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A B S T R A C T   

Plasticized cellulose acetate (CA) is one of the most applied bio-based polymers due to its structural properties 
and easy processing. Plasticizers are added to CA to increase workability, prevent degradation under processing 
conditions and ensure thermo-mechanical properties suitable for the intended final application. Moreover, 
inexpensive and non-toxic solvents enable its processing into fibers, films, and solid blocks. However, when 
incorporated in the polymer matrix, plasticizers are prone to migration. CA products can suffer embrittlement, 
cracking, warping, or discoloration during their life cycle, affecting the material’s integrity and durability. The 
design of new plasticizers compatible with the polymer at high concentrations, tailored to be effective in 
lowering the glass transition temperature, and with a low tendency to migration could considerably reduce 
material degradation over time. 

This review offers a perspective on the current plasticizers and comprehensively depicts the plasticization 
mechanisms in CA for internal and external plasticization. Understanding the plasticization mechanisms paves 
the way to identify a rationale for designing new plasticizers for this polymer.   

1. Introduction 

Cellulose acetate (CA), a cellulose ester derived from the partial 
acetylation of cellulose, has numerous applications in a wide range of 
industrial fields due to its transparency, high gloss, colorability, warm 
and pleasant feel, and suitability for direct and prolonged contact with 

human skin. The main applications of CA include eyewear frames [1,2], 
tool handles, cigarette filters [3–6], safety glasses and shields, protective 
films for LCD polarizing panels [7–10], costume jewelry, buttons, se
quins [11] and decorations. Other applications of CA include drug de
livery systems [12–17], membranes [18–24], battery separators 
[25,26], biodegradable films [27], foaming applications [28], and 
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photographic films [29–31]. CA has also been proposed for sensors of 
metal ions [32], gases [33], humidity [34,35], formaldehyde [36], and 
ascorbic acid [37]. 

CA features a strong dipolar interaction network, which gives it a 
high glass transition temperature (Tg) and a narrow window between 
flow temperature (Tf) and decomposition temperature (Td) [38,39]. To 
overcome this issue, CA has traditionally been blended with low mo
lecular weight organic compounds that act as plasticizers to broaden the 
processing window and increase its workability [40]. This method is 
generally termed external plasticization. [41] CA thermoplastic pro
cessing commonly uses 15–35 wt% plasticizers. [11] Other cellulose 
esters with longer chains, such as cellulose propionate (CP), cellulose 
butyrate (CB), or longer substituents, are more flexible and require 
lower quantities of plasticizer to reach the same flowability at a given 
temperature due to an internal plasticization effect [11,42]. Copoly
merization with a small amount of a second monomer or grafting sub
stituents with high side chain flexibility is called internal plasticization 
[43]. However, external plasticization is the more generalized approach. 

As the other relevant cellulose ester, CA is processed using most of 
the plastic production methods, such as injection molding [44], 
compression molding [45], blow molding [46], extrusion [47], film 
casting [48] and fiber spinning [49]. CA is subjected to solvent disso
lution in acetone in the last two industrial processes. In the case of fiber 
production, the dope solution is dry spun to produce textile filaments or 
cigarette filters. It is worth recalling that the traditional solvent block 
process is still employed for obtaining thick patterned and multicolored 
sheets for applications in the eyewear and fashion industry (Fig. 1) [11]. 

Although industrial processes are optimized by incorporating a 
certain amount of plasticizers, plasticized CA products are generally 
subject to plasticizer migration and volatilization to such an extent that 
CA becomes prone to cracking, warping, discoloration, and powdering 
as it ages [50,51]. Moreover, plasticizers that migrate out of the material 
could harm human health and contaminate the environment [27,52]. In 
this regard, understanding the mechanisms of CA plasticization is 
crucial to find room for improvement in tailoring cellulose acetate 
properties with a well-designed plasticizer molecule. 

Even though numerous works in the literature focus on plasticizer 
design for polymers [53–59], there are no recent studies on the devel
opment of plasticizers for CA. In one recent work, six plasticizer 

candidates with slight structural variations were designed to evaluate 
the effects of the inclusion of oligolactide segments, in combination with 
variations in end groups (hydroxyl or levulinate ester) and structural 
differences in the alcohol cores on the thermal, mechanical, and 
migration patterns of plasticized poly(lactic acid) (PLA). The plasticizer 
candidates were designed from potentially renewable chemicals using a 
flexible (1,4-butanediol) or rigid (isosorbide) core and combined with 
three different types of flanking groups [53]. The same authors [60] 
further studied eugenol, a natural aromatic compound: bio-based re
sources such as levulinic and valeric acids were combined to produce 
dual-functioning plasticizers, with different plasticizing and antibacte
rial performances, depending on phenol-, carboxyl-, and alcohol group 
content. 

In this scenario, fundamental parameters such as solubility, 
compatibility, polarity, molecular weight, and functional groups of 
plasticizers play a crucial role in determining the success of plasticized 
systems while mitigating the drawbacks of the external plasticization 
[61]. Internal plasticization of pure cellulose or CA is an interesting 
approach to prevent plasticizer migration, but lower plasticizing effi
ciency and technological limitations hinder its industrial scaling-up 
[62,63]. However, the substituent structure seems to lower glass tran
sition temperature, and acylating reagents consisting of bulky terminal 
moieties spaced from CA chains by a linear chain efficiently separate 
macromolecular chains without generating detrimental stiffening in
teractions [64,65]. 

This review provides an overview of CA plasticization approaches 
and sets general principles and guidelines for selecting a suitable plas
ticizer or designing a new molecule. After an introduction to the general 
properties of cellulose and its derivatives, mainly CA, and the main 
plasticization theories, we thoroughly present the modification strate
gies of internal plasticization and the more common external plasticizers 
used for CA. Through a more detailed analysis of effective plasticizer 
molecules, we then investigate molecular structures for a possible future 
design of new molecules to be used in CA, focusing on some critical 
aspects such as substituent moieties (ester groups, hydroxyl groups, 
alkyl chains, aromatic rings), as well as molecular weight. We finally 
provide the reader with guidelines for proper CA plasticizer design. 

Fig. 1. Solvent block process: CA flakes are mixed with the plasticizer and the solvent(s) to produce a transparent paste. The paste is colored by adding pigment and 
pressed in a calender to produce CA sheets. These colored sheets are then cut into cubes, randomly reassembled in a mold, and hot pressed to generate the wet block. 
The wet block with the desired pattern is then cut into sheets. Finally, the sheets are dried, flat-pressed, and trimmed for subsequent processing. 
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2. Cellulose acetate: Structure and properties 

2.1. Cellulose 

Cellulose is the most abundant natural polymer on Earth [66]. The 
cellulose used in industry derives from two primary sources: cotton 
linters and wood pulp. Different types of cellulose can also be obtained 
from corn fibers or other agricultural sources, biomass waste, and bac
teria (bacterial cellulose) [67,68]. These sources can be further com
bined in a circular economy perspective: bacterial cellulose, for 
instance, can be produced using agricultural waste such as fruits, veg
etables, or lignocellulosic materials [69,70]. Crystalline cellulose from 
agricultural waste and forest residues is also reported in the literature 
[71]. Some sources contain pure cellulose, as in the case of cotton 
linters, or are mainly but not completely made of cellulose, as is the case 
of wood (40–60 %). In the latter case, chemical extraction and further 
purification are required to isolate the cellulose fraction via subsequent 
industrial processes. 

Cellulose consists of β-D-glucopyranose units covalently linked by 
β-1,4-glycosidic bonds, i.e., repeated anhydroglucose units (AGUs) 
(C6H10O5) form a linear polymer chain (Fig. 2). The number of AGUs 
forming the cellulose macromolecule, also referred to as the degree of 
polymerization (DP), depends on the extraction source and the treat
ment of the raw material [72]. Different molecular weights can 
considerably differ in mechanical properties and chemical reactivity 
[73,74]. The structure of the polymer also depends on the cellulose 
source used and its treatment. Industrial cellulose processing aims to 
modify cellulose macromolecules’ spatial arrangements to obtain the 
desired properties. 

Each AGU has three reactive hydroxyl groups (C2, C3, and C6) 
(Fig. 2). These groups form intramolecular hydrogen bonds (interaction 
of the hydroxyl groups within the same molecule) and intermolecular 
hydrogen bonds (interaction of the hydroxyl groups with neighboring 
cellulose molecules) [75]. Cellulose macromolecules form highly or
dered crystalline regions, mainly due to the intramolecular bonds, but 
regions with a low degree of order can also be found. The high degree of 
crystallinity (i.e., 40–60 %) [76] leads to highly packed zones, thus 
limiting the interaction of cellulose with common solvents or reagents 
[77]. 

The main drawback of this strong network is the processability of 
cellulose for industrial applications. To achieve better processability and 
modulate material properties, cellulose –OH groups are generally 
replaced, entirely or partially, with substituent -OR groups to obtain 
different cellulose derivatives. In this regard, the degree of substitution 
(DS) refers to the average number of substituents per AGU. Since cel
lulose contains three hydroxyl groups per AGU, the DS is between 0 and 

3. The most important chemical modifications on an industrial scale 
involve the three reactive hydroxyl groups of individual AGUs (at C2, 
C3, and C6 positions), supporting etherification and esterification re
actions, usually under heterogeneous conditions [78]. 

2.2. Cellulose esters 

Esterification of cellulose is one of the most employed chemical 
modifications as it provides sub-products with a bio-based content. 
Cellulose esters are obtained by reacting cellulose with organic acids, 
anhydrides, acid chlorides, and catalysts [79]. In principle, any organic 
acid can react with the available hydroxyl groups of cellulose for 
esterification, even if only esters of acids with two to four carbon atoms 
are of industrial interest. In this process, the final reaction product is the 
cellulose triester of the involved organic acid. Hydrolysis is then ach
ieved by adding a water-acid mixture to the cellulose triester to obtain 
the desired DS. Finally, water is added to precipitate the polymer and 
remove reaction by-products. DS is a statistical mean value where 
unsubstituted, mono-, bi-, and tri-substituted anhydroglucose units 
coexist. [80]. 

For a cellulose derivative, the total DS and the distribution of the 
substituent among positions C2, C3, and C6 of the AGU are relevant to 
the final material properties, namely solubility, permeability to gases 
and liquids, and water vapor sorption [81–83]. Regarding cellulose es
ters, the DS refers to the substituent, such as acetyl for CA, propionyl for 
cellulose propionate (CP), butyryl for cellulose butyrate (CB) (Fig. 2). 
Still, it can be alkanoyl with a variable number of carbon atoms, usually 
from 2 to 10. 

Nowadays, only esters of carboxylic acids with two to four carbon 
atoms and mixed esters are considered technically and economically 
relevant due to their properties and ease of production [84]. On this 
same topic, due to technical limitations (i.e., slow reaction rates and 
competitive cellulose chain cleavage in heterogeneous esterification), 
esters of aliphatic acids containing more than four carbon atoms have 
not achieved commercial relevance [82]. Moreover, cellulose esters of 
aliphatic diacids and aromatic acids are also difficult to prepare because 
of the poor reactivity of the corresponding anhydrides with cellulose 
[85]. Mixed esters of different partial DS of each acyl moiety, in 
particular cellulose acetate/propionate and acetate/butyrate, result in 
different thermal behavior and solubility compared to their simple esters 
(i.e., a single substituent). They are prepared commercially by reacting 
the respective anhydrides simultaneously [79]. The reactivity of these 
anhydrides toward cellulose is acetic anhydride > propionic anhydride 
> butyric anhydride as studied under homogeneous reaction conditions 
[86]. 

The properties of cellulose esters are strictly correlated with the 
number of acyl groups per AGU, acyl chain length, and the degree of 
polymerization (i.e., molecular weight). In cellulose esters with DS = 3 
and increasing acyl chain length from C-2 to C-6, physical parameters 
such as melting point, tensile strength, mechanical strength, and density 
tend to decrease. Still, moisture resistance and solubility in non-polar 
solvents increase [42]. Regarding partially substituted cellulose esters, 
increased solubility in polar solvents and increased moisture absorption 
result from fewer acyl substituents, which means that polarity increases 
as apolar alkyl chains decrease [85]. The physical and chemical prop
erties of cellulose esters are a function of the substituents and the ratio of 
esters if mixed esters are used. For instance, in cellulose acetate butyrate 
(CAB), where the substituents are either acetyl or butyl moieties, 
increasing the proportion of acetyl to butyl increases moisture absorp
tion, polar solubility, density, and melting point while reducing flexi
bility [82]. 

