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 Abstract:- Plasticizers are chemical additives added into 

polymers to influence desirable mechanical properties such as 

processability and ductility. These properties are a result of the 

association of plasticizer and polymer molecules under the 

theories of plasticization. This review analyzes, justifies and 

explore the use of bioplasticizers over phthalate based 

plasticizers. Owing to health concerns, depletion of crude 

resources and other factors, there is a gradual drift from 

traditional phthalate plasticizers to bioplasticizers in the plastic 

industry. 

Bioplasticizers are derived mainly from biomass sources 

including agricultural products, it’s by-products and waste. 

Regardless of the biomass source, ideal bioplasticizers are 

expected to be non-toxic, highly resistant to leaching, miscible, 

effective and relatively low in cost. Bioplasticizers such as 

epoxidized plant oils, cardanol, citrates and Isorbide esters are 

derived from further modifications of oils and triglyceride, 

starch and cellulose, citric acids and glycerol.  By biomass 

sources, oils and triglycerides are obtained from oleaginous 

plants, starch and cellulose from cereals and citric acids from 

citrus. Citrate plasticizers have good miscibility, biodegradable, 

resistant to leaching and water and have legal use as additives. 

The demand for bioplasticizers is reported to increase from 887 

kiltonnes in 2016 to 1900 kilotonnes in 2025 with a 

corresponding revenue of $1124 Million dollars 2016 to $2683.7 

Million dollars by 2025.  
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1.0 INTRODUCTION 

Over the years, plasticizers have played a major role as a 

dominant additive in the plastic industry [1]. Its wide range 

of application can be seen in automobiles, packaging, 

consumer goods, pharmaceuticals and building and 

construction [2]. However, owing to environmental and 

health issues, the industry is gradually drifting from the 

traditional phthalate-based plasticizers to bio-based 

plasticizers [3]. In addition to this, bio-plasticizers have been 

experimented to give extended functionality over phthalate-

based plasticizers. This augments to the popularity of bio-

plasticizers over traditional phthalate plasticizers. 

Plasticizers are simply described as low molecular weight 

compounds added to polymers to lower glass temperature 

and increase processability, workability and ductility [4]. 

Plasticizers are able to introduce new mechanical property 

changes when added into the matrix of the polymer as shown 

below in figure 1. The mechanism of action is termed 

plasticization. In addition, the mechanism of how the 

polymers are plasticized are described by theories which 

will be discussed in the later of this review.   

However, with time and under certain conditions, the 

plasticizer can be lost and this poses environmental and 

health risk, hence the need for an eco-friendly and more 

improved plasticizers to be developed [5]. Efforts have been 

made to reduce the reduction of the migration of plasticizers 

in polymers through using more complex and higher 

molecular weight plasticizers which entangle in the polymer 

matrix to prevent migration. However, there is the downside 

of ineffective plasticization with this method. More research 

and efforts have also been made in the blend of plasticizers 

with nanoparticle (CaCO3, SiO2) before introducing it into 

the polymer. This reduces the migration to some extent but 

however the amounts of plasticizers that still migrate out still 

pose health risks. This review spans on the overview of 

plasticizers, highlighting the demerits of traditional-

phthalate base plasticizers and the need for eco-friendly bio-

based plasticizers. It also investigates into the different 

biomass sources and solicit for the best in potential biomass 

sources.  

Figure 1: Illustration of the role of a plasticizer in a polymer matrix 

+ plasticizer

No plasticizer
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1.1 Problem Statement 

When plasticizers are not chemically attached to polymer 

chains at certain conditions, it leaves the polymer through 

migration (Mass transfer) which leads to undesirable 

property changes in the polymer and consequent 

contamination of the surrounding medium [4].  

When the polymer is used as food packaging materials, the 

migration leads to the plasticizer content diffusing into the 

food material in contact, this can cause food poisoning [6]. 

On the other hand, in polymers such as polyvinyl chloride 

(PVC) where the presence of the plasticizers are necessary 

for ductility and toughness properties, in such cases, when 

the plasticizer is being lost, the polymer loses and damages 

as well in respect to those properties [7]. Additionally, bulk 

of medical devices are made with PVC. Another adverse 

effect is seen when plasticizers are not chemically bound to 

the polymer matrix in a polyvinyl chloride (PVC) medical 

devices, it can be released into the solutions and blood 

products transported by these devices in pharmaceuticals [8]. 

