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Abstract 13 

Cellulose diacetate (CDA) is a biodegradable biobased polymer, which is not easily 14 

melt-processable with a narrow window between flowing and decomposition 15 

temperature. Selecting the appropriate plasticizer and evaluating its effect on the 16 

properties are important for the application developments of CDA materials. In this 17 

paper, eco-friendly plasticizers, such as glycerin (GL), diacetin (DA), triacetin (TA) and 18 

polyethylene glycol (PEG) are necessarily introduced. The plasticizing effect is 19 

evaluated by harmonic interface energy between CDA and plasticizer from contact 20 

angle test. Compared with solubility parameter method, the interfacial method is more 21 

effective to estimate PEG with different molecular weight in CDA. Thermal behaviors 22 

verify the interfacial method works. Lower interface energy of CDA-DA shows lower 23 

glass transition temperature (Tg) determined by differential scanning calorimetry (DSC). 24 

Meanwhile, mechanical property, transparency and moisture permeability are all related 25 

to the interfacial effects of plasticizers. For instance, the elongation at break of CDA-26 

DA and CDA-TA, which have lower interfacial energy, increase from 14% to 26% and 27 

29%. The CDA-DA and CDA-TA films also have high visible light transmittance about 28 

90%. The moisture permeability of plasticized CDA film increases with the decreased 29 

interface energy between water and plasticizer. Interfacial method provides a new route 30 

for preparing high-performance CDA materials. 31 

Keywords Cellulose diacetate; Plasticizer; Interface energy; Glass transition 32 

temperature; Moisture permeability 33 
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Introduction 38 

Cellulose is the quintessential sustainable resource and the most abundant natural 39 

polymer on the earth (Cheng et al. 2016; Huang et al. 2021; Peng et al. 2020) and has 40 

attracted much attention due to its unique derivable structure and biodegradability 41 

(Schurz 1999; Wang et al. 2017). Cellulose diacetate (CDA) as an important cellulose 42 

ester is available at industrial scale (Rustemeyer 2004; Simon et al. 1998; Wang et al. 43 

2018), and usually applied for manufacturing CDA fiber through wet spinning process 44 

from its acetone solution (Cho et al. 2013; Edgar et al. 2001). CDA is not easily melt-45 

processable by conventional extrusion or injection processes (Boulven et al. 2019), 46 

because it has a high glass transition temperature (Tg) and a narrow window between 47 

flowing temperature (Tf) and decomposition temperature (Td) (Benazzouz et al. 2017; 48 

Iji et al. 2013). From this perspective, plasticizers are necessarily introduced to disrupt 49 

strong dipolar interaction network, improving the CDA chain activity. CDA is normally 50 

plasticized by citrates, phthalates, glycerin derivatives, etc. Among them, phthalate 51 

esters have been subjected to environmental scrutiny as a health threat (Vu Thanh et al. 52 

2014). Additionally, the migration of undesirable plasticizer could cause serious 53 

hazards to health and environment (Ghiya et al. 1996; Quintana et al. 2012). Thus, the 54 

precise choice of green plasticizers makes the thermoplastic development a daunting 55 

task for CDA materials (Li et al. 2018). 56 

Cellulose acetate has the hygroscopic behavior due to the presence of hydroxyl 57 

groups in their chemical structure (Chen et al. 2020; Khoshtinat et al. 2021; Lovikka et 58 

al. 2018), could be applied for moisture-permeable films. Manon Boulven et al. (2019) 59 
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used a large number of acylated aliphatics to produce a series of cellulose mixed esters, 60 

found that the water transport mainly depends on the water solubility. The water 61 

solubility is inversely related to the alkane chain length of the acylated aliphatic and the 62 

degree of acylation. A.A. Al-Hassan et al. (2012) separately incorporated two 63 

plasticizers, glycerin and sorbitol, into fish gelatin-sago starch films. It is found that 64 

plasticizers can improve the dense polymer molecular chain network structure and 65 

increase the free volume, which leads to the film is more susceptible to moisture 66 

permeability. As for the mechanical properties of CDA materials, Vu Thanh Phuong et 67 