Cellulose esters with short-chain carboxylic acids (C-2 and C-3) have 
high glass transition, melting, and low decomposition temperatures. 
Therefore, cellulose esters are typically melt-processed in the presence 
of plasticizers that extend the processing window. For the main com
mercial esters such as CA, cellulose acetate propionate (CAP), and CAB, 

Fig. 2. Chemical structure of cellulose (R = H) and main cellulose esters (R 
partially substituted with other chemical groups). 
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the softening point and the region with the rheological properties 
required for each specific processing technique depend on an appro
priate degree of ester substitution and plasticizer content. The bonding 
of more extended chain ester groups should provide an effective internal 
plasticization, potentially eliminating the need for external plasticizers 
that may be prone to diffusion, extraction, or volatilization [82]. (This 
topic will be covered later in the Internal plasticization section). 

2.3. Cellulose acetate 

CA is one the most relevant organic ester of cellulose in terms of 
applications. CA can be prepared with different degrees of substitution, 
possibly ranging from water-soluble monoacetate to fully substituted 
triacetate, which is completely insoluble in water. Its broad develop
ment has been supported by the solubility of partially hydrolyzed (sec
ondary) CA in inexpensive and relatively non-toxic solvents [85]. 

In industrial processes, CA is typically obtained by heterogeneous 
reactions, and acetyl substituents are present randomly along the mac
romolecules [87]. Before acetylation occurs, cellulose is adequately 
activated with water or an aqueous acetic acid solution. This step aims to 
increase the reactivity by breaking part of the hydrogen bonding be
tween the polymer chains. For commercial CA, one standard procedure 
involves using glacial acetic acid with sulfuric acid that will be subse
quently used as a catalyst. Sulfuric acid is also employed to reduce the 
molecular weight of the starting cellulose material by chain scission. The 
activation of cellulose is influenced by temperature, time, amount of 
catalyst, and acetic acid-to-cellulose ratio beyond the cellulose source (i. 
e., wood pulp or cotton linters). Industrial acetylation catalysis is typi
cally based on sulfuric acid to obtain cellulose triacetate with a DS of 3. 
The following hydrolysis step to remove some acetyl groups is critical to 
creating the specific CA grade with the desired combined acetic acid 
content or degree of substitution [84,88]. The most common products 
are cellulose triacetate (CTA) with DS = 3 and cellulose diacetate (CDA), 
with DS around 2.45 (ca. 39.5 % in acetyl content), which are odorless, 
tasteless, and non-toxic. Interestingly, water-soluble cellulose acetate 
having a total degree of acetyl substitution of approximately 0.8 (which 
is a cellulose acetate with a low degree of substitution) is reported to be 
metabolized and decomposed by intestinal bacteria and can be used as 
appetite suppressants [89]. 

CA properties depend on the acetyl content and molecular weight, 
with the former determining the polymer’s solubility characteristics and 
biodegradability [85,90]. The greater the molecular weight, the higher 
the flow temperature and the heat distortion temperature; however, 
variations in the typical range (DP~175-360) have less effect than 
variations in the plasticizer used and degree of acetylation [91]. A 
specific DS of CA flake is always preferable for different processes [11] 
(Table 1). 

Homogeneous conditions would help efficient control of the DS and 
distribution of the functional groups in the polymer backbone [92,93], 
but this is usually performed on a lab scale. For this purpose, cellulose 
can be dissolved in N,N-dimethylacetamide (DMAc) and LiCl [94–97]. 
Other strategies are reported in the literature, such as triethylocty
lammonium chloride with acetone as a reaction medium [98]. Non- 
derivatizing solvents, which dissolve cellulose by physical in
teractions, can be single and multi-component systems. These solvents 
do not react with the hydroxyl groups, leaving them free for 

esterification or etherification processes. 

3. Plasticizers 

3.1. Plasticizers 

A plasticizer is defined by the Council of the International Union of 
Pure and Applied Chemistry (IUPAC) as a substance or material incor
porated into a material (usually plastic or elastomer) to increase its 
flexibility, workability, or distensibility [99]. Plasticizers are commonly 
low molecular weight organic compounds, liquid or solid, which pro
mote flexibility and processability of polymers by lowering the glass 
transition temperature (second-order phase transition temperature) and 
melting temperature (first-order phase transition) [100]. They usually 
interact with the polymer matrix reducing the secondary forces between 
different macromolecules and providing mobility to the chains, which 
results in a more easily deformable material at the macroscopic level 
[101]. Plasticizers are usually embedded in the amorphous regions of 
the polymer, while the crystalline domains remain unaffected. These 
additives are expected to reduce elastic modulus, tensile strength, 
hardness, density, melt viscosity, glass transition temperature, electro
static charging, and volume resistivity of a polymer. At the same time, 
they increase elongation at break, toughness, dielectric constant, and 
power factor [102]. 

Even if many plasticizers are on the market, their choice depends on 
the polymer and its final application. Chemical and physical properties, 
safety and environmental profile, miscibility, processing temperature, 
and required plasticity are the main factors to be considered for selecting 
the best plasticizing solution. The ideal plasticizer must be highly 
compatible with the polymer, stable during processing and usage of the 
plastic product, have a low tendency to migrate, and be nonvolatile, low 
cost, and non-toxic [50]. 

Plasticization can be external or internal. In the first case, plasticizers 
are blended into the polymer, and only secondary interactions occur 
between the plasticizer molecules and the polymer matrix. Therefore, 
they can be lost by evaporation, migration, or extraction. On the con
trary, internal plasticizers are chemically bonded to polymer chains by 
primary bonds; they are not prone to migration as part of the polymer. In 
this regard, copolymerization of side chains or grafting reactions of 
smaller molecules hinders the polymer chain compaction [103], in
creases the distance, and decreases the interaction force of the chains, 
thus increasing their mobility [104]. 

Plasticizers can also be classified as primary or secondary [105]. A 
primary plasticizer is required when more than one plasticizer is used 
(and it can also be used as a single plasticizer.) It must be soluble in the 
polymer at high concentrations and not exude from the final product 
[99]. Secondary plasticizers are usually added to a primary plasticizer to 
modify its performance in terms of costs, improving other features such 
as behavior at low temperatures or permanence properties. In some 
cases, secondary plasticizers can induce synergistic effects on plastic 
properties by enhancing the single effects shown by plasticizer mole
cules when evaluated individually [59]. 

3.2. Mechanisms of plasticization 

Different theories explaining the mechanism and action of plasti
cizers in polymeric matrices can be found in the literature: the lubricity 
theory, the gel theory, and the free volume theory (Fig. 3). 

The lubricity theory [106] is attributed to Kirkpatrick, Clark, and 
Houwink, among others. It asserts that the resistance of a polymer to 
deformation, i.e., its rigidity, is the result of intermolecular friction: the 
plasticizer would act as a lubricant between the polymeric chains, like 
oil between two moving parts, reducing friction and promoting the 
reciprocal movement of the macromolecules as they slide over each 
other like contact planes. Due to Van der Waals and London forces, 
plasticizers lessen the force required to overcome adhesion at contacting 

Table 1 
Preferred degrees of acetate substitution DS for various plastic 
processing techniques. (Readapted from [11]).  

Processing technique DS 

Blow molding  2.49 
Injection molding and casting  2.41 
Film extrusion  2.34 
Block process  2.28  
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asperities. 
The gel theory was developed by Aiken [107]. It assumes that a 3D 

network exists in which polymer chains are tied by secondary forces 
(hydrogen bonds, Van der Waals interactions, ionic forces), and plasti
cizers can intercalate and break these interactions by establishing bonds 
with the polymer and masking the secondary bonds between the mac
romolecules. These bonds are not permanent and can be formed and 
broken as the plasticizer solvates and desolvates the polymer. Still, the 
increased space between polymer molecules reduces polymer–polymer 
interactions at sites where they could be re-established. At the same 
time, free molecules of the plasticizer behave as swelling agents, facil
itating flexibility. 

There are some common aspects between the lubricity and the gel 
theories. In the 1940s, Kirkpatrick [106] highlighted that every plasti
cizer should exert a solvent action, as predicted in the gel theory, and a 
simple lubrication mechanism, as described in the lubricity theory. A 
portion of the plasticizer molecule is bonded to a specific group in the 
polymer, expressing a solvating behavior, while the unbonded portions 
act as lubricants between the macromolecules. The presence of groups 
that enable mutual attraction between plasticizer and polymer, their 
reciprocal position for the attraction to occur effectively, and the shape 
of the plasticizer molecule are essential for the desired final properties to 
be obtained [108]. 

Subsequently to these two theories, the free volume theory was 
developed to interpret the effect of a plasticizer in decreasing the glass 
transition temperature of a polymer as well as to explain other proper
ties as a function of temperature, such as viscosity, specific volume, and 
thermal expansion coefficients [103]. Free volume or free space can be 
defined as the difference between the volume observed at the absolute 

zero temperature and the volume measured at a given temperature. In a 
polymer above the Tg, the energy acquired by the molecules generate 
motion, bending, or rotation. These Brownian motions of segments and 
molecules result in a larger free volume (i.e., space between the mac
romolecules), observed as the specific volume increases as the temper
ature rises. 

In this regard, plasticization can be a way to increase the free vol
ume. Free volume derives from three primary sources: the motion of the 
chain ends, the side chains, and the main chain. Therefore, the free 
volume of a polymer can be increased by: (i) increasing the number of 
end groups, i.e., lowering the molecular weight; (ii) increasing the 
number or length of side chains (internal plasticization); (iii) including 
in the main chain segments with low steric hindrance or low intermo
lecular attraction (low polarity and no H-bonding), e.g., the soft seg
ments from polyols in many copolymers (internal plasticization); (iv) 
adding a compound with a low molecular weight, compatible with the 
polymer, which can increase the number of end groups and side chains 
and lower the molecular weight, acting as a spacer that only has weak 
interactions with the polymer (external plasticization); (v) raising the 
temperature [109]. 

Adding a plasticizer molecule increases the free volume per total 
volume due to a proportional increase in end groups. The free volume 
theory explains the lowering of the glass transition temperature with an 
increase in free space within the polymer. Other remarkable conclusions 
can be derived from the free volume theory: (i) plasticizers with lower 
Tg are more efficient in reducing the Tg of the plasticized system; (ii) for 
the same molecular weight, a branched plasticizer is more efficient than 
a linear one, because there is greater free volume associated with 
branches; (iii) increasing the molecular size of the plasticizer increases 

Fig. 3. Representation of plasticization theories. (Readapted from [99]).  

A. Bonifacio et al.                                                                                                                                                                                                                              



European Polymer Journal 197 (2023) 112360

6

the free volume introduced in the polymer; (iv) on a weight basis, the 
increase in total free volume could be more significant for small 
molecular-weight plasticizers. 

However, this theory does not consider the importance of functional 
groups to achieve good compatibility. It can be concluded that a mole
cule is a suitable plasticizer when it is small, it generates greater free 
volume and establishes thermodynamic affinity with the polymer. After 
the free volume theory, no other significant conjectures have been 
developed; most aspects of plasticization are well explained by these 
three main theories. 

3.3. Plasticizer-polymer interaction 

It is nowadays established that good plasticization implies secondary 
bonds, also known as intermolecular forces, with the polymer. The 
attraction between plasticizer molecules and the polymer must be as 
strong as the interactions between molecules in the single components to 
generate an efficient polymer-plasticizer interaction. Polymer solvation 
by plasticizers is significantly linked to their chemical structure and 
polarity. Dissolution occurs when polymer and plasticizer have similar 
polarities, which is well described by the rule “like dissolves alike.” It 
means that the energy of interaction between heterogeneous molecules 
of solution components is as strong as the energy of interaction between 
homologous molecules [108]. In CA, for instance, polar groups in the 
polymer, such as acetyl and hydroxyl, can interact with polar groups of a 
plasticizer molecule (such as aromatic rings and ester bonds) and 
establish intermolecular forces such as Van der Waals and dipole–dipole 
interactions. These intermolecular bonds usually enable the plasticizer 
to solvate the amorphous part of the polymer but not the crystalline 
domains. 

In CA, plasticizer-polymer interactions begin with the mixing step: 
the plasticizer first wets the polymer particles and then diffuses and 
solvates the amorphous domains of the polymer thanks to externally 
added heat (e.g., heating jacket on the mixer) or heat generated inter
nally by the friction between macromolecules. Incompletely dry-mixed 
plasticized systems show regions where the plasticizer is not well 
dispersed and plasticizer concentration is higher due to possible self- 
association phenomena. In this situation, the plasticizer is likely to 
exudate during the lifetime of the finished product [106]. 