These phenomena described are undesirable and hence the 

need for more improved plasticizers that will not leak and 

still introduce enhanced properties into polymers.  

1.2 Target group 

This review is relevant to stakeholders of the plastic industry 

which include producers, consumers, researchers, students 

and investors. This review will be very instrumental to new 

and fresh students, researchers and investors who do not 

have much insight of plasticizers as this review will slowly 

expand from the background of what plasticizers are, its 

mechanism and areas of application to the recent 

development in the plasticizer industry. Investors will also 

catch the glimpse of the future of plasticizers and 

bioplasticizers. Consumers and producers will be well 

informed on the dangers of using phthalate base plasticizers 

and as well as the merits of bio-plasticizers. Through this 

review, researchers can also explore the different biomass 

sources for producing bioplasticizers which could be 

employed for further research. 

2.0 BODY 

This section of the review will span on the overview of 

plasticizers, mechanism of action in plasticization, types of 

plasticizer and its application areas. We will also discuss 

phthalate-based plasticizers and its limitation. The synthesis 

and analysis of potential biomass sources for bioplasticizers 

will be discussed as well.  

2.1 Overview of plasticizers 

A plasticizer is defined according to IUPAC as a substance 

that is incorporated into a material to increase its flexibility, 

workability, or distensibility [9]. The principal effect a 

plasticizer influences is that, it changes the performance 

and characteristics of the plasticized product which makes 

it possible to use polymers in applications where the fore 

mentioned three characteristics are required [2].  

2.1.1 Plasticizer consumption 

Plasticizers are known to for their wide range of applications 

especially in the plastic industry. The demand for 

plasticizers is reported to be increasing and it is expected to 

scale approximately 9.75 million tonnes in 2024 [10]. The 

Zion report forecast the steady increase in demand from 

2014 to 2020 estimating a 9,9605 kilotonnes of plasticizer 

volume by 2020 as shown in figure 2. 

  

Figure 2: A graph showing the global plasticizer volume from 2014 – 

2020. (Zion report, 2016)  

 

Currently, of the many substances that are analyzed for their 

plasticizing properties, there are about 100 different 

plasticizers produced worldwide whilst only about 50 are 

considered commercially important [11]. There are wide 

ranges for their application. These include; automotive, 

packaging, consumer goods and building and construction 

[1]. Of these commercially produced, 90% are used in the 

production of Polyvinyl chloride [9]. Majority is also used 

in films and cables. In the analysis of the regional 

distribution profile of plasticizers as shown in figure 3, the 

Asia-Pacific region is seen to be the largest consumer. 

Recent reports claim China, Japan and South Korea to be the 

largest consumer of plasticizers and its related products.   

 

Figure 3: A graph showing the regional distributional of plasticizer 

consumption 

 

2.1.2 Theories of plasticization effect 

Plasticizers are able to introduce new mechanical property 

changes when added into the matrix of the polymer. This 

mechanism is termed plasticization. In the polymer, 

plasticization occurs by reducing the relative number of 

polymer–polymer contacts which decreases the rigidity of 

the three-dimensional rigid structure thereby allowing 

deformation of the polymer without rupture [12]. 

Consequently, plasticizers improve durability, 

processability, flexibility and in some cases the cost of 

polymers [13]. The mechanism of action can be explain on 

the Lubricity, gel and free volume theory [3]. 
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According to the lubricating theory, the plasticizer 

molecules diffuse in the polymer and acts as shield reducing 

polymer interactions and this weaken the rigid structure 

enabling softens and flexibility [14]. The gel theory 

considers plasticizer joining to form weak three dimensional 

network with polymer chains therby making them weak to 

be overcome external applied stresses [15]. Relating to the 

free volume theory, adding more side chains and end groups 

to plasticizer modifies the polymer backbone which can 

move and rotate as shown in the figure (4) below [11].  

