Polylactic acid: 
structure, properties, synthesis and application
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Introduction

Lactic acid based polymers is known as polylactides (PLA). PLA are produced either by ring-opening polymerization (ROP) of lactides or by condensation polymerization of the lactic acid monomers, and these monomer is obtained from the fermentation of corn, beet-sugar, cane-sugar etc. PLA has high mechanical properties, thermal plasticity, fabric ability, and biocompatibility.
Polylactides have been of signiﬁcant research interest due to their biocompatibility and biodegradability that leads to applications in medical science and biotechnology. The biopolymer possesses desirable characteristics including their decomposition into naturally occurring metabolites via hydrolysis or enzymatic processes.
Over the past decades, the degradation of PLA materials has been studied for practical medical applications such as drug delivery systems, sutures, and surgical implants. The advantage of polylactide based biopolymers over conventional metallic or non-biodegradable polymers is to ease of removal by the body system itself and retention of shape during time. 
PLA are exploring as an alternative solution to solve the ecological problem of plastic waste accumulation, with a major focus on packaging. PLA, due to its biodegradation ability, presents the major advantage to enter in the natural cycle implying its return to the biomass. The use of PLA in food packaging has already received signiﬁcant attention and currently, PLA-based packaging and containers including bottled water, juice and yoghurt are used in Europe, Japan and North America for supermarket products.
PLA-based packaging materials have been regarded as safe (GRAS) which put it in a unique position for food applications. Furthermore, it has been proposed as a renewable and degradable plastic for using in service ware, waste-composting bags, mulch ﬁlms, controlled release matrices for fertilizers, pesticides, and herbicides.
All these attributes of PLA lead to development of green packaging which is currently focus of research and demand from common people to environmentalists throughout the world.

This review will provide brief discussion on various modern data of synthesis PLA and also the main properties of this unusual polymer and perspective of its application in different arias of industry. 
1. Structure and properties of Polylactic acid
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PLA is a thermoplastic derived from lactic acid. Both polylactide and polylactic acid with abbreviation of PLA in fact are the same chemical products; only they differ from each other in means of production. Lactic acid (2-hydroxy propionic acid) is the most widely occurring carboxylic acid in nature. It has a hydroxyl group adjacent to the carboxyl group, making it an alpha hydroxy acid (AHA). Because of chirality, lactic acid has two optical isomers: L-(+)-lactic acid or (S)-lactic acid and D-(−)-lactic acid or (R)-lactic acid. L-lactic acid is the natural and biologically important isomer, but D-form can be produced by microorganisms or by racemization [1]. 
Lactic acid is primarily found in fermented milk products, such as yogurt, keﬁr, leban, and some cottage cheeses. Lactic acid is commercially manufactured by bacterial fermentation process using various substrates like corn, potato, beet, cane sugar, dairy products and even from agricultural waste materials. The common microorganisms used for the process are Bacillus acidilacti, Lactobacillus delbueckii or Lactobacillus bulgaricus. The choice of microorganism basically depends upon the nature of carbohydrate to be fermented.
PLA has unique properties like good appearance, high mechanical strength, and low toxicity; and good barrier properties have broadened its applications. Numerous researchers have studied the different properties of PLA alone and in combination with other polymers as blend or copolymer. PLA is a compostable plastic of a new generation which are not toxic in production and decompose back into carbon dioxide, water and biomass when composted. 

Bio-plastic can take different length of times to totally compost, based on the material and are meant to be composted in a commercial composting facility, where higher composting temperatures can be reached and is between 90-180 days. Most existing international standards require biodegradation of 60 % within 180 days along with certain other criteria for polymer to be called compostable.

According to American Society for Testing & Materials compostable plastic is plastic which is “…capable of undergoing biological decomposition in a compost site as part of an available program, such that the plastic is not visually distinguishable and breaks down to carbon dioxide, water, inorganic compounds, and biomass, at a rate consistent with known compostable materials and leaves no toxic residue”.
Under environment conditions the chemical structure of PLA is changed and its physical properties are declined by degradation. Its degradation is mainly influenced by day light, air, temperature, water and microorganisms. Biodegradation is a complex process where the specific properties and chemical structure of PLA or polymer materials made from PLA are changed during the process of ensile degradation. And then by mineralization of polymer dioxide carbon and methane are emitted under aerobic and anaerobic conditions correspondently. As result low-molecular organic and inorganic substances safe of humans and environment are produced.