al. (2014) used diacetin and triacetin as plasticizers and blended them with CDA in 68 

order to obtain rigid or semi-rigid plastic samples with high toughness. 69 

The fundamental method to evaluate the plasticizing effect is exploring the 70 

compatibility between plasticizer and polymer. When analyzing the compatibility 71 

between multiphase, the solubility parameter method principle of "similar in cohesive 72 

energy density or solubility parameter (δ)" is usually accepted. A. Greco et al. (2010) 73 

used Hansen solubility parameter to correlate the miscibility of polyvinyl chloride and 74 

plasticizer to the chemical structure of plasticizer. Jarod M. Younker et al. (2016) 75 

obtained Hildebrand and Hansen solubility parameters from simulations on pure single-76 

component systems to quantify the compatibility between plasticizer and polymer. 77 

Nevertheless, the solubility parameter method has shortcomings when applied to 78 

complex systems (Betron et al. 2017). 79 

Herein, an interfacial method was introduced to evaluate the plasticizing effect based 80 

on contact angle test and interface energy calculation. Glycerin (GL), diacetin (DA), 81 
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triacetin (TA) and polyethylene glycol (PEG) were chosen as the green candidate 82 

plasticizers for CDA. The differential scanning calorimetry (DSC) was applied to detect 83 

the evolutions of Tg and melting temperature (Tm), which quantify the plasticizing effect. 84 

The dynamic mechanical thermal analysis (DMTA) was used to investigate the modulus 85 

change with temperature. In addition, the mechanical properties of plasticized CDA 86 

were measured by tensile test. The transparency and moisture permeability of 87 

plasticized CDA film was monitored by UV-Visible spectrophotometer and moisture-88 

permeable cup. 89 

Experimental Section 90 

Materials 91 

Cellulose diacetate (CDA, degree of acetyl substitution: 2.45) was supplied by 92 

Nantong Cellulose Fibers Co., Ltd. (Nantong, China). Glycerin (GL) was purchased 93 

from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Diacetin (DA) and 94 

triacetin (TA) were purchased from Tianjin Heowns Biochemical Technology Co., Ltd. 95 

(Tianjin, China). Polyethylene glycol with average molecular weight of 1000 and 2000 96 

g/mol (PEG1 and PEG2) were purchased from Dalian Meilun Biotechnology Co., Ltd. 97 

(Dalian, China). Tetrahydrofuran (THF) was provided by Wuxi City Yasheng Chemical 98 

Co., Ltd. (Yixing, China). These reagents were used as received. 99 

Fabrication of films 100 

Thin films of CDA and polystyrene (PS) were prepared by spin coating for contact 101 

angle test. The microscope coverslip was cut into square as film carrier. CDA and PS 102 

were separately dissolved in THF to prepare solution with a mass concentration of 0.5%. 103 
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The speed of Spin Coater (WS-650Mz-23NPPB, Laurell, USA) was set to 800 r/min 104 

and the running time was 35 s. In addition, Coatings of PEG1 and PEG2 were prepared 105 

from 5% THF solution on the coverslip by roller coating for contact angle test. The roll 106 

speed of small automatic coating machine (XT-200CA, OSP, China) was set as 70 mm/s. 107 

The above films and coatings were baked in a vacuum oven at 60 °C for 4 h.  108 

CDA films containing different type and dosage of plasticizers (GL, DA, TA, PEG1 109 

and PEG2) were prepared by solution casting. THF was used as a solvent and solution 110 

mass concentration was 10%. The loading of plasticizer was set at 0, 10, 20 and 30 111 

phCDA (parts per hundred CDA). CDA was sufficiently dissolved in an environment 112 

of 25 °C by a magnetic stirrer. The homogeneous solution was cast in a petri dish and 113 

the solvent was evaporated in a fume hood and a vacuum oven of 80 °C. Finally, the 114 

samples for different characterization tests were cut out.  115 

The moisture-permeable films of CDA plasticized by GL and its derivatives were 116 

prepared by Elcometer Film Applicator. The coating liquids were the same as the above 117 

casting solutions. After the solution was fully volatilized, several films of a certain area 118 