The need to identify suitable solvents and plasticizers compatible 
with polymers has led to the development of quantitative models of 
polymer–solvent compatibility. A useful parameter is the Hildebrand 
solubility parameter (δ), defined as the square root of the cohesive en
ergy density (E/V), where E is the heat of vaporization and V is the molar 
volume. δ measures the attractive strength between molecules of the 
same material, i.e., dispersion (London) forces. Solvents that differ 
significantly in δ values (more than 2 MPa1/2) are considered non- 
solvents for the polymer. In contrast, those with a δ value within ±2 
MPa1/2 compared to that of the polymer are considered suitable solvents 
(Fig. 4A). The factor value of 2 MPa1/2 was identified through empirical 
considerations. Values of δ can also be estimated by the method of Small 
[110], in which particular molecule groups give a specific contribution 
to the overall molar attraction. However, the extent to which two sub
stances can form a homogeneous mixture depends not only on London 
forces. 

The Hildebrand solubility parameter works well for non-polar hy
drocarbon systems but not for polar solvents and solvents that exhibit 
hydrogen bonding [111]. For this reason, Hansen [112] proposed a 
change to this model by introducing a three-component parameter 
(Hansen parameter), taking into account not only dispersive forces (δD) 
but also dipole–dipole (δP) and hydrogen bonding (δH) interactions. 
Each contribution is empirically determined based on multiple experi
mental solubility observations [113]. A visual interpretation of the 
Hansen method (Fig. 4B) is represented by a three-dimensional sphere of 
solubility with a radius of 8 MPa1/2 (this value is also determined based 
on empirical considerations), in which the coordinates of the center of 

the sphere correspond to the values of the components of the polymer 
solubility parameters [114]. The radius of this sphere can be used to 
identify the dissolving characteristics of polymers by different solvents. 
Each solvent is represented by a point in a three-dimensional space, with 
δD, δP, and δH as the axes. The point must fall inside the sphere (the 
solubility volume) for solvents. 

In contrast, all non-solvents fall outside the solubility volume, which 
explains why two substances are mutually compatible when they have 
similar values of δ. In this regard, it is generally accepted that for good 
compatibility, the difference in solubility must be smaller than 3.7 (J/ 
cm3)1/2 [99]. The polymer–solvent interaction is inversely proportional 
to the difference between the solubility parameters of polymer and 
solvent, i.e., the lower the difference, the stronger the polymer–solvent 
interaction [115]. These considerations, made initially for polymer
–solvent system interaction, can be extended for a first rough evaluation 
of polymer-plasticizer compatibility when solubility data are available. 
Hansen’s method allows for screening the number of possible plasti
cizers for a specific polymer, which is advantageous in practical appli
cations, even if polymers and plasticizers with the same solubility are 
not always compatible. As previously said, solubility depends on the 
presence of functional groups in the molecules of the solution compo
nents capable of mutual interaction. Plasticizer characteristics deter
mine not only the compatibility but also the amount which can be added 
to the polymer while ensuring the thermodynamic stability of the 
mixture. Thermodynamic stability means the absence of plasticizer 
exudation at temperature changes, mechanical stresses, and pressure. 
The higher the compatibility is, the more the plasticized system is 
thermodynamically stable. 

Fig. 4. Solubility criteria of (A) the Hildebrand solubility parameter (δ), where 
the solvent Hildebrand values are within ± 2 MPa1/2 for the polymer Hilde
brand value (δP), and the non-solvent Hildebrand values differ by more than 2 
MPa1/2. (B) Hansen solubility model, where the three axes represent the 
dispersion (δD), polar (δP), and hydrogen-bonding (δH) components, and sol
vents and non-solvents fall within or outside a sphere of radius R = 8 MPa1/2 

centered on the polymer, respectively. (Re). 
adapted from [114] 
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3.4. Practical approaches in using the theory of compatibility for 
plasticizer selection 

Chemical similarity, “like dissolves alike”, is not always sufficient to 
determine the compatibility in a polymer-plasticizer system [108]. For 
instance, the interaction of polar polymers and plasticizers depends on 
the presence and arrangement of groups capable of donor–acceptor 
interaction. A polar plasticizer with a proton-acceptor character, such as 
an ester, is useful in polymers with average polarities [108], e.g., cel
lulose acetate. Apart from the chemistry of the selected plasticizer, other 
factors influence compatibility. For instance, branches in the main 
carbon-chain structure generally worsen compatibility with polymers 
due to steric hindrance [59,103,116]. The arrangement of polar groups 
is essential in the polymer-plasticizer interaction [117], especially if an 
internal hydrogen bonding would lead to plasticizer-plasticizer solid 
interactions. The molecular weight of a plasticizer influences entropy: 
lower molecular weight plasticizers have higher compatibility even if 
the chemical nature of plasticizers is not affected by a change in their 
molecular weight. Compatibility gains are counteracted by plasticizers’ 
increased volatility, which has many drawbacks we will discuss later. 
Also, plasticizers’ polarity changes with an increase in the molecule’s 
size in the homologous series. 

As far as the alkyl chain length is concerned, the relative content of 
the polar group in the molecule increases as the alkyl chain length de
creases [118]. The polar groups can form strong intermolecular in
teractions with CA and break the intertwining of CA chains. This can 
increase the free volume between polymer molecules and promote CA’s 
chain mobility, thereby reducing CA’s glass transition temperature. On 
the contrary, when the alkyl chains of the plasticizer are too long, 
plasticizer molecules do not interact with the polar groups of CA chains 
because of a shielding effect. This could lead to poor miscibility of the 
plasticizer with the polymer, even more when it is present at higher 
concentrations and phenomena such as oiliness, tackiness, and opacity 
due to incompatibility. As a general rule for cellulose acetate, it is found 
that low molecular weight esters with a C-2 terminal group are miscible, 
those with C-3 may be miscible under favorable circumstances, and 
those of C-4 are not miscible with CA [40,119,120]. This observation 
considerably limits the range of molecules used in CA as effective 
plasticizers. 

4. Plasticization of cellulose acetate 

In CA, many polar groups, including hydroxyl and acetyl, generate a 
strong intermolecular interaction. Consequently, CA chains are rela
tively compact, which results in little mobility and intrinsic rigidity, as 
confirmed by the material’s high Tg. Moreover, CA does not crystallize 
and exists in the amorphous form [121]. The processing temperature 
required to melt CA can approach or exceed its decomposition temper
ature, with possible thermal degradation of the polymer chains and 
inadequate mechanical properties for specific applications [65]. Low 
molecular weight plasticizers are added before or during the processing 

to reduce the melt processing temperature. However, these low molec
ular weight plasticizers may have some drawbacks, such as volatility, 
high water solubility, and insufficient compatibility with CA. For these 
reasons, in addition to external plasticization, internal plasticization via 
introducing flexible substituents has been explored (Fig. 5). 

In the following sections, plasticization strategies for CA will be 
analyzed thoroughly. In this regard, external plasticization has proven to 
be the most effective approach and is widely used in industry, even if it 
shows some limitations. 

4.1. Internal plasticization 

Chemical modification by covalent bonding is performed to plasti
cize cellulose acetate internally. Grafted substituents can break the H- 
bonds and promote the mobility of the matrix. Depending on the DS of 
CA, a variable number of hydroxyl groups can be available for the 
chemical reaction. New functionalities can be displayed using different 
species by modification in the melt state or a solvent. Bonding sub
stituents have the primary purpose of plasticizing CA without external 
plasticizers, which tend to migrate [122–124]. Works in the literature 
mainly focus on the esterification derivatization of CA with DS between 
2.1 and 2.5, i.e., CDA. 

4.1.1. Grafting with cyclic esters, a mix of cyclic esters, and reactive 
grafting 

The reaction of CA with cyclic esters such as L-lactide (LA) and 
ε-caprolactone (CL) is one of the approaches extensively studied in the 
literature (Fig. 6). Teramoto and Nishio [125], aiming to improve the 
thermal processability of industrially used cellulose ester and develop a 
material with biodegradation properties, prepared a series of co
polymers by varying the molar substitution (MS) of lactyl units. CDA- 
grafted-poly(lactic acid)s (CDA-g-PLAs) were synthesized over a wide 
range of compositions in combination with different ways of graft 
polymerization: (i) polycondensation of lactic acid, (ii) ring-opening 
copolymerization of L-lactide in dimethyl sulfoxide, (iii) copolymeri
zation similar to (ii) but in bulk and reacting with the residual hydroxyl 
groups [126]. Differential Scanning Calorimetry (DSC) measurements 
revealed that all the copolymers had a composition-dependent, single 
glass transition temperature (i.e., no phase separation occurred), which 
decreased from 202 ◦C (of pure CDA) to almost 60 ◦C, close to the Tg of 
PLA homopolymer, increasing the molar lactyl substitution (MS) to 8 
(corresponding to 67 wt% in PLA content). For MS equal to 14 (79 wt% 
of PLA) or higher, the crystallization of PLA side chains could occur; it 
does not occur for MS ≤ 8. Short PLA chains determined a plasticization 
of the system with a decrease in Tg, while longer PLA-grafted chains 
showed crystallization. Regarding CDA grafting, a fundamental 
parameter to consider is the DS: a low amount of residual hydroxyl 
groups can hinder co-polymerization with a high grafting density of PLA 
side chains. 

The literature also reports the possibility of performing acetylation 
and derivatization with other substituents directly in the same reaction 

Fig. 5. External plasticization (A) with plasticizer molecules free to move within the polymer matrix. Internal plasticization (B) with grafted chains spacing the 
polymeric chains. 
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batch (i.e., one-pot process). Luan et al. [122] synthesized cellulose 
acetate-graft-poly (L-lactide) (CA-g-PLA) copolymers in a one-pot pro
cess in 1-allyl-3-methylimidazolium chloride (AmimCl). In this process, 
cellulose was first reacted with acetic anhydride, yielding CA. Ring- 
opening graft copolymerization of L-lactide was carried out from the 
residual hydroxyl groups of CA in the same solution using 4-dimethyl 
aminopyridine (DMAP) as the catalyst. The glass transition tempera
ture was decreased by increasing the PLA content from 152 ◦C to 38 ◦C, 
for a PLA content of about 18 wt% and 76 wt%, respectively. In these 
studies, the grafting of PLA had an overall plasticizing effect. 

The direct derivatization of cellulose with cyclic esters has also been 
reported. Yan et al. [123] grafted PLA directly on the underivatized 
cellulose backbone using DMAP as an organic catalyst and AmimCl as a 
solvent to obtain thermoplastic cellulose-g-PLA copolymers. Xu et al. 
[121] synthesized a series of CDA-g-PLA copolymers with tunable 
structures, and the resultant CDA-g-PLA copolymers were directly pro
cessed into transparent plastics by thermoplastic processing without any 
external plasticizers, or they were used as macromolecular plasticizers 
in CDA to improve mechanical strength, stability, and anti-migration 
properties of the materials. L-lactide grafting onto CA was performed 
by first dissolving CDA powder in N,N-dimethylformamide (DMF) and 
then adding L-lactide and DMAP as the catalyst. Different structures in 
the DS of PLA and DP of the grafted chains by varying the reaction 
conditions (i.e., reaction time and the molar ratio of LA to AGU) were 
obtained. The glass transition temperature of the copolymers, evaluated 
by DSC, was influenced by the DP but had no relation with the DS. 
Indeed, CDA-g-PLA, with a similar DS, showed a lower Tg value, which 
linearly decreased as the DP increased. CDA-g-PLA, with a similar DP, 
showed unchanged Tg even when the DS changed. For instance, CDA-g- 
PLA-12 and CA-g-PLA-13 with similar DP but different DS (0.53 and 
0.29, respectively) displayed almost the same Tg values (164 ◦C and 
163 ◦C). 

Moreover, CDA-g-PLA copolymers exhibited thermal flowing be
haviors at a temperature below that of the pristine CDA, and the specific 
melting temperature decreased as the weight fraction of PLA increased. 
As mentioned, these copolymers were also added in CDA as 

macromolecular plasticizers. Compatibility between CDA and CDA-g- 
PLA copolymers used individually as plasticizers relied on the weight 
fraction of PLA of the specific CDA-g-PLA copolymer and were proven by 
the presence of a single Tg value by DSC analyses, good uniformity, and 
optical transparency. Phase separation occurred when the weight frac
tion of PLA in CDA-g-PLA was over 30 wt%. Regarding the mechanical 
properties, the storage modulus of the CDA/CDA-g-PLA system was 
higher than CDA plasticized with 30 wt% of triethyl citrate (TEC) at 
room temperature. From the authors’ point of view, these results 
confirm the higher efficacy of external plasticization in reducing mate
rial stiffness. 