 

 
Figure 4: Theories of plasticization 

 

Plastcization can however be classified as internal or 

external [16]. Internal plasticization involves chemically 

modifying the polymer or monomer to increase flexibility 

whilst external plasticization imparts desired flexibility but 

does not chemical change by reaction with polymer. By this 

plasticizers in general could be describes as primary and 

secondary. Secondary adds more plasticization effects to 

primary plasticizers [9].  

 

2.2 Bio-based plasticizers  

In recent times, the use of petro-based plasticizers is being 

questioned because of toxicity and environmental health 

issues coming from plasticizer migration [17]. This relates 

for a large demand for new low toxic and low-migration 

natural-based plasticizers to replace petro-based ones. 

For an ideal bio-based plasticizers, these properties expected 

are;  

• Non-toxicity during metabolism 

• Good miscibility with polymers 

• High efficiency as normal plasticizers 

• High resistance to leaching from polymer 

• Relatively low cost. 

 

2.2.1 Biomass sources 

Biobased plasticizers can be obtained mainly from 

agricultural products, by products and waste [18]. This 

include a wide variety of agricultural resources: cereals, 

oleaginous plants, trees, fruits, and vegetables or their 

wastes as shown in the figure below. For instance, Vegetable 

oils from soybean, linseed, palm, castor bean are regarded as 

sources for good efficient bio-plasticizers. As a by-product 

from pulp and paper industry, Tall oil has been investigated 

to have a high potential for introducing  plasticization effects. 

Also, starch and celulose obtained from cereals and tubers 

lead to numerous sugars and saccharides deriatives from 

which bio-plasticizers are produced [19].  Additionally, 

citric acid obtained from citrus fruits, sugarcane or beetroots 

is a very attractive biomass source leading to many different 

citrates and itaconates used as plasticizers. Additionaly, 

amino accids, waxes and lecithin have been studied as 

plasticizers [20].  

 
Figure 5: Biomass sources for bioplasticizers 

2.2.1.1 Vegetable oil as a biomass source 

Owing to the availability, biodegradability and low toxicity 

of vegetable oils, they represent a promising route to the 

production of bioplasticizers. They are mainly composed of 

triglycerides and triglycerols made up of glycerol and 

various fatty acids [21].  The triglycerides have a distinctive 

feature composed of two active sites: the ester group and 

double bond [22]. The ester group composed of glycerol and 

fatty acids can be esterified and used as plasticizers [23]. 

They are good potential for plasticizers as they react with 

polymer chains to bring compatibility. The double bond 

active site after going through epoxidation and acetylated 

can be used as plasticizers. The latter has seen many 

developments in the bio plasticizer industry in recent years. 

Notable among them are epoxidized soybean oil [24]. The 

epoxidized bio-plasticizers is advantageous on the fact, the 

epoxy groups are able to absorb and neutralize the 

hydrochloric acid released from PVC during thermal and 

light degradation thereby extending the life of PVC [25].  

Other experimented ones include epoxidized olive oil, corn 

oil, cottonseed oil and sunflower oil [26] . Table 1 presents 

industrial bio-plasticizers used mainly in PLA and PVC 

made from vegetable oil. 

 

Table 1: Industrial bio-plasticizers used in the Industry 

scale 
Plasticizer 

trade name  

Chemical 

Name 

Feedstock Bio-based 

content 

GrinstedV® 

SOFT-N-SAFE   
Acetylated 
castor oil  

Castor oil 80% 

Kalflex® 14A ESBO Soyabean 

oil 

98% 

Nexo® E01 Methyl 
epoxy 

soyate 

Soyabean 
oil 

95% 

Resiflex® K50 Amyl 
expoxy 

soyate 

Soyabean 
oil  

100% 

DCS®  Di-capryl 

sebacate 

Castor oil 100% 

PLS Green® 9 Nonyl 

epoxy 

soyate 

Soyabean 

oil  

60% 

Lubricity theory Gel theory Free volume theory

Polymer molecules Plasticizer molecules
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2.2.1.2 Starch and cellulose as plasticizers biomass 

sources 

Starch and cellulose are collectively called polysaccharides 

[27]. The former is mainly obtained from cereals and tubers 

whilst the latter are extracted from straws and cotton fibers. 