(8×8 cm2) were cut out for water vapor permeability test. 119 

Characterization 120 

The contact angles of different liquids on the coated films were recorded by a contact 121 

angle measuring instrument (DSA100, Krüss, Germany) under the environment of 122 

18±2 °C and 30±2 %RH. Water, paraffin oil and liquid plasticizers (GL, DA and TA) 123 

were dropped on the PS and CDA films. Water and diiodomethane were dropped on the 124 

PEG1 and PEG2 coatings. These contact angles were obtained at 15 s. The non-polar 125 
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and polar surface energy parameters of water, paraffin oil and diiodomethane were 126 

listed in Table 1. 127 

Table 1. The surface energy parameters of water, paraffin oil and diiodomethane 128 

Liquid γLV (mJ·m-2) γLVd  (mJ·m-2) γLV𝑝
 (mJ·m-2) 

Water 72.8 21.8 51.0 

Paraffin oil 30.7 30.7 0 

Diiodomethane 50.8 49.5 1.3 

γLV  The surface energy of liquid, γLVd   The non-polar surface energy of liquid, γLVp   The polar 129 

surface energy of liquid. 130 

The thermal analysis was performed on a DSC instrument (Q20, TA, USA). The 131 

sample was placed in sealed aluminium crucible. The plasticized CDA was heated from 132 

40 °C to 220 °C (two heating cycles) and then cooled down from 220 °C to 40°C (one 133 

cooling cycle). The procedure was executed with a temperature ramp of 10 °C/min 134 

under nitrogen atmosphere. The Tg is determined from the heating run and positioned 135 

by the half-height method. The Tm is located at the top of melting peak. The ΔHm is 136 

calculated based on the area of melting peak. The DMTA test was carried out with 137 

torsion mode on a modular compact rheometer (MCR302, Anton paar, Austria) to detect 138 

modulus change with temperature. The average dimension of samples was 20×8×0.5 139 

mm3. The test was performed at 1 Hz and the torsion amplitude is 0.1%. Sample was 140 

heated from 40 °C to 170 °C at a heating rate of 4 °C/min. 141 

The tensile test was performed on a universal testing machine (CMT 5254, SANS, 142 

China). The average size of samples was 50×5×0.5 mm3 and the stretching rate was 5 143 
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mm/min. The visible light transmittance of CDA film was obtained from Ultraviolet-144 

Visible spectrophotometer (UV3200, Mapada, China). The spectra were recorded from 145 

800 to 200 nm and the scan step was 1 nm. The moisture permeability of CDA film was 146 

tested by a moisture-permeable cup. The cup was filled with moderate amount of 147 

distilled water. The interface between film and cup was sealed with silicone rubber. The 148 

test was carried out in an oven at 60 °C for 4 h and the weight loss (Δm) was recorded. 149 

The moisture permeability coefficient (Pe H2O) of film was calculated according to the 150 

Eq. (1). 151 𝑃𝑒 𝐻2𝑂 = ∆𝑚×𝑑𝑆×𝑡×𝑃                            (1) 152 

where d is the film thickness, S is the mouth area of moisture-permeable cup, t is test 153 

time, P is the water vapor pressure. 154 

Results and discussion 155 

Solubility parameter method 156 

Solubility parameter method is widely applied for the plasticizing effect evaluation. 157 

We operated the following calculations by referring to the A. Greco's method (Greco et 158 

al. 2010; Van Krevelen and Te Nijenhuis 2009). The solubility parameters of CDA and 159 

plasticizers can be achieved as follow: 160 δ = (δd2 + δp2 + δh2)0.5                          (2) 161 

where δd  is the contribution of dispersion forces, δp  is the contribution of polar 162 

forces, δh  is the contribution of hydrogen bonding. A combination contribution of 163 

dispersion and polar forces is introduced: 164 δv = (δd2 + δp2)0.5                           (3) 165 
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The interaction radius (IR) between CDA and plasticizer can be obtained as: 166 IR = ((δv,CDA − δv,plasticizer)2 + (δh,CDA − δh,plasticizer)2)0.5        (4) 167 

Table 2. Solubility parameter terms and interaction radius (IR) for the plasticizers and CDA 168 