Among cyclic esters for CA derivatives, CL is extensively reported. 
Szamel et al. [127,128] and Videki et al. [129] modified CA with a DS of 
1.7 or 2.1 with CL (Fig. 6). The grafting of CL on CA was effective only at 
high temperatures and for long reaction times because milder conditions 
promoted only homopolymerization of CL, and no internal plasticization 
occurred. When reaction conditions allowed grafting, increasing time 
and temperature increased the length of the grafted chains. 

Surprisingly, grafting was easier in CA with a higher DS despite the 
fewer OH groups. At the same time, reference samples were prepared 
without a catalyst to investigate the effect of external plasticization with 
monomeric CL. Increasing CL content by internal (grafted chains) or 
external plasticization proved efficient in lowering Tg. Comparing the 
DMTA (Dynamic Mechanical Thermal Analysis) spectra of CA plasti
cized externally with 40 wt% CL and CA with a gPCL content around 44 
wt% (corresponding to an average length of about seven repeat units), 
the Tg values from tan δ resulted lower for CA-g-PCL (41 ◦C) than for 
externally plasticized CA (69 ◦C), a result which the slight difference in 
CL could not explain. Therefore, internal plasticization was more effi
cient than external plasticization with monomeric CL. Plasticization 
resulted in a decrease in stiffness and strength, while deformability 
increased only slightly. 

Thermoplasticization of CA with a mix of cyclic esters, CL and LA, is 
also reported by Yoshioka et al. [130]. They plasticized CA by grafting 
CL and LA selectively by ROP in the melt state at 140 ◦C using stannous 
octanoate as the catalyst. The grafting reaction proceeded rapidly and 

Fig. 6. Chemical structures of different substituents grafted on cellulose acetate (blue line). R is -H or –COCH3 in the case of CA. Still, it could be a linear alkanoic 
acid, modified cardanol, polylactic acid (PLA) oligomers, or polycaprolactone (PCL). The black dot on the substituents indicates the linking site. 
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could be completed within 10–30 min by reactive processing in a twin 
extruder. LA was grafted more rapidly than CL onto CA. NMR spec
troscopy of the grafted chains indicated the presence of block polymer 
portions and randomly polymerized parts. Mixed side chains confer high 
thermoplasticity, elasticity, and amorphous nature to grafted products. 
Aiming at expanding the possible range of cyclic esters, Teramoto et al. 
[131,132] grafted CA by ROP with different aliphatic lactones, (R,S)- 
β-butyrolactone (BL), δ-valerolactone (VL), and CL, in addition to pre
viously synthesized CA-g-PLA on the residual hydroxyl groups of CA. 
CA-g-PHAs were evaluated to establish the relation between the mo
lecular structure and the thermal behavior. Increasing the molecular 
weight of an acetylated AGU, which contains aliphatic polyester side 
chains of a given molar substitution, decreased Tg due to the side chains’ 
plasticizing effect. 

The bulk reactive extrusion process to produce grafted cyclic lac
tones simultaneously on the polysaccharide chain was produced by 
Warth et al. [133]. The advantages of this process are in situ formation of 
oligo- and poly-(ε-caprolactones) on CA as non-migrating plasticizers 
combined with in situ compatibilization. Shiraishi et al. [134] used the 
melt-processing reaction of CA with maleic anhydride (MAH) and 
glycerol (Gly). However, CA plasticized with MAH and Gly was unsat
isfactory in elongation at break and elastic modulus. As external plas
ticizers, the subsequent addition of citrate esters, TEC, and acetyl 
triethyl citrate (ATEC) improved the physical properties of the mate
rials. DSC analysis revealed a Tg decrease by 80–100 ◦C in plasticized CA 
with this procedure. 

4.1.2. Cellulose acetate modification with cardanol 
Iji et al. originally explored the derivatization of CDA with cardanol 

moieties [135]. Cardanol is a phenol derivative consisting of a hydro
phobic long-side chain of 15 carbon atoms with unsaturated bonds (from 
1 to 3) and phenol as a rigid aromatic part with a reactive hydroxyl 
group. Cardanol was first modified by changing the hydroxyl group to 
the acetic acid chloride group to make it more reactive (Fig. 6). Double 
bonds along the alkyl chain were saturated to prevent crosslinking be
tween cardanol molecules. It is a viable secondary reaction that could 
occur during the esterification of hydroxyls on CDA chains. 

The cardanol-bonded CDA had good thermo-plasticity without 
requiring an external plasticizer. It showed lower water absorption (1.2 
% for 41 wt% cardanol) compared to pure CA (17 %) and TEC- 
plasticized CA (4.9 % for 41 wt% TEC). The lower water absorption of 
cardanol-bonded CA can be explained by the characteristic hydropho
bicity of the grafted chains and the less available –OH groups on the 
backbone. CA bonded with 41 wt% cardanol exhibited a higher glass 
transition temperature (142 ◦C) than CA with 41 wt% TEC (80 ◦C), 
probably due to the rigid phenyl part’s presence that impairs chain 
mobility. 

Since the synthesis process by esterification using acid chlorides of 
cardanol requires high energy consumption and a large amount of sol
vents, in a more recent work, Tanaka et al. [136] used an isocyanate- 
modified cardanol, 3-pentadecylcyclohexyl (6-isocyanatohexyl) carba
mate (PICC). They obtained a significant improvement in terms of 
productivity, making the separation process much easier. However, 
isocyanate-modified cardanol was unsatisfactory in plasticization due to 
the high interactions between the side grafts. For this reason, an upgrade 
was necessary to decrease the intermolecular forces. Incorporating a 
short aliphatic acyl group with lower polarity than the acetyl group was 
investigated to confer more plasticity to the material. While maintaining 
the DS of PICC, substituting acetyl groups with propionyl groups 
increased the melt flow rate (MFR) by about twenty times and decreased 
the bending strength. This was mainly attributed to the reduced inter
molecular interactions of the PICC-bonded cellulose derivative because 
of the lower polarity of the propionyl group compared to the acetyl 
group. 

From the authors’ point of view, the attempt to modify cellulose with 
cardanol obtained from agricultural byproducts and claimed as 

sustainable is a promising strategy; however, the synthesis process 
should be improved toward a green chemistry approach. Moreover, the 
final product often has unsatisfactory thermoplastic properties and may 
eventually require further modifications, limiting the benefits deriving 
from agricultural waste exploitation. 

4.1.3. Grafting of fatty esters 
Thermoplastic cellulose esters can be achieved by breaking the 

hydrogen bonding of cellulose with functional side chains acting as in
ternal plasticizers (Fig. 6). The sceintific literature is rich in studies on 
this topic. Among these works, Vaca-Garcia et al. [137] reported the 
esterification of cellulose with fatty acids (from n-octanoic to n-octa
decanoic) and acetic anhydride, through which they obtained cellulose 
mixed triesters (CMT) with an average of 2.2 acetyl groups and 0.8 fatty 
substituents per AGU. These mixed esters were compared with cellulose 
simple fatty triesters (CST) synthesized using fatty acid chlorides. Dy
namic Mechanical Analysis (DMA) in the bending mode showed 
remarkable differences between CMT and CST. Mixed esters were more 
rigid than homologous simple (i.e., no acetyl groups) esters and at the 
same temperature. The flexibility of the fatty chains and the space 
created between the cellulosic chains by long substituents led to a 
decrease in the mechanical performance compared with the mixed cel
lulose triesters. Indeed, the storage moduli E’ for the CST were at least 
25 times lower than the CMT’s. A slight diminution of E’ was observed 
when the side chains of CST were lengthened. On the contrary, no in
fluence of the fatty chain length on E’ for CMT was detected. The authors 
concluded that CMT’s abundant short acetyl groups maintained superior 
rigidity. This fact, combined with the rise of the molecular weight of the 
polymer, accounted for the unexpected increase in Tg (from 144 ◦C for 
n-octanoic to 177 ◦C for n-octadecanoic) of the mixed esters at 
increasing size of the fatty substituent, with a similar DS. 

Similarly, Crepy et al. [138] performed the esterification of cellulose 
by functionalizing the polymer backbone with aliphatic chains. When 
the fatty chain length exceeded 12 carbon atoms, a fraction of the alkyl 
chains crystallized into hexagonal packing with a side chain crystalli
zation phenomenon revealed by the endothermic melting peak in the 
DSC thermograms. The second heating of DSC thermograms showed that 
Tg values increased as the chain length increased, from 75 ◦C for octa
noate (C-8) to 114 ◦C for palmitate (C-16), due to the restriction of the 
backbone cooperative motion. In another study, the same authors [43] 
confirmed the crystallization phenomena of long alkyl chains (from C-10 
to C-16). The plasticizing effect of alkyl chains on the glass transition of 
cellulose chains is affected by the DS rather than the fatty chain length. 

Xiao et al. [139] investigated cellulose esters with aromatic sub
stituents. They synthesized cellulose esters containing phosphorus, 
particularly cellulose diphenyl phosphate (C-Dp) and cellulose acetate 
diphenyl phosphate (CA-Dp) mixed esters. In the latter case, the co- 
presence of acetate and diphenyl substituents was obtained by adding 
diphenyl chlorophosphate (DCP) and acetyl chloride to substitute the 
residual hydroxyl groups. The total DS and partial DS of the cellulose 
mixed esters could be controlled by the ratio of DCP:AC:AGU. With the 
increase of DCP:AGU, the DS of diphenyl phosphate increased gradually. 
Still, the total DS values of cellulose mixed esters decreased because the 
steric effect of bulky diphenyl phosphate made the following acetylation 
step difficult. No thermal transition was evident in the DSC thermograms 
of CA-Dp samples. At the same time, for mixed esters, an increase in the 
DS of diphenyl phosphate substitute (DSP) led to an important reduction 
in Tg. This could be explained by the almost complete substitution of the 
hydroxyl groups with the disruption of the hydrogen bonding network of 
cellulose and the expansion of the intermolecular distance generated by 
the bulky diphenyl phosphate groups, enhancing chain mobility with a 
reduction in the Tg. The lowest Tg value (97 ◦C) was reached for DS of 
diphenyl phosphate and acetyl groups, i.e., 1.19 and 1.53, respectively. 
Likewise, the Tf increased with DSP, suggesting that the bulky diphenyl 
phosphate substituents played a remarkable role in the thermal melting 
of the synthesized cellulose esters. 
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Other researchers dealt with understanding the plasticization 
mechanisms of different substituents. Chen et al. [65] examined the role 
of the soft segments and bulky moieties in melt processable cellulose 
esters homogeneously synthesized in AmimCl by performing a complete 
substitution of the hydroxyl groups in a final acetylation step. The 
highest plasticization efficiency was observed with substituents con
sisting of soft segments between the bulky moiety and the cellulose 
chain compared to soft segments located at the end of the bulky groups 
directly attached to the cellulose chain. Besides, longer middle segments 
were more effective in decreasing the Tg. The presence of an oxygen 
atom or a double bond reduced the flexibility resulting in a higher Tg. 
The same decrease in molecular motion was observed when alkyl chains 
were located at the end of the substituent, away from the main chain. 
This behavior is probably due to additional interactions with the for
mation of regular structures, which was also reported in other studies 
[138,140,141]. Cellulose esters with common bulky moieties, such as 
phenyl and naphthyl groups, had Tg values similar to CA. Due to their 
high steric hindrance, bulkier substituents, such as adamantane and 4- 
tert-butyl phenyl groups, were shown to increase Tg. Therefore, ester 
groups with suitable volumes can promote the mobility of cellulose 
molecular chains, while oversized rigid ester groups will increase the Tg 
of cellulose esters. On the contrary, combining bulky terminal moieties 
and soft middle segments can improve the mobility of the cellulose 
chains. Phenyl propyl cellulose acetate ester (CPp-2.25-Ac-0.75) showed 
the lowest Tg at 80 ◦C. When the terminal phenyl group was replaced by 
a methyl group, resulting in a butyl chain, the corresponding ester’s Tg 
increased to 127 ◦C. The terminal phenyl group effectively increases the 
molecular chains’ mobility. 