The rate of biodegration is dependent upon the composition and thickness of the material as well as composting conditions. Commercial composting facilities grind the materials, turn over the piles and reach high temperatures, thus reducing the amount of time it takes to compost and, is thus, the recommended method for composting these products. Home composting rates are slower and can vary, depending on how frequently the pile is turned over, the moisture and material content and the temperature.

2. Ways of obtaining of Polylactic acid
Poly(lactic acid) (PLA), also called poly(lactide), is a well-known biodegradable polymer that has been studied with much interest in the past few decades.  There are two main pathways by which PLA can be synthesized. The first involves polycondensation of aqueous lactic acid and the second involves ring-opening polymerization of cyclic lactide dimers. PLA synthesized from lactic acid is generally given the name poly(lactic acid), while  PLA synthesized from lactide monomer is generally called poly(lactide) [2].
2.1. Polycondensation

Polymerization of aqueous lactic acid by polycondensation is a reasonably low-cost, straightforward method of synthesizing PLA.  This is accomplished by first removing water to concentrate the solution, which immediately initiates polycondensation and cyclization of the lactic acid molecules. A transesterification catalyst is then added. Suitable catalysts include metals from groups II through V in the periodic table, their oxides, and their salts.
The reaction is allowed to proceed at high temperature without removing any intermediate products of the reaction. This reaction scheme is not entirely advantageous because it is difficult to control the endgroups, molecular weight, and molecular weight distribution of the product.

2.2. Anionic polymerizations 

The best way to perform anionic polymerizations of lactides is by using alkali metal alkoxides as initiators.  The polymerization is initiated when the nucleophilic anion of the initiator attacks the carbonyl group of the lactide, which prompts the bond between the carbonyl carbon and the endocyclic oxygen next to it to break.  This oxygen becomes a new anion, allowing propagation of the polymerization to occur in the same manner as the initiation step.  Anionic  polymerization occurs via very basic alkoxides which are capable of deprotonating the monomer in  α-position.  This will inevitably cause racemization to occur as the anion delocalizes over the planar molecule.  Chain transfer may also occur if this lactide anion initiates new chains.  Since chain transfer will result in molecular weights that are moderate to low (6500 to 38,000 g/mol), anionic polymerization is not the preferred method polymerizing lactides.  
2.3. Cationic polymerizations 

Cationic polymerization of lactides is performed by using one of a number of initiators which include carbenium ion donors and a few strong acids (e.g. metal fluorides).  The initiation step of cationic polymerization occurs when an exocyclic oxygen of one of the lactide carbonyls is either alkylated or protonated by the initiator, causing the resulting O-CH bond to become positively charged.  Nucleophilic attack by a second monomer breaks this bond to create another electrophilic carbenium ion.  The propagation step of this polymerization repeats as  nucleophilic attack by additional monomers continues until the polymerization is terminated by a monofunctional nucleophile like water.  Racemization occurred at reaction temperatures above 50 °C, but cationic polymerization is not often used to polymerize lactides at lower temperatures because such reactions are slow (over 24 h) and return polymers with moderate to low molecular weights.  
2.4. Coordination–insertion mechanisms 