After hydrolysis of the polysaccharides, different 

monosaccharides are produced which further can lead to 

sugar alcohols. The sugar alcohols in mention here include 

glycerol, xylitol, just to mention but a few. Reports from 

further studies shows that glycerol and xylitol have better 

plasticizing effects on starch polymers [28].  

Another derivative of glucose from hydrolysis of 

polysaccharides is isosorbide esters.  These esters are 

biodegradable, less toxic, and thermally stable heterocyclic 

diol derived from glucose. It is obtained after double 

hydrogenation of sorbitol which is also obtained from the 

hydrogenation of glucose [26]. However, a major setback 

has been identified with this type of plasticizer to be 

hygroscopic by absorbing water into the polymer thereby 

swelling up the polymer. 

2.2.1.3 Biowaste and by-products as bio plasticizer 

biomass sources 

Waste and by products from many bio-processes have been 

tested as plasticizers on various polymers and materials. 

This include tannins, glycerol, sugar and cellulose bagasse, 

wood flour, rice bran and among others [22]. Tannins have 

been experimented as super plasticizers in cement and 

concrete mixes [29]. Sugar and cellulose bagasse were 

modified and used in plasticizing cellulose acetate [30]. Also, 

ester derivative from wood floor and rice ban have been 

tested as plasticizers and shown good results [31].  

Another dominative biomass in the bio plasticizer industry 

is glycerol. Glycerol is defined simply as a polyol composed 

of three hydroxyl groups responsible for its water-solubility. 

It is obtained as a by-product from biodiesel synthesis [22]. 

It is commonly known for its application in the plasticization 

of starch polymers [32].  

Cardanol is a particular vegetable oil that is obtained as by 

product from the distillation of cashew nut shell. Cardanol 

were initially analyzed and used for plasticization of soft 

PVC. However, the results showed partial miscibility feature 

with PVC. On the contrary, after epoxidation of the 

esterified compound showed good miscibility with PVC. 

The esterified cardanol was adjudged to be suitable as a 

secondary plasticizer whilst the epoxidized esterified 

cardanol cold be use as primary plasticizer [33]. Table 2 

shows the comparison of common bioplasticizers 

 

Table 2: Comparison of bioplasticizers and their biomass 

sources 
Bio-

plasticizer 

Source Advantages Disadvantages 

Epoxidized 
plant oils 

Soyabean oil. 
Sunflower oil, 

castor oil 

Readily 
available, 

Relatively low 

cost, low 
toxicity, good 

secondary 

plasticizers 

Relatively high 
exudation, 

relatively poor 

miscibility 

Isorbide 
esters 

Glucose (starch) Biodegradable, 
non-toxic, 

thermally stable 

Complex process 
of production, 

hygroscopic 

Cardanol Cashew nut Good 

miscibility, 
Good secondary 

plasticizer. 

Partial 

miscibility with 
PVC, PLA.  

Citrates Citrus acid Biodegradable, 
good miscibility, 

non-toxic 

Relatively high 
cost. 

 

2.2.2 Synthesis of bio plasticizer from the esterification 

of citric acid. 

Citrate plasticizers as they are collectively called, are tri or 

tetra esters obtained from the esterification of citrus acid. 

Citric acid is known to be obtained from citrus fruits, sugar 

cane and beetroots [34].  

Wu, Wang and Chen described citrate plasticizer as 

basically obtained by reaction of citric acid and ethanol in 

an esterification reaction as shown in equation 1. Among 

citrate esters, triethyl citrate and tributyl citrate are 

paramount of which the former is most dominant in the 

plasticizer industry [35]. Triethyl citrate is prepared from the 

esterification reaction of citric acid with bio-ethanol. 

Bioethanol can be obtained from the fermentation of all 

sugar bio-source including all polysaccharides based 

products [36]. 

2.2.2.1 Triethyl acetate as a plasticizer 

Triethyl acetate is produced from the esterification of citric 

acid and ethyl alcohol as patented by Wu, Wang and Chen. 