As mentioned above, cardanol is a phenol derivative with an 
aliphatic chain, in which the hydroxyl group can be functionalized to 
make it reactive toward CA. The aromatic ring will be very close to the 
main chain when a cardanol molecule is grafted on the CA backbone. In 
contrast, the aliphatic chain results in a simple pendant not directly 
bonded to the polymer. Based on these considerations, Iji et al. [142] 
compared the mechanical properties of cardanol-bonded CDA with 
stearic acid-bonded CDA to investigate the effects of the linear side chain 
and phenyl part of modified cardanol with the linear structure of bonded 
stearic acid (SA). SA has a linear structure like the cardanol alkyl chain 
but has no phenyl part. The maximum bending strength and the elastic 
modulus were higher in cardanol-bonded CDA than SA-bonded CDA 
with the same DS (0.50), with 80 MPa and 60 MPa for the bending 
strength, respectively, and 2.2 GPa and 1.9 GPa for the elastic modulus, 
respectively. The results revealed that the rigid phenyl part of cardanol 
caused a restriction of the movements of the CDA macromolecules 

during the bending measurement. For the same reason, the impact 
strength of the cardanol-bonded CDA was lower than the SA-bonded 
CDA, 5.9 kJ/m2 and 10.9 kJ/m2, respectively. 

An additional bonding of linear aliphatic and aromatic components 
on modified cardanol-bonded CDA was conducted to study the distinct 
effects of different substituents. Specifically, introducing an aromatic 
component, such as benzoic acid (BA), increased the elastic modulus and 
decreased the elongation as the proportion of BA was increased due to 
the rigidity of the phenyl part in BA (Fig. 7). On the contrary, additional 
bonding of linear alkanoic acids decreased the elastic modulus, and 
maximum strength of cardanol-bonded CDA as the proportions of these 
other components and their lengths were increased. Instead, additional 
bonding of the mixtures of BA and SA showed almost the same result as 
bonding SA alone because of the priority effect of the SA long alkyl 
chain. 

Boulven et al. [64] investigated homogeneous CA acylation in 
dioxane and the relation between the structural characteristics of the 
acylating reagents and the final properties of the obtained cellulose 
mixed esters. CA with a DS of 2.45 was modified with a series of selected 
acylating reagents (acyl chlorides) featuring different chemical struc
tures regarding chain length, with or without double bonds, ramifica
tion, bulky moieties, aromatic or cycloaliphatic. Esterification reaction 
with the OH groups of the AGU did not show to be regioselective, even 
when bulky acylating reagents were used. However, reactivity was 
dependent on the chemical structure of the used acylating reagent. 
Indeed, the reactivity of the fatty acyl chlorides decreased as the fatty 
chain length increased. Acylation, in addition to being affected by the 
solvent sensitivity of the acylating reagents, is influenced by the steric 
hindrance effect induced by the aliphatic groups that bear the acid 
chloride group and their polarity. An increase in the amount of the 
acylating reactant enhances the extent of substitution. DSC evaluated 
plasticization by different substituents in cellulose esters with the same 
DS in terms of Tg. Indeed, the grafting of aliphatic acyl moieties enabled 
to break hydrogen bonds while simultaneously increasing the free vol
ume, leading to a reduction in Tg. Plasticization is strictly correlated to 
the DS and the chemical structure of the substitutes: increasing the 
length of the fatty chain causes the Tg to decrease due to the higher 
degree of flexibility and greater free volume imparted when the size of 
the substituent lengthens [143]. However, high DS can promote the 
crystallization of acyl moieties. Moreover, possible double bonds on the 
substituent are detrimental to the overall ductility [144]. 

Regarding the bulky moieties, longer segments between the aromatic 
ring and the cellulose backbone are more effective in increasing flexi
bility. In contrast, aromatic rings directly attached to the AGUs do not 

Fig. 7. Chemical structures of modified cardanol, benzoic acid (BA) and stearic acid (SA), highlighting in blue the benzene ring and in orange the aliphatic chain.  
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favor mobility gain. Adamantyl moieties cannot act as effective plasti
cizers to rigidify the CA derivative. On the contrary, the CDA derivative 
acylated with hydrocinnamoyl chloride seems to be the most promising 
acylated cellulose material. The reactivity of hydrocinnamoyl chloride 
was high enough to generate a completely substituted CDA derivative 
with a Tg value of 125 ◦C, due to the high degree of modification 
combined with the chemical structure of this substituent (DSacetyl =

2.45; DShydrocynnamoil = 0.52). 
Overall, an acylating reagent consisting of a linear spacer segment 

attached to the cellulose chain with a terminal bulky aromatic group is 
the optimal structure for the internal plasticization of cellulose or cel
lulose acetate. Thermoplastic cellulose esters would resolve migration 
problems related to CA plasticized with external plasticizers. However, 
from a practical point of view, it is challenging to synthesize long-chain 
aliphatic esters because of the poor reactivity and steric effect of the 
long-chain fatty acyl chloride or long-chain fatty acid. 

Regarding acyl moieties with bulky structures, special attention must 
be taken to prevent the appearance of a stiffening effect instead of 
plasticization. High reaction temperatures, long reaction times, basic 
catalysts, or special acylation reagents are often employed to increase 
the efficiency of internal plasticization. Moreover, the thermo- 
mechanical properties of cellulose esters obtained in this way are 
seldom satisfactory and do not pay back the costs and efforts of their 
synthesis. These considerations explain why external plasticization is 
still widely used at the industrial level. 

4.2. External plasticization 

External plasticization using low molecular weight plasticizers is the 
most widely applied approach in industrial applications. The glass 
transition temperatures and the mechanical properties (elastic modulus) 
of CA systems with different plasticizer contents are reported in Table 2. 
In the following section, we will review CA’s most used families of 
plasticizers. 

4.2.1. Phthalate esters 
Phthalate esters, which are esters of ortho-phthalic acid, are the most 

popular plasticizers in plastics [145,146], constituting about 80 % of all 
plasticizers used worldwide [99]. Phthalates are obtained by the ester
ification of o-phthalic acid with alcohols. The effect of alcohol in plas
ticizers on physical, chemical, and mechanical properties has been 
widely investigated, mainly in polyvinyl chloride (PVC) [108,147]. In 
this regard, as the carbon content in the alcohol increases, the molecular 
weight of the plasticizer increases together with the boiling point. This, 
in turn, causes a decrease in the vapor pressure of the plasticizer, which 
is the most crucial feature for plasticizer retention [108]. 

Plasticizers showing similar chemical structures have similar in
teractions in the polymer, even with different molecular weights [108]. 
Among phthalates, dimethyl phthalate (DMP) and diethyl phthalate 
(DEP) are the most widely used [38,50,148–153]. In 1930, Walsh and 
Caprio discovered that shorter alkyl phthalates, such as DMP, DEP, and 
methyl ethyl phthalate (MEP), could be employed to obtain cellulose 
derivative plastics with excellent results. At that time, it was assumed 
that because of their relatively low boiling point (282 ◦C for DMP, 
290 ◦C for DEP) these molecules would be too volatile to be used suc
cessfully since they would evaporate from the plastic. Instead, shorter 
alkyl phthalates were retained in the plastic even after prolonged 
exposure to elevated temperatures. This retentive power, able to over
come the tendency to evaporate due to lower boiling point, was sur
prising at that time [154]. 

Since then, DEP has been successfully employed in CA articles, 
despite a lack of knowledge of the plasticization mechanisms. More 
recently, Benazzouz et al. [38] studied the interactions responsible for 
the plasticizing effects of DMP in CA: DMP interacts with the polymer 
chains of CA via weak interactions of dipolar nature and not via stronger 
H-bonding. These dipole–dipole interactions, developed between acetyl 

side groups of CA and the ester phthalate moieties of DMP, increase the 
overall mobility of CA chains, locally influencing the molecular mobility 
and water uptake tendency. Dipole-dipole interactions decrease the 
water uptake of CA films, at least for small water content, by hindering 
the access of water molecules to the acetyl side groups of CA. The same 
interactions are established with DEP due to the similarity of the mo
lecular structures. The longer alkyl chains in DEP are more effective than 
DMP in spacing CA chains, creating higher free volume; moreover, DEP 
is slightly less volatile. The Tg shifts to lower temperatures as the 
amount of plasticizer is increased [155]. This decrease in Tg is due to the 
intercalation of plasticizer molecules between polymer chains, which 
increases the free volume and decreases the activation energy of CA 
chains’ mobility. DEP is compatible with CA overall, but there is a 
miscibility threshold. By dielectric measurement of relaxation times, 
Bao et al. reported a phase separation effect for DEP concentration above 
25 wt% [149]. Dibutyl phthalate (DBP), with butyl chains, is another 
low molecular weight phthalate used in CA, mainly for permeability 
studies related to transdermal applications [156,157]. It is worth 
noticing that in the eyewear industry, frames made of cellulose acetate 
plasticized with DEP cannot be used with polycarbonate lenses since 
phthalate has a strong affinity toward the latter, and migration to it 
takes place, with consequent loss of lens functionality. 

4.2.2. Citrate esters 
Citrate esters are well-known additives used in the plastic industry as 

the first choice for replacing dibenzoate and phthalates-based plasti
cizers. They are considered safe and non-toxic for many applications, 
such as food packaging, medical equipment, and toys [158]. Since they 
are derived from citric acid (2-hydroxy-1,2,3-propane tricarboxylic 
acid), a natural constituent and common metabolite of plants and ani
mals [27] obtainable industrially through fermentation of organic waste 
[159,160] or fungal fermentation [161], citrates are deemed to be 
renewable molecules [162]. According to the literature, citrates such as 
acetyl triethyl citrate (ATEC) and triethyl citrate (TEC) were used suc
cessfully in CA [27,90,120,134,163–168]. 

Ghyia et al. melt-blended CA with TEC and ATEC to determine their 
effect on the biodegradation and plasticization of renewable resource 
derivatives such as CA. Beyond complete miscibility with CA, adding 
plasticizers reduced the glass transition temperature and Young’s 
modulus, increasing the elongation at break and, more importantly, the 
biodegradation rate as the plasticizer content increased [27]. CA plas
ticized with ATEC was found to have superior tensile properties, 
compared with TEC, in CA components [134]. Other citrate esters re
ported as plasticizers in CA are tributyl citrate (TBC) and acetyl tributyl 
citrate (ATBC) [167,169]. When ATBC was used in CA, white and opa
que films were obtained by casting. Further DSC analysis demonstrated 
the presence of a crystalline peak. This, however, did not occur when the 
films were prepared by melt processing [167]. 

4.2.3. Glycerol derivatives 
Glycerol derivatives are triglycerides obtained by the reaction of 

glycerol with carboxylic acids, such as acetic, propionic, butanoic 
(butyric), isobutanoic (isobutyric), isopentanoic (isovaleric), and ben
zoic acids by direct low-temperature esterification and further purifi
cation.[170] Glycerol triacetate (GTA) (or triacetin) is the triglyceride 
obtained by acetylation of the three hydroxyl groups of glycerol [171], a 
well-performing plasticizer in CA, as well as tripropionin, obtained from 
glycerol and propionic acid [172]. 

Several studies analyzed the plasticizing efficiency of GTA in CA 
[44,120,173]. In one of these studies, GTA was reported to decrease the 
Tg of CA from 200 ◦C (pristine material) to 110–130 ◦C with 20 wt% of 
plasticizer [174]. Glycerol diacetate (GDA) (or diacetin), which has one 
less ester group than GTA and is more polar, was found to be more 
effective in reducing the Tg and stiffness of CA compared with GTA 
(Fig. 8) [39]. 

Phuong et al. [175] used GTA and GDA to plasticize CA and produce 
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Table 2 
Plasticized CA systems. For processing, C = casting; IM = injection molding; CM = compression molding; E = extrusion; RP = reactive processing.  

Plasticizer DS Content (w/w %) Tg (◦C) Elastic Modulus 
(GPa) 

Tg 
eval. 