Material 𝛿 (J·cm-3)0.5 δv (J·cm-3)0.5 δh (J·cm-3)0.5 IR (J·cm-3)0.5 

CDA 20.8 16.3 12.9 -- 

GL 35.5 20.8 28.7 16.4 

DA 22.9 17.3 15.0 2.3 

TA 19.9 16.8 10.6 2.4 

PEGs 23.7 21.8 9.3 6.6 

Table 2 lists the different solubility parameter and the IR calculated according to Eq. 169 

(4). DA have the lowest IR, suggesting that it is the most suitable plasticizer probably. 170 

TA has almost the same IR, slightly higher than DA. The GL’s IR is extremely the 171 

highest (~16.4), indicating that it is the most unsuitable plasticizer. PEG was applied to 172 

plasticize CDA as reported by P. R. Rao et al. (1997). The IR of PEGs is 6.6. According 173 

to the solubility parameter method, PEGs with different molecular weight have the 174 

same plasticizing effect. 175 

Interfacial method 176 

Table 3 lists the contact angles of different liquids on the CDA, PS, PEG1 and PEG2. 177 

The contact angles of water on the PS and CDA are 95.9° and 69.2°, suggesting the 178 

polarity of CDA is higher than that of PS. The contact angles of GL, DA and TA on the 179 

PS decrease successively with 86.0°, 45.9° and 36.0°. This is because the polarity 180 

decreases with the increasing ratio of ester group. The contact angles of water on the 181 
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PEG1 and PEG2 are 6.5° and 6.9°, which are closer to each other. However, 182 

diiodomethane contact angles of PEG1 and PEG2 have relatively large difference. This 183 

indicates that the interface energies are different for different molecule weight PEGs 184 

with CDA. 185 

Table 3. The contact angle (CA) of different liquids on the CDA, PS, PEG1 and PEG2 186 

Type CA-Wa (°) CA-Ob1 (°) CA-Ob2 (°) CA-GL (°) CA-DA (°) CA-TA (°) 

CDA 69.2 16.7 -- 70.1 11.7 6.4 

PS 95.9 15.7 -- 86.0 45.9 36.0 

PEG1 6.5 -- 4.9 -- -- -- 

PEG2 6.9 -- 12.5 -- -- -- 

a Water, b1 Paraffin oil, b2 Diiodomethane. 187 

The polar and non-polar surface energies of CDA, GL, DA and TA were calculated 188 

according to the Eq. (5) based on the contact angle data (Kobayashi et al. 2012; Owens 189 

and Wendt 1969; Zhang et al. 2019).  190 γLV(1 + cosθ) = 2√γsdγLVd + 2√γspγLVp                   (5) 191 

where θ is contact angle of droplet on the film, γsd and γsp are non-polar and polar 192 

surface energies of film.  193 

The interface energy between CDA and plasticizer was calculated according to the 194 

Eq. (6) (Biresaw and Carriere 2002). 195 γ1−2 = γ1 + γ2 − 4γ1dγ2dγ1d+γ2d − 4γ1pγ2pγ1p+γ2p                  (6) 196 

where γ1−2 represents the interface energy between CDA (1) and plasticizer (2). γ1, 197 γ1d and γ1p are surface energy, non-polar and polar surface energies of CDA. γ2, γ2d 198 
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and γ2p are surface energy, non-polar and polar surface energies of plasticizer. 199 

Fig. 1 gives the surface energies of CDA, GL, DA, TA, PEG1, PEG2 independently 200 

and their interface energies of CDA-GL, CDA-DA, CDA-TA, CDA-PEG1, CDA-201 

PEG2. In Fig. 1a, the surface energies of CDA and DA are both about 40 mJ·m-2, close 202 

to each other. The polar surface energy of DA is also close to that of CDA. The interface 203 

energy of CDA-DA is the lowest (2.00 mJ·m-2), which is consistent with the IR value 204 

by solution parameter method. We can suppose that lower interface energy suggests the 205 

better plasticizing effect of CDA-DA. As for CDA-PEG in Fig. 1b, the surface energy 206 

of PEG is much greater than that of CDA. Thus, the interface energy between PEG and 207 