The coordination-insertion mechanism, a third method of ring-opening polymerization of lactides, employs metal alkoxide initiators which possess a covalent bond between metal atom and oxygen atom and behave like weak Lewis acids.  The first step of the coordination-insertion mechanism occurs when one of the exocyclic oxygens of the lactide becomes temporarily coordinated with the metal atom of the initiator, increasing the nucleophilicity of the alkoxide part of the initiator  as well as the electrophilicity of the lactide carbonyl group.  In the second step, the acyl-oxygen bond (between the carbonyl group and the endocyclic oxygen) of the lactide  is broken and the lactide chain produced is inserted into the metal-oxygen bond of the initiator  The alkoxide end of the initiator becomes a dead chain end while the chain growth of this “living” polymerization continues as additional lactide molecules are opened and inserted into the bond between the metal atom and its adjacent oxygen atom.  The non-reacting endgroup of the growing chain can be easily varied by reacting the initiator in situ with an alcohol or phenol.  As initiation begins, this alcohol or phenol will become an ester endgroup.  Bioactive molecules having at least one hydroxyl group can be incorporated into the polymer endgroup this way.
By modifying the ratio of monomer to initiator, this coordination-insertion mechanism allows for the control of molecular weights over a broad range (low to high).  High number-average molecular weights (>200,000 Da) are easier to obtain by this method than in anionic or cationic polymerizations because there is a much lower probability of side reactions. 

Furthermore, the probability of racemization occurring at high temperatures is limited because these initiators are covalent instead of ionic.  Transesterification may be caused by covalent metal alkoxides at temperatures around 100°C, but occurs less frequently with aluminum alkoxides than with tin alkoxides, making aluminum alkoxides more appropriate in synthesizing block copolyesters while tin alkoxides are better suited for synthesizing randomly sequenced copoly(lactones).  Alkoxides of tin, aluminum, zinc, magnesium, zirconium, and titanium are common  initiators used in this polymerization, and transition metal compounds of iron, lead, bismuth, and yttrium have also been reported at catalysts.   
The most commonly used initiator for ring-opening polymerization of lactides is tin(II) 2-ethylhexanoate (often abbreviated SnOct2).
There are three main reasons why SnOct2 is the catalyst of choice for lactide polymerizations:  low risk of racemization, high efficiency, and relatively low toxicity.  The risk of   racemization is so low that poly(L-lactide) that is 99 % optically pure can be synthesized at high temperatures (150 °C) with reaction times of a few hours. As a catalyst, SnOct2 is so efficient that even when the monomer to catalyst ratio exceeds 11,000 it still enables the reaction to progress to complete conversion.  SnOct2 is considered to have a toxicity much lower than other heavy metal salts, indicated by its allowed use as a food additive in multiple countries. 

Despite this, catalysts containing tin have been shown to be cytotoxic, so great care must be taken when purifying polymers for biomedical use synthesized using such catalysts.  Recent studies regarding the mechanism of SnOct2-catalyzed lactide polymerizations indicate that when alcohol is added in a 2:1 or less alcohol to monomer ratio, the alcohol acts as a coinitiator in the reaction.  The alcohol replaces one of the octanoate groups of the SnOct2 and the polymerization progresses as opened lactide rings insert themselves into the Sn-OR bond of the resulting alkoxide [3]: 
[image: image1.png]OR
SnOct, + HO—R  =——= @] + H—Oct
Oct

+ lactide

e ?H’

OctSn—0—C—C—0—C—C—0—R
H o1 H o1

o o




.
3. Fields of application of Polylactic acid
Compared with the most other biodegradable plastics and/or bio-based plastics, PLA is by far the most important and promising one. The leading position of PLA is demonstrated by the current scale of the PLA industry, the number of pilot projects announced or under construction, the numerous products and applications of PLA in biodegradable and/or bio-based polymer markets.

Polylactide (PLA) has wide range of applications starting from packaging to biomedical fields. The typical applications of PLA are shown in table 1 [4]. 

Table 1. Main applications of PLA in 2003 and the estimation for 2020
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Percent of total percent of total
production production
(2003) (2020)
Cargill Cargill
Sector Dow Hycail Dow Hycail
Packaging 70 70 20 55
Building
Agriculture 1 12 6
Transportation 20 2
Furniture
Electric appliance and electronics 1 1 10 10
Houseware 12 6
Other (fibers and fabrics) 28 3t05 50 21
Other (analytics)

Total 100 100 100 100




PLA is a thermoplastic polyester which can be spun to form fibers, stretched to form rigid films, extruded into sheets for thermoformed packaging, and injected into molds (table 2). 