Processing Application(s) Ref 
(s) 

Tricresyl phosphate 
(TCP) 

2.96 0, 5, 10, 15 205, 184, 182, 180 – tan δ C Optical films for LCD applications [8] 
0, 5 182, 165 E’’ 

Triphenyl 
Phosphate (TPP) 

– 0, 6, 12, 15, 20 206.7, 184.8, 173.6, 
171.8, 169.4 

– tan δ C Optical films for LCD applications [189] 

Biphenyl diphenyl 
phosphate (BDP) 

206.7, 197.7, 185.9, 
186.7, 174.5 

Triethyl citrate (TEC) 2.45 20, 30, 40 130, 110, 86 4.1 ± 0.1, 2.1 ±
0.4, 0.8 ± 0.3 

tan δ IM Plasticized CA/clay hybrid 
nanocomposites 

[163] 

2.5 0, 16.7, 23.1, 28.6, 
33.4 

190, 137, 121, 115, 
112 

– DSC IM Biodegradable CA [27] 

2.36 20 140 – E’’ IM CA/poly(epichlorohydrin) blends 
and MMTO nanocomposites 

[164] 

2.5 0, 10, 20 190, 153, 109 2.0 ± 0.1, 1.53 ±
0.08 (C) 
1.86 ± 0.2, 1.44 
± 0.06 (CM) 

DSC C, CM Degradation studies on CA [167] 

2.1 29, 41 109, 80 – DSC IM CA bonded with cardanol [135] 
2.5 0, 15, 20, 

25,30,35,40 
196.6, 142.4, 124, 
115.6, 108.3, 100, 
75.8 

– DSC IM Plasticized CA [120] 

15, 20, 25, 30, 35, 40 149, 140, 129, 121, 
115, 94 

– tan δ  

2.5 15 140 – DSC RP Melt processing of CA with 
isocyanate 

[210] 

2.4 – 
2.5 

25 99.6 – DSC CM Plasticized CA with reactive 
plasticizer 

[134] 

Acetyl triethyl citrate 
(ATEC) 

2.4 – 
2.5 

25 112.1 – DSC CM Plasticized CA with reactive 
plasticizer 

[134] 

2.5 0, 16.7, 23.1, 28.6, 
33.4 

138, 120, 116, 113 DSC IM Biodegradable CA [27] 

Glycerol 
Triacetate (GTA) 

2.5 25  1.39 ± 0.02 – CM Blending of CA with water soluble 
polymers 

[211] 

2.5 20 110 – 130 (121 1.75 DSC E Process of plasticized CA with 
different tools 

[174] 

2.37 0, 5, 10, 20, 40 190, 173, 150, 135, 60 – – C Water permeation in plasticized CA [181] 
2.5 0, 10, 20 190, 151, 118 1.82 ± 0.07, 1.55 

± 0.11 (C) 
2.15 ± 0.16, 1.71 
± 0.07 (CM) 

DSC C, CM Degradation studies on CA [167] 

2.63 0, 10, 20, 30 – 4.3, 3.9, 3.4, 1.9 – IM Nanocomposites of CA with clay [212] 
2.5 0, 15, 20, 25, 30, 35, 

40 
196.6, 122.8, 130.7 
104.1, 102.4, 85.7, 
84.7 

– DSC IM Plasticized CA [120] 

2.5 15, 20, 25, 30, 35, 40 145, 133, 114, 99, 83, 
71 

– tan δ 

2.5 15 133.5 – DSC RP Melt processing of CA with 
isocyanate 

[210] 

2.4 20, 30 – 3.1 ± 0.1, 2.1 ±
0.1 

– IM Biodegradability of plasticized CA [175] 

2.45 0, 10, 20, 30, 40 192, 142, 109, 82, 60 – MDSC C CA/plasticizer systems [173] 
212, 159, 118, 94, 62 tan δ 

2.08 0, 10, 20, 30, 40 201, 156, 125, 101, 74 MDSC 
0, 10, 20, 30 214, 167, 141, 122 tan δ 

1.83 0, 10, 20, 30, 40 204, 147, 116, 89, 73 MDSC 
1.83 0, 10, 20, 30, 40, 50 220, 163, 129, 103, 

74, 66 
tan δ 

2.45 15, 20, 25, 30 142, 127, 115, 98 tan δ IM Injection molded CA [44] 
Glycerol diacetate 

(GDA) 
2.4 30 – 1.9 ± 0.1 – IM Biodegradability of plasticized CA [175] 

Dimethyl phthalate 
(DMP) 

2.45 0, 10, 17, 22, 100 191 ± 1, 126 ± 5, 110 
± 5, 
97 ± 5, − 79 ± 1 

– DSC C Interaction between DMP and CA [38] 

Diethyl phthalate 
(DEP) 

2.4 0, 3, 9, 17, 29, 40, 50 199, 182, 160, 129, 
110, 88, 77 

– tan δ IM Plasticized CA [151] 

2.45 0, 15, 20, 25, 35, 45, 
100 

192, 118, 110, 101, 
78, 57, − 88 

MDSC C Miscibility of CA/DEP systems [149] 

2.45 0, 15, 20, 25, 35, 45 212, 120, 111, 101, 
75, 55 

E’’ 

2.45 0, 10, 20, 30, 40, 50 192, 141, 113, 84, 69, 
65 

MDSC C CA/plasticizer systems [173] 

0, 5, 10, 15, 20, 25, 
30, 35, 40, 45 

212, 178, 150, 142, 
129, 116, 111, 103, 
81, 73 

tan δ 

(continued on next page) 
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samples by melt processing. Both plasticizers provided a satisfactory 
plasticizing efficiency, such as DEP, due to their low viscosity and ease of 
diffusion into CA, which enables a large processing window and in
creases the material’s flexibility. CA with 30 wt% GTA displayed a 
slightly higher elastic modulus than CA with 30 wt% GDA (E = 2.1 GPa 
and 1.9 GPa, respectively). The authors also identified 30 wt% as the 
maximum concentration required to process the material. Indeed, 
higher plasticizer contents (as 40 wt%) resulted in unacceptable low 
mechanical properties due to the complete solvation of the functional 
groups of CA and the separation of CA molecules, dramatically 
decreasing their interchain interactions. 

4.2.4. Polyethylene glycols (PEGs) and Polypropylene glycols (PPGs) 
Polyethylene glycols (PEGs) with low molecular weight, such as 

PEG200 and PEG400, are considered environmentally friendly, safe, 
inexpensive, recyclable, and water-soluble plasticizers [176]. They are 
widely employed due to their biodegradability, biocompatibility, and 
non-toxicity properties. They are soluble in acetone and form a single- 
phase solution with CA having a DS greater than 2.1 [5]. Unfortu
nately, they have been found to increase hygroscopicity when blended 
in CA. The high content of higher MW PEG (PEG600) used as a plasti
cizer in CA films also increased the film’s moisture content and water 
solubility. PEG plasticizers indeed act as water-holding agents [177]. 

Rosa et al. [178] reported that blending CA with PEG400 or PEG1500 
decreased the Tg but enhanced the tensile strength: the authors pointed 
out the effect of the interactions between the free hydroxyl groups of 
PEG and the chains of CA as an explanation of the enhanced resistance of 
CA. Polypropylene glycols (PPGs), with a repetitive unit of three carbon 

Table 2 (continued ) 

Plasticizer DS Content (w/w %) Tg (◦C) Elastic Modulus 
(GPa) 

Tg 
eval. 

Processing Application(s) Ref 
(s) 

2.08 0, 10, 20, 30, 40, 50 201, 160, 134, 132, 
131, 134 

MDSC 

0, 10, 20, 30, 40, 50 214, 170, 152, 141, 
138, 137 

tan δ 

1.83 0, 10, 20, 30, 40, 50 204, 155, 125, 108, 
100, 102 

MDSC 

0, 10, 20, 30, 40, 50 220, 168, 140, 125, 
121, 120 

tan δ 

~2 13, 17, 20, 23, 28, 33 135, 125, 115, 112, 
107, 103 

– – CA plasticization [213] 

2.45 15, 20, 25, 30 143, 131, 123, 117 tan δ IM Injection molded CA [110] 
2.45 20, 30, 40 123, 94, 75 tan δ CM Comparison with IL [204] 

Dioctyl phthalate 
(DOP) 

2.5 20, 30 115, 78 2.8 ± 0.3, 
1.4 ± 0.2 

E’’ IM Biocomposites with curauá fibers [214] 
144, 111 tan δ 

PEG8000 2.37 0, 5, 10, 20, 40 190, 184, 178, 166, 
146  

– C Water permeation in plasticized CA [181] 

PEG4000 0, 5, 10, 15, 20, 30 190, 179, 169, 161, 
154, 142 

PEG600 0, 5, 10, 15, 20 190, 174, 161, 153, 
145 

PEG200 2.5 0, 10, 20 190, 154, 156 1.71 ± 0.05, 1.75 
± 0.03 (C), 
1.64 ± 0.08, 1.60 
± 0.07 (CM) 

DSC C, CM Degradation studies on CA [167] 

PEG600 2.5 0, 10, 20, 30, 40, 50 198.1, 177.5, 166, 
162.5, 152.8, 133.9 

– DSC C (22 ◦C) Transdermal delivery [12] 

206.7, 196.7, 174.2, 
162.6, 130.2, 128.3 

C (40 ◦C) 

α-GPA 2.5 8, 16 164, 142 2.38, 2.40 – CM Carbohydrate esters as plasticizers [199] 
β-GPA 162, 142 2.44, 2.59 
α-GPP 165, 146 2.1, 2.2 
β-GPP 160, 142 2.17, 1.95 
α-GPB 166, 166 1.93, 1.71 
β-GPB 167, 133 1.98, 1,90 
BMIMCl 2.45 20, 30, 40 120, 84, 58 – tan δ CM Ionic liquids as plasticizers for CA [204] 
BMIMBF4 ~2 15 161 DMA C Ionic liquids as plasticizers for CA [215] 
BMIMOTF ~2 15 163 
BMIMPF6 ~2 15 176  

Fig. 8. Chemical structure of diacetin and triacetin. The higher polarity of diacetin is due to a hydroxyl group (orange) instead of an ester group (blue).  
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atoms between ether oxygen atoms, have been reported as CA plasti
cizers in film applications. A range of 16–20 wt% in PPG content 
resulted in acceptable physical properties in elastic modulus and tensile 
strength [179]. 

4.2.5. Comparison between different plasticizers 
To date, several studies that directly compare the efficiency of 

different plasticizers have been reported in the literature. Quintana et al. 
plasticized CA with PEG 200, GTA, tripropionin, and TEC at 10 and 20 
wt%, obtaining a decrease in the elastic modulus and stress at the break 
while increasing ductility. Interestingly, when CA was mixed with 
ATBC, the films obtained by casting were white and opaque, and DSC 
analysis demonstrated the presence of a crystalline melting peak [167]. 
Opaque films usually reveal scarce compatibility between the plasticizer 
and the polymer [180]: butyl chains increase apolarity of the plasticizer 
molecule and decrease the affinity with CA. On the contrary, shorter 
alkyl chains with two or three carbon atoms (as in triacetin and tripro
pionin, respectively) did not show poor compatibility, and the films 
were utterly transparent. 

Zepnik et al. evaluated the elongational flow properties of externally 
plasticized CA with TEC [165]. The higher the plasticizer content, the 
stronger the dilution effect and the lower the viscosity. Disentanglement 
of CA chains is favored at higher plasticizer content under extensional 
flow, yielding lower melt strength and higher melt extensibility [165]. 
These observations confirm that plasticizers increase polymers’ flexi
bility at room temperature and can be used as processing aids. 

Erdmann et al. [120] studied CA plasticized with TEC and GTA from 
15 to 40 wt%. By analyzing the Tg decrease as a function of plasticizer 
content, they stated the higher effectiveness of GTA. They attributed this 
slight difference in the glass transition temperature decrease to the in
teractions between the plasticizer and CA in hydrogen bonding and 
dipole–dipole interactions. TEC contains a free hydroxyl group and can 
therefore interact with the hydroxyl groups of CA, unlike GTA. The 
latter, instead, behaves more as a shielding plasticizer, reducing the 
intermolecular forces between the CA chains, increasing the free vol
ume, and resulting in lower Tg. 

Charvet et al. observed a more substantial decrease of Tg with GTA 
than DEP [44], due to a different plasticization mechanism. As both 
plasticizers can plasticize CDA through dipolar interactions between the 
ester groups, the significant difference probably comes from the aro
matic ring of DEP molecules, which can induce steric effects [173]. Guo 
et al. reported a higher effectiveness of GTA compared to PEG8000, 
PEG4000, and PEG600: GTA, whose molecular weight is lower, had a 
better plasticizing efficiency in reducing the glass transition tempera
ture, while the Tg of CA films plasticized with PEG increased as PEG 
molecular weight increased [181]. 

4.2.6. Phosphates 
Cellulose esters have excellent transparency and have been used for 

decades because of their optical properties in many applications, such as 
polarizer protective films in liquid crystal displays (LCD). The most 
common plasticizer used in these applications is tricresyl phosphate 
(TCP) [7,182,183]. The addition of TCP increases the orientation bire
fringence of CA and CAP. In the case of CA, which has a negative bire
fringence with wavelength dispersion, adding TCP changes the sign of 
birefringence to positive. The usual plasticizer concentration is 5 wt%. 

