sensitivity to moisture, 

these drawbacks can be overcome by using suitable 

nanofillers. Nevertheless, other strategies have been 

suggested such as grafting and chemical 

functionalization, formation of interpenetrating 

networks, and layer-by-layer precipitation, which 

need to be thoroughly studied.  
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