During esterification of the citric acid, the carboxyl groups 

in the citric acide are replaced by the ethyl groups from the 

ethanol forming the structure as shown in the figure 6 below 

[37]. In their patent, Wu, wang and Chen reacted citric acid 

with ethyl alcohol using alkali as a catalyst in a reaction 

mixture ranging from 60 0C to 100 0C. they also reported that 

triethyl citrate having good compatibility, high plasticizing 

efficiency, non-toxic, easily biodegradable and less volatile, 

light resistance and water resistance, shock resistance have 

a resin having no growth of fungi etc.,  and is an 

internationally recognized green plastic plasticizer widely 

used in food, medical products, cosmetics, daily necessities, 

children's toys and so on. Thus, the citrate compound is an 

excellent alternative to traditional plasticizer [38].  

 

 

Equation 1: Esterification of citric acid and ethyl alcohol. 
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Figure 6: Chemical structure of triethyl acetate 

 

Nandiwale also experimented citrate plasticizers by the 

synthesis of triethyl citrate from citric acid obtained from 

orange waste, an approach to adding value to agricultural 

waste. He developed an environmentally friendly catalytic 

process to produce triethyl citrate under optimized 

conditions in a closed bath system [39].  

Jia reported that, when triethyl citrate is mixed with the 

polymer matrix of PVC in internal plasticization, it modifies 

the PVC material thereby exhibiting thermal stability, lower 

glass temperature and near zero migration [39]. Jan Gooch 

also reported the approved legal use of triethyl citrate. He 

reported that, triethyl citrate as enlisted in 21 CFR 184.1911 

can be used food substance affirmed as Generally 

Recognized as Safe (GRAS) substance. This ingredient may 

be used in food related products with no limitation other than 

current good manufacturing practices. Also, it is enlisted in 

the Codex Alimentarius General Standard for Food 

Additives as a food additive [36].  

2.2.3 Future and market of bio-based plasticizers 

Bio based plasticizers have been designed to replace the 

traditional present phthalate-based plasticizers and as 

expected replacement in its application, market size and 

share as well. The bio plasticizer market is analyzed based 

on the type (Citrates, Epoxidized oils, succinic acids & 

others), application (packaging materials, medical devices, 

consumer goods, wires and cables, building and construction) 

and region. According to Grandview research market report 

on bioplasticizers, the market of bio-plasticizers was 

forecasted $1124.3 million by 2016  is expected to reach 

$1,1403 million by 2020 and $2,6837 by 2025 registering a 

cumulative average growth rate of 9.5% from 2015 to 2020 

as shown in figure 6 [40].  

 
Figure 7: Global bioplasticizers market by worth and volume from 2016 – 

2025 

 

By region, the north America is reported to be a promising 

market bio-plasticizer. It is one of the largest markets for 

bio-plasticizers with a recorded market share of 36% in 2014. 

This is owed to stringent rules from policy makers in that 

region [41]. Cerena reports claims that, non phthalates 

plasticizer demand is expected to increase at 3.3% yearly till 

about a volume of 2.3 million tonnes is realized occupying 

a total volume of 22% of world global plasticizers [42]. 

However, grand view research reports bioplasticizers at a 

volume of 887.3 kilo tonnes in 2016 and expected to rise at 

rate of 9.5% per annum to 1900 kilo tonnes by 2025 [1]. 

With citrate plasticizers having delicate applications in 

cosmetic, medical, pharmaceutical and food packaging, 

investing in the production of citrate plasticizers will be 

worthwhile in the near future [43]. Figure 7 shows the 

forecast of the growth of plasticizers worth according to type 

from 2014 to 2025 [1] .  

 
Figure 8: Bioplasticizer market revenue distribution by product: A case 

study in US 

3.0 CONCLUSION 

The review paper seeks to address the recent claims in the 

use of traditional petro based plasticizers and analyzes the 

potential of bio sources as a replacement. In the review, 

plasticizers were analyzed under types, application and 

regional distributing in consumption. The review also 

covered on general theories governing the action of 

plasticizers in polymers. It further expanded on the current 

commonly used plasticizers and highlighted the demerits in 

the use of these plasticizers. It introduced bioplasticizers and 

describe the current drift of the plasticizer to biobased ones. 

Potential biomass sources for the production of 

bioplasticizers were analyzed as well. With citrate 

plasticizer as one of the productive emerging plasticizers, its 

production, legal uses, effects and advantages were explored 

as well. Graphs and data exploring the future of 

bioplasticizers as worthwhile investment were discussed as 

well.  
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