TCP is an aryl ester of phosphoric acid consisting of a strongly polar 
core due to the presence of a phosphorus atom with three cresol groups 
attached to it. It is a bulky molecule that stiffens chain movements and 
decreases compatibility at higher concentrations. In addition, it was 
found that TCP does not interact with CTA. Still, pulse-induced ring- 
down compression ATR-DIRLD step-scan time-resolved spectroscopy 
(TRS)/2D-IR studies revealed molecular interactions between propionyl 
groups of CAP and methyl- and phenyl rings of TCP [183]. 

Manaf et al. analyzed the relation between the peak temperature of 
tan δ and TCP weight content for CAP-TCP and CTA-TCP blends. For the 

CAP-TCP blends, the peak temperature of tan δ decreases almost linearly 
as the TCP content increases. In contrast, it drops sharply when the TCP 
content is low, showing a minimal decrease beyond 5 wt% for the CTA- 
TCP blends. CTA has limited miscibility with TCP, which results in 
forming a sea-island structure in which almost no molecular interactions 
occur. Instead, CAP has good TCP miscibility, thus showing the molec
ular interaction previously described [8,183]. A possible explanation 
could be CAP apolarity being higher than that of CA. 

Aryl phosphates can be used as flame retardants with low volatility 
and good extraction resistance, even if they decrease low-temperature 
flexibility. Triphenyl phosphate (TPP), with phenols groups instead of 
cresols, has been used in cellulose acetate [148] for animation cells 
[184], photographic films [29], optical films [185], conductive com
posite [186], flame retardant in moldings [187]. However, the propor
tion used as a plasticizer in CA is limited due to its weak plasticizing 
efficiency and poor compatibility, which results in brittleness and 
exudation. 

The plasticizer was reported to bleed out for a content of 28 wt% 
[119]. In general, it has been used solely to take advantage of its fire 
retarding properties [188]. Kim et al. plasticized cellulose acetate with 
TPP, biphenyl diphenyl phosphate (BDP), and a mixture. As evidenced 
by the decrease in Tg, plasticizing efficiency was higher for TPP, prob
ably because of the greater size of BDP, with an extra benzene ring, 
restricted chain motion, and reduced free volume. However, BDP had 
higher thermal stability because of its higher boiling point [189]. 

Alkyl phosphates are suitable low-temperature plasticizers but are 
less effective as flame-retardant additives [108]. Triethyl phosphate was 
reported in CA molding compositions [190]. Tributyl phosphate was 
blended with CA in CO2 separation membrane application [191], pre
paring extremely tough and flexible films, even at − 18 ◦C, to be used as 
interlayers to manufacture safety glass [192]. 

4.2.7. Trimellitates 
Trimellitate esters are like phthalic acid esters, except they have a 

third ester functionality on the aromatic ring. They are considered 
plasticizers with excellent permanence due to reduced volatility loss and 
migration rate into other materials [147]. Short-chain esters of tri
mellitic acids, such as trimethyl trimellitate (TMTM), triethyl trimelli
tate (TETM), and tributyl trimellitate (TBTM), are known plasticizers for 
CA. In particular, TMTM proved good plasticizing efficiency and a low 
migration rate toward polycarbonate used for eyewear lenses [2]. The 
reduced migration of trimellitates toward polycarbonate, compared to 
DEP, is most likely due to the presence of a third ester moiety on the 
aromatic ring at position 4 that increases the steric hindrance of the 
plasticizer molecule and therefore lowers the diffusion coefficient of the 
plasticizer both in the acetate matrix and in polycarbonate. 

4.2.8. Sulfonamides 
Other external plasticizers, such as sulfonamides, are suitable for CA, 

sometimes with partial compatibility, as reported in the literature 
[193–198]. The sulfonamide group, with atoms such as sulfur and ni
trogen, is polar, which makes the molecule compatible with cellulose 
esters. At the same time, the benzene ring, as mentioned previously, has 
entropic effects [99]. 

4.2.9. Sugars esters 
The use of carbohydrates esters, such as α, β-glucose pentaacetate 

(GPA), α, β-glucose pentapropionate (GPP), α, β-glucose pentabutyrate 
(GPB) as plasticizers in CA with low volatility and good compatibility 
has been reported in some patents. CA plasticized with GPA or GPP had 
higher elastic modulus and stress at break than CA plasticized with TEC 
blended at the same concentrations [199]. As for GPA, the film prop
erties of the formulations were essentially the same at an equal con
centration for both anomers. The Tg was composition-dependent, while 
the films maintained optical transparency and thermal stability. In the 
case of CA formulations with α-GPP, the films were optically 
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transparent, but those containing 16 wt% became opaque after pro
longed storage. With β-glucose propionate (β-GPP), instead, the films 
remained transparent. β-GPP was more efficient than α-GPP in reducing 
the Tg, the stress at break, and the elastic modulus of the formulations. 
In the case of CA/GPB (glucose pentabutyrate), the longer ester chain 
diminished the miscibility of both anomers with CA, and the films 
appeared opaque. Still, the β-anomer had higher compatibility with the 
CA. Interestingly, this patent has reported for the first time the influence 
of the anomeric configuration of a plasticizer in determining the 
miscibility in CA [199]. 

Besides being nonvolatile, other sugar derivatives such as sucrose 
octaacetate, mannitol hexaacetate, and sorbitol hexaacetate have been 
reported as plasticizers forming a rigid gel structure with CA [200]. 
Having a pyranose or furanose unit as the structural core provides a 
certain rigidity to the plasticizer molecule, which is less effective in 
reducing the material’s stiffness, at least at room temperature. More
over, fatty acid esters of sucrose, such as sucrose octaacetate, when 
incorporated into cellulose esters at a normal plasticizer concentration 
of 10–50 %, caused the cast film to be brittle and opaque due to crys
tallization of the sucrose octaacetate. Also, fatty acid esters of sucrose 
have high water solubility and poor hydrolysis resistance. It has been 
found that sucrose or glucose mixed esters prepared to contain at least 
20 % isobutyryl or propionyl based on the acyl content (the remaining 
part being acetyl or propionyl) do not crystallize or affect film trans
parency, as it is resistant to both heat and hydrolysis at the same time. 
These sugar esters, soluble in organic solvents, are suitable plasticizers 
for cellulose esters due to their non-crystallizing property and stability 
to heat and hydrolysis [201]. 

4.2.10. Ionic liquids 
Ionic liquids are another class of plasticizers used in CA [50,202]. In 

most cases, they are organic salts consisting of a large organic cation and 
an organic or inorganic anion and have interesting properties such as 
negligible vapor pressure, non-flammability, ionic conduction, and 
thermal and electrochemical stability [203]. CA plasticized by 1-butyl- 
3-methylimidazolium chloride (BMIMCl) was shown to have proper
ties similar to those of CA plasticized with DEP. Electrostatic interactions 
and hydrogen bonding between BMIMCl and CA made an efficient 
plasticized system. Moreover, the ionic liquid demonstrated higher 
performance in the destruction of the crystalline structure of CA than in 
CA plasticized with DEP [204]. This behavior could be explained by the 
smaller size and higher polarity of the ionic liquid and by dissociation of 
BMIMCl, which raises the diffusion rate of ions, increasing the solvating 
power toward the polymer chains. Other ionic solvent cellulose ester 
plasticizers reported in the literature include AmimCl [205] and other 
ionic liquids based on methylimidazolium and methyl pyridinium cores 
with allyl-, ethyl, or butyl-side chains [206]. Despite being considered 
environmentally friendly chemicals, Ionic liquids have recently been 
indicated as a cause for concern because of their documented toxicity 
[207,208]. Moreover, compared to organic solvents and commercially 
available plasticizers, the current costs of ionic liquids hinder their po
tential industrial application [209]. 

5. Limitations of plasticized cellulose acetate 

5.1. Plasticized cellulose durability 

Cellulose-based materials usually degrade due to chemical and bio
logical hydrolysis [216]. CA’s most significant deterioration process is 
the hydrolysis of acetate groups, the first degradation step. CA sponta
neously undergoes hydrolysis, which is enhanced by high temperatures 
and relative humidity [217]. Deacetylation causes a decrease in the DS. 
Release of acetic acid, also known as ‘vinegar syndrome’, with the 
beginning of an autocatalytic process, lowers the pH and accelerates the 
aging process [30]. Moreover, the released acid can cause chain scission 
due to the catalysis of hydrolysis of C-O bonds in the polymer backbone, 

further decreasing mechanical properties [218]. Hydrolysis is favored 
by water absorption, which is the starting point of CA degradation, 
followed by deacetylation and chain scission [219]. 

External plasticization, while necessary for processability and good 
material properties, is one of the leading causes of CA deterioration 
because of the migration and evaporation of plasticizers. Secondary 
reactions of plasticizers with water and other chemicals in the sur
roundings can also occur. For example, triphenyl phosphate reacts with 
water to form phenol and diphenyl phosphate, and the subsequent re
action of phenol with acetic acid forms phenyl acetate and water [148]. 
The plasticizers and the reaction products can be released into the 
environment due to said deterioration; CA items become prone to 
cracking, warping, discoloration, exudation, shrinkage, and powdering 
as they age [50]. As far as the tendency of plasticizers to separate or 
exude from the polymer matrix is concerned, the most well-known case 
in the eyewear industry is the migration of DEP from CA to poly
carbonate, used to manufacture lenses. This phenomenon causes the 
polycarbonate to become opaque with the outbreak of cracks (Fig. 9). 

Possible strategies to reduce this phenomenon are available in 
literature and patents. We report herein strategies mainly based on 
combining plasticizers or blending CA with other polymers. 

WO2017/109043A1 patent reports a composition comprising CA, 
starch acetate, and a monomeric plasticizer. CA is at least half the 
composition by weight, while the plasticizer content is at most 18 % of 
the total weight. Such compositions are claimed to prevent the phe
nomenon of exudation of plasticizers while maintaining the process
ability in terms of appropriate viscosity ranges and increasing the 
maximal use temperature. The latter is the lowest temperature at which 
the storage modulus E’ is higher than 1 GPa. For the ternary blends of 
the invention, this is greater than 100 ◦C [220]. 

In other compositions, using camphor as a plasticizer in CA formu
lations prevented the exudation of the monomeric plasticizers that were 
incorporated to increase the material’s toughness. This composition 
increased the rigidity of the molded material compared to materials 
obtained using toughening but exuding plasticizers [188]. 

In another invention, CA compositions, including one citric acid ester 
and at least a second plasticizer selected from the organic phosphates, 
glycerol esters, or trimellitates, showed negligible migration toward the 
polycarbonate [2]. In another invention, incorporating a synthetic resin 
based on formaldehyde was claimed to reduce the tendency of plasti
cizers to exude from the CA-based material [154]. 

It should, however, be noted that these methodologies, such as 
blending with other polymers, are not always applicable and conve
nient. Despite satisfactory results in migration, by reducing the amount 
of plasticizer or combining different plasticizers, the final plasticizing 
effect on the mechanical properties is often lower, with increased ri
gidity of the final products. Moreover, it is worth noticing that camphor 
and synthetic resins based on formaldehyde raise concerns due to their 
toxicity for humans [221–224]. 

5.2. Biodegradability of cellulose acetate and plasticizer effect on 
biodegradability 

Cellulose and cellulose derivatives biodegrade by the action of bac
teria and fungi because of their ability to synthesize cellulolytic enzymes 
(e.g., endoglucanases, cellobiohydrolases, and β-D-glucosidades) [72]. 
The literature claims that CA is a biodegradable bioplastic [27,176,225]. 
Nevertheless, the biodegradation rate is affected by the DS and the 
conditions of the selected degradation environment [216]. The 
biodegradation rate of CA is known to decrease as the DS increases 
[226]. The CA’s molar mass, crystallinity, and physical form also affect 
its degradability [227]. Also, environmental factors play a key role in the 
degradation of materials in combination with the polymer features: 
temperature, humidity, pH, sunlight, and availability of oxygen, nutri
ents, and microorganisms can favor the degradation rate of cellulose 
derivatives such as CA [216,228]. 
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Hydrolysis of acetate groups is the first step required for degradation. 
However, it is slow in ambient conditions, which is a plus for applica
tions intended for long-term use but is a drawback for disposable items. 
Strong acids (e.g., hydrochloric acid, ortho-phosphoric acid, sulfuric 
acid) or bases (e.g., sodium hydroxide) can catalyze deacetylation 
[229,230] through enzymes (e.g., acetyl esterase) or UV light irradia
tion. In the cases where the DS is too high for esterase, biodegradation is 
initiated by non-biological mechanisms under ambient conditions. The 
decrease in DS allows biological systems to attack better CA, especially 
when DS reaches ~1.5–1.8. As deacetylation progresses or reaches 
completion, the cellulose backbone chain scission can occur. The 
degradation leads to the shortening of the chain length and decreasing 
the mechanical properties, which usually results in embrittlement of the 
material [231]. Chain scission of the cellulosic skeleton is generally 
achieved with enzymes, e.g., cellobiohydrolases, cellobiases, or strong 
acids [232]. Combining enzymes capable of deacetylation and chain 
scission can promote CA degradability. 