Table 2. Some commercialized PLA products
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These materials are safe for consumers and hold temperatures from -40 °C to 250 °C. Its can be frozen and can hold boiling water at 100 °C or boiling oil at 150 °C without leaking and also microwaveable as it has no heavy metal. In extreme hot or cold temperatures, PLA-products will not produce styrene, which causes cancer, unlike foam and plastic.
Therefore PLA has been used mainly in food packaging (e.g., salad containers, cups, candy wraps, bottles), textiles (e.g., curtains, towels, apparels), nonwovens (e.g., wet-wipes, pillow stuffing), injection-molded parts (e.g., mugs, toys), etc. For flexible film applications such as shopping bags or mulch films. The molds can be customized in any shape according to the customer requirement.
Bio-polymer packaging materials for the health and the environment, produced from non-wood fiber, which means no trees needed to be cut down and therefore no deforestation to make the products. They are packaging materials safe for consumers and are all bio-degradable.
PLA ﬁbers are not only biodegradable but also highly functional due to their intrinsic properties such as bacterioatic, ﬂame-retardant, and weathering resistance [5]. Many ﬁber manufacturers, in collaboration with their customers, have been developing market applications for PLA ﬁbers. Government efforts will drive further market acceptance, because PLA is viewed as an alternative material to reduce greenhouse gas emissions. 
One of the most promising environmental applications of PLA involves the use of these solid substrates in microbial redox processes in water and wastewater treatment such as denitriﬁcation processes. The nitrogen removal efﬁciency of the PLA-based denitriﬁcation process is as high as that of the PHA-based system provided that low molecular types of PLA are used as the substrate.
Medical scientists appreciate the reabsorption of bioplastics [6]. PLA has been successfully applied in medicine over the past few decades, especially in surgery and orthopedy. It will be materials inserted into the human body by means of surgery, materials replacing skin and substituting the surface of the eye. Implants remain in the body either temporarily (less than 60 minutes), for short periods (less than 30 days) or for long periods of time (over 30 days). Most of the implants replace simple mechanical or physical functions of the human body. These functions might require substitution because of a singular tissue defect or as the result of a chronic disease, such as osteoporosis or cancer. These “classical” implants do not assume the function of an organ, nor do they replace entire organs. They are therefore not really an alternative to organ transplants. 
Fractures are stabilised with the aid of screws, nails or plates made from polylactic acid. The human organism metabolises these implants precisely when they have fulfilled their purpose, making it unnecessary for implants to be surgically removed. Degradable sutures and substance depots have also been in successful use for a long time.

In other applications, PLA may require some modifications and improvements due to its unique performance profile. After it has been compounded to improve its impact strength and heat stability, it may be used for engineering plastic applications, such as the cases for computers, mobile phones, and radios.
Conclusion
Now industry produces big quantity polymer materials from oil. But this materials cause injury to environment. Because synthetic polymers are not considered biodegradable, because, except when they are exposed to UV from sunlight, they take several centuries until they are efficiently degraded.
Biopolymers can solve this problem without hard efforts. PLA – biopolymer which made from lactic acid and lactic acid is made from fermentable sugars and sugars are made from CO2 with photosynthesis. Bacterial fermentation is used to produce lactic acid from corn starch or cane sugar. However, lactic acid cannot be directly polymerized to a useful product, because each polymerization reaction generates one molecule of water, the presence of which degrades the forming polymer chain to the point that only very low molecular weights are observed. PLA of high molecular weight is produced from the dilactate ester by ring-opening polymerization using most commonly a stannous octoate catalyst, but for laboratory demonstrations tin(II) chloride is often employed. 

PLA is still a very new plastic. Compared with most other biodegradable plastics and/or bio-based plastics, PLA is by far the most important and promising one, which it is not toxic in production and decompose back into carbon dioxide, water and biomass when composted. 

Its range of applications is rapidly growing and developing as processors look towards using this bioplastic in areas traditionally dominated by petroleum based resins.
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