CDA is large. Evaluated by the interfacial method, the plasticizing effect of PEG1 is a 208 

little better than that of PEG2. 209 

 210 

Fig. 1. (a) The surface energies of CDA, GL, DA, TA and the interface energies of CDA-GL, 211 

CDA-DA, CDA-TA; (b) The surface energies of CDA, PEG1, PEG2 and the interface 212 

energies of CDA-PEG1, CDA-PEG2 213 

Thermal behaviors 214 

Fig. 2 shows the second heating cycle in DSC for some samples and the changes in 215 

Tg and Tm of plasticized CDA. A small amount (10 phCDA) of plasticizer incorporated 216 
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can lead to a significant decline in Tg and Tm as shown in Fig. 2a. The hydroxyl or ester 217 

groups in plasticizers undermine the strong interaction and increase the "free volume" 218 

between CDA molecular chains, reducing the activation energy for the coordinated 219 

movement of CDA molecular chains (Vu Thanh et al. 2014). Tg decreases from 193 °C 220 

for pure CDA to 87 °C for CDA-DA, and to 98 °C for CDA-TA, and to 125 °C for 221 

CDA-GL in Fig. 2b. Such a decrease degree of Tg is ascribed to the plasticizing effect. 222 

Therefore, CDA-DA has the best plasticizing effect, which is consistent with the result 223 

evaluated by the interfacial method. In Fig. 2c, the Tm of CDA-GL solely drops to about 224 

210 °C, which shows that GL is a poor plasticizer for CDA. Both DA and TA can 225 

effectively reduce the Tm, so that we can process CDA materials at a lower temperature 226 

without severe thermal degradation. 227 

 228 
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Fig. 2. (a) DSC curves of CDA, CDA-10GL, CDA-10DA and CDA-10TA; Evolution of (b) Tg 229 

and (c) Tm as a function of the plasticizer loading 230 

Fig. 3 shows the storage modulus (G’) as a function of temperature for plasticized 231 

CDA. In Fig. 3b and Fig. 3c, the turning point of G' curve, the soften temperature point, 232 

significantly shifts to the low temperature region with the increase in plasticizer loading, 233 

which is different from that of CDA-GL in Fig. 3a. The G’ curves of CDA-DA and 234 

CDA-TA also drop notably at high temperature, because DA and TA make the CDA 235 

molecular chain "soft" effectively. These demonstrate that DA and TA have excellent 236 

plasticizing roles on CDA, as suggested by interfacial energies. Meanwhile, the G’ of 237 

CDA-DA is higher than that of CDA-TA under high temperature. This is because DA 238 

has strong polarity and forms intense stickers (Xavier Dreux 2019) between CDA 239 

molecular chains. 240 
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 241 

Fig. 3. Storage modulus (G’) vs. the temperature for (a) CDA-GL, (b) CDA-DA and (c) CDA-TA 242 

In Fig. 4, the DSC and DMTA are also used to determine the plasticizing effect of 243 

PEG for CDA. According to Fig. 4a, the Tm of CDA-PEG rises with the addition of 244 

PEG content, indicating that both PEG1 and PEG2 have poor plasticizing effects on 245 

CDA. Furthermore, the Tm of CDA-PEG1 is lower than that of CDA-PEG2, regardless 246 

of PEG content is 10 phCDA or 30 phCDA. In Fig. 4b, the modulus decreases slowly, 247 

reflecting the compatibility of PEG with CDA is worse than DA and TA. Despite this, 248 

due to the diluting effect of PEG in the CDA matrix, the increase in PEG content leads 249 

to a decrease in the initial modulus. Differently, as the temperature increases, the G' 250 

curve of CDA-PEG2 decreases less. Thus, the plasticizing effect of PEG2 is worse than 251 

that of PEG1, which is accordance with the evaluation result of interfacial method. 252 
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 253 

Fig. 4. (a) DSC curves of CDA-PEG1 and CDA-PEG2; (b) Storage modulus (G’) curves of CDA-254 

PEG1 and CDA-PEG2 255 

Mechanical properties 256 

Fig. 5 reveals the tensile strength and the elongation at break of plasticized CDA. In 257 

Fig. 5a, no matter which plasticizer is selected for CDA, the tensile strength generally 258 

decreases as the plasticizer content increases (Muscat et al. 2012). At the same 259 

plasticizer content, the tensile strength of CDA-DA is weaker than that of CDA-TA. 260 

This is because DA has higher polar surface energy, which forcefully destroy the dipolar 261 

interaction network between CDA molecular chains. The elongation at break in Fig. 5b 262 

is a key indicator to inspect the plasticizer effectiveness. For the CDA-GL, the 263 

elongation at break becomes low due to the incompatibility between them. On the 264 

contrary, as the content of DA or TA increases, the elongation at break improves, which 265 

indicates that both DA and TA have better compatibility with CDA. When the plasticizer 266 

amount is 30 phCDA, the elongation at break of CDA-DA and CDA-TA can reach to 267 

26% and 29%, respectively. 268 
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 269 

Fig. 5. (a) The tensile strength and (b) the elongation at break of plasticized CDA 270 

Moisture permeability 271 

The moisture permeability of plasticized CDA films was measured to evaluate the 272 

influence of plasticizer on water transport performance. Generally, the Pe H2O proceeds 273 

through a solution-diffusion mechanism, that is the product of the solubility S of 274 

permeate by its diffusion coefficient D (Fick's first law). Polymer chain must “move 275 

aside” to open up the water transportation path (Boulven et al. 2019). Also, note that 276 

the moisture permeability test was conducted at 60 °C, which can neglect the 277 

plasticizing effect. Diffusion coefficient is thus mainly limited by the crystallinity, 278 

which is reflected in the ΔHm (Fig. 6b). Meanwhile, the solubility is governed by the 279 

hydrophilicity of plasticizer, that is the interface energy between plasticizer and water 280 

(Fig. 6a). Fig. 6d shows that the Pe H2O of CDA-GL is higher than that of CDA-DA 281 

and CDA-TA. It improves with the GL content increasing, which is ascribed to the GL's 282 

high hydrophilicity and the continuous crystallinity decline. For CDA-DA and CDA-283 

TA, the Pe H2O firstly increases and then decreases. From 10 to 20 phCDA, the 284 

crystallinity significantly reduces and this influence far offsets the increased 285 

hydrophobicity. From 20 to 30 phCDA, the crystallinity almost no longer decreases, 286 
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but the plasticizer content increases, which causes the hydrophilicity deterioration. In 287 

this frame, CDA-30DA is the ideal candidate to prepare high moisture permeability 288 

film. 289 

 290 

Fig. 6. (a) The interface energies of CDA and plasticizer with water based on the surface energies 291 

in the section of interfacial method; (b) The ΔHm of plasticized CDA film in the first heating cycle 292 

of DSC; (c) The photo of a moisture-permeable cup; (d) The Pe H2O of plasticized CDA film 293 

Transparency 294 

The optical transmittance data between the wavelength of 800 and 200 nm for three 295 

plasticized CDA films has been exhibited in Fig. 7. Evaluated by the interfacial method, 296 

the compatibility between CDA and plasticizer is ranked as follow: CDA-DA > CDA-297 

TA >> CDA-GL. If GL is used to plasticize CDA, it will cause phase separation and 298 
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migrate to film surface (Martino et al. 2006; Tsou et al. 2014). Correspondingly, the 299 

film of CDA-30GL has the low visible light transmittance with 11.5%. In contrast, the 300 

transparency of CDA-30DA and CDA-30TA is very high, which shows that DA and TA 301 

have better compatibility with CDA. Moreover, this excellent transparency is mainly 302 

owing to a large number of amorphous structures existed in CDA (Wang et al. 2018). 303 

 304 

Fig. 7. The UV-vis transmittance curves of CDA moisture-permeable films over a range of 200-305 

800 nm 306 

Conclusion 307 

In this study, interfacial method based on the harmonic interface energy is introduced 308 

to evaluate plasticizing effect of eco-friendly CDA materials. The interface energy 309 

between CDA and DA is the lowest (2.00 mJ·m-2). When the DA content is 30 phCDA, 310