Literature reports other strategies to increase the biodegradability of 
CA. Chemical functionalization of the CA backbone by reaction of the 
OH groups with certain biodegradable polyesters could be a useful 
approach to enhance the degradation rate compared to merely acety
lated materials [216]. Several studies have already demonstrated the 
feasibility of grafting on the CA chain via ring-opening polymerization 
(ROP) [132,233]. 

As plasticizers, additives influence the material’s degradability due 
to their hydrophilicity/hydrophobicity behavior. Since water is the 
primary cause of deacetylation, incorporating hydrophilic plasticizers or 
blend components could foster material degradation. In this regard, 
Quintana et al. [167] exposed CA plasticized with different molecules to 
accelerated weathering and evaluated the effect of plasticization on the 
degradation rate of CA. The plasticization of CA triggered an increase in 
weight loss significantly higher than that of the pristine CA. The hy
drophilicity of CA as a function of the type and concentration of the 
plasticizer was estimated via contact angle measurements. Only the CA/ 
PEG blend showed higher hydrophilicity than CA, but degradation was 
shown to be higher with plasticizers known to be more hydrophobic. 

The degradation properties may be improved by blending CA with a 
water-soluble component, such as a biodegradable polymer, making the 
composition water dispersive. Upon exposure to water, the water- 
soluble component may dissolve, and plasticized CA may be broken 
up into small pieces and dispersed. Sensitivity to water, however, limits 

the use of these blends for most conventional polymer applications [5]. 
In practice, most applications use cellulose acetate with DS 2.2–2.4, 
which is less prone to water absorption and, consequently, to biodeg
radation at ambient conditions. For these reasons, plasticized acetate, 
still used in niche sectors such as eyewear and jewelry, cannot be 
considered a biodegradable material. 

6. Conclusions 

6.1. Guidelines for designing a plasticizer molecule for CA 

A comparative analysis between the most widely used plasticizers 
allows us to highlight the molecule’s structural characteristics to be 
effective in CA plasticizing. Table 3 summarizes the chemical structure, 
molecular weight, physical state at room temperature, boiling point, and 
the presence of specific functional groups (ester groups, benzene rings, 
alkyl chains, acetyls) of these molecules. 

The molecular weight of CA plasticizers ranges from 178 g mol− 1 

(diacetin) to 378 g mol− 1 (tricresyl phosphate), with an average value of 
~260 g mol− 1. It should be noted that high molecular weight plasticizers 
showed limited compatibility in CA [182,183]. Nevertheless, a high 
molecular weight plasticizer is usually preferred to preserve the 
dimensional stability of the final product and keep the original ther
momechanical properties unaltered, thanks to reduced plasticizer loss 
over time. Conversely, limited compatibility is usually observed for 
molecules with a high molecular weight and bulky structures 
[59,105,234]. For instance, phosphates, which show limited compati
bility in CA, possess a rigid and bulky structure with three benzene rings 
that restrict the motion of CA chains. In addition, it might be expected 
that short aliphatic chains (instead of aromatic rings) would be more 
flexible. In this regard, molecules with one benzene ring, such as 
phthalates, have good plasticizing properties in many polymers and not 
only in CA [108,235]. Additionally, aromatic groups behave as com
patibilizer units with various plastics [99]. 

It is worth mentioning that plasticizers compatible with CA, even at 
high concentrations (20–30 wt%), do not have generally more than two 
carbon atoms per alkyl chain. Indeed, acetate groups, as in citrates and 
glycerol derivatives, have two carbon atoms. The presence of acetate 
groups seems important for the chemical affinity with CA, considering 
that citrates and glycerol derivatives do not have any benzene ring as 
compatibilizers. Instead, plasticizers with three to four carbon atoms 

Fig. 9. Representative image of a CA sample plasticized with DEP in contact with a polycarbonate plate. Over time the plasticizer will tend to migrate from CA into 
polycarbonate, causing the material to become opaque and crack. 
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Table 3 
List of the most used plasticizers in CA. In addition to molecular weight, physical state, and boiling point, the main purpose is to highlight the presence of different 
functional groups and their number, as well as the number of oxygen atoms.  

Plasticizer Molecular structure Molecular 
weight (g/ 
mol)  

Physical 
state 

Boiling 
point 
(◦C) 

Ester 
groups 

Oxygen 
atoms 

Benzene 
rings 

Acetyl 
groups 

Alkyl 
chains 
(C 
atoms 
each) 

Tricresyl 
phosphate 
(TCP) 

368.4 Solid 410 – 4 3 – – 

Triphenyl 
phopshate 
(TPP)  

326.3 Solid 412 – 4 3 – – 

Diethyl 
phthalate 
(DEP) 

222.2 Liquid 298 2 4 1 – 2 (2) 

Dimethyl 
phthalate 
(DMP) 

194.2 Liquid 284 2 4 1 – 2 (1) 

Dibutyl 
phthalate 
(DBP) 

278.3 Liquid 340 2 4 1 – 2 (4) 

(continued on next page) 
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side chains show limited compatibility, as for DBP [40] or ATBC [167]. 
Unfortunately, molecules with shorter chains diffuse faster and have the 
drawback of being more volatile. 

It is very important to point out that all plasticizers in Table 3 are 
esters (except for PEG200) with at least four oxygen atoms, which are 
polar and able to interact with CA by specific interactions such as 
hydrogen, electrostatic, or van der Waals bonds [50]. Overall, ester 
groups act as cohesive blocks. Designing a new molecule for CA, 
therefore, requires considering that ester groups are necessary for 
compatibility and plasticizing efficiency, but the carbon atoms in the 

alkyl moieties must not be more than two or three; otherwise, the po
larity of the plasticizer would decrease accordingly, and its maximum 
concentration in the plasticized system would have to be reduced to 
prevent incompatibility effects. A combination of flexible elements and 
polar groups to promote compatibility with the polymer is almost 
necessary [236]. For this reason, acetyls and ethyl moieties are 
reasonable spacers to be used to design a plasticizer molecule that is 
effective for CA. 

Another key feature to ensure good compatibility with the polymer is 
the number of branches: branched chains could reduce the plasticizing 

Table 3 (continued ) 

Plasticizer Molecular structure Molecular 
weight (g/ 
mol)  

Physical 
state 

Boiling 
point 
(◦C) 

Ester 
groups 

Oxygen 
atoms 

Benzene 
rings 

Acetyl 
groups 

Alkyl 
chains 
(C 
atoms 
each) 

Triethyl 
citrate 
(TEC) 

276.3 Liquid 294 3 7 – – 3 (2) 

Acetyl 
triethyl 
citrate 
(ATEC) 

318.3 Liquid 327 4 8 – 1 4 (2) 

Glycerol 
triacetate 
(GTA) 

218.2 Liquid 259 3 6 – 3 3 (2) 

Glycerol 
diacetate 
(GDA) 

178.2 Liquid 280 2 5 – 2 2 (2) 

PEG200 
n = 4 

200 Liquid ~200 – 5 – – –  
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effectiveness, and, if the branches are close to the polar group, plasti
cization is even less efficient [99]. At the same time, numerous polar 
groups could establish a strong network with CA, which eventually 
would limit the movement of the polymer chains due to the excessive 
number of links created, as revealed by atomistic simulations with starch 
plasticized systems [237]. However, compatibility is based on inter
molecular attractions due to the polar groups [117]. Indeed, plastici
zation occurs because of the ability of plasticizer molecules to create 
secondary bonds with polymer and to replace chain interactions by 
plasticizer-polymer bonds [238]. 

Based on these considerations, plasticizers with low molecular 
weight and a few polar groups provide higher flexibility and plastici
zation. On a weight basis, it is important to emphasize that the higher 
plasticization efficiency obtained with lower molecular weight plasti
cizers may be related to the higher number of plasticizer molecules (i.e., 
a higher number of moles per total mass). With the role of solvating 
groups in mind, a higher number of plasticizer molecules means higher 
solvation capacity, a major reduction in interchain linkages within the 
polymer, and greater mobility of the plasticized system [117]. 

In the available literature, plasticizing efficiency is always referred to 
as the weight percentage of the plasticizer on the total mass. Similarly, 
comparisons between different plasticizers are based on the same 
approach [103]. From these authors’ point of view, plasticizing effi
ciency should be evaluated based on the molar concentrations, namely 
the number of molecules, to prevent misleading conclusions or wrong 
ranking of different plasticizer molecules. So far, both in the industry 
and research, it has been more practical to formulate plasticized systems 
based on weight fractions [149,165,210]. A different approach based on 
molar concentrations may be more suitable if the aim is to study and 
correlate the plasticizing efficiency to molecular structure and func
tional groups. 

In summary, a plasticizer molecule tailored for CA should have these 
structural characteristics:  

• Low molecular weight compound, with a MW in the 200–400 g/mol 
range (better lower than 350 g/mol) with a core structure comprised 
of a benzene ring or a short carbon core with three or four carbon 
atoms. 

• Be an ester or other groups containing oxygen atoms (ether, alde
hyde, ketone, and hydroxyl groups). Polar groups must not be more 
than two or three, with four or five oxygen atoms in total, to create 
enough interactions with the polar groups of CA without stiffening 
the matrix.  

• Have a core structure accompanied by two or three short alkyl 
chains, acting as spacers, with two or three carbon atoms spaced out 
from the central core by the polar groups that are essential to ensure 
compatibility with cellulose acetate. 

Based on state-of-the-art plasticizers used in CA, these empirical 
rules can potentially be integrated with new developments in the sector. 
It is necessary to underline that the design of a new plasticizer is strictly 
related to the application of the final material and its additional re
quirements (e.g., safety, thermal stability, etc.). For this reason, a 
comprehensive assessment is needed to evaluate the plasticizer’s 
behavior in processing conditions and during use, as well as toxicity to 
human health and effects on environmental pollution. 

6.2. Future perspectives 

This work provided an extensive overview of the published literature 
about plasticizers for cellulose acetate, with the final purpose of finding 
a common thread in choosing or designing new molecules for CA. In this 
regard, effective internal plasticization of CA can be obtained with 
acylating reagents consisting of a terminal bulky moiety spaced from CA 
chains by a linear chain: they have been found to efficiently separate 
macromolecular chains without generating detrimental stiffening 

interactions [64,65]. Concerning external plasticization, it turned out 
that a plasticizer, to be successful in CA, should be a low molecular 
weight ester able to interpose the polymer chains, with short apolar 
alkyl chains and some polar groups able to interact with the polymer. 
Moreover, the presence of a benzene ring would positively affect the 
plasticization efficiency. Unfortunately, small molecular weight com
pounds have a high rate of diffusion, which ensures greater plasticizing 
efficiency, but a lower permanence in the plasticized system. Choosing a 
plasticizer with concurrent efficiency and permanence represents a 
trade-off among different plasticizer properties. 

Future developments in CA formulations should primarily aim to 
design new plasticizers with optimized plasticizing efficiency and 
migration properties. In this regard, innovation must be driven by a 
thorough understanding of the role of the molecular structures of plas
ticizers. Keeping in mind the need to prevent plasticizer migration, the 
addition of the desired functional groups through grafting of oligomers 
with different chemistry could provide efficient plasticization and give 
CA new properties without the drawbacks and limitations of external 
plasticization [121,129,239]. Moreover, the chemical bonding of cel
lulose or CA by acylation with acyl moieties that have different chemical 
structures (fatty chains with different lengths, ramified, bulky, aliphatic, 
or aromatic rings disposed more or less near the polymer backbone) can 
enhance the overall mobility of the macromolecular chains [64,141]. 
Anyway, the plasticizing efficiency of different substituents can vary 
because of their structural features, and it is strictly correlated to the 
molecules’ mobility within the polymer matrix. 

At this point, considering that external plasticization is the most 
widely used approach in the industrial field, in addition to being, in 
general, more effective than internal plasticization [41,240], it is of 
utmost importance to guide the research toward the development of 
more performing plasticizers than those already used to date. The design 
of new effective molecules for plasticizing CA must of course take as a 
starting point the chemical structures and the building blocks of plas
ticizers that have worked well until today but is also pivotal that it aims 
at developing new formulations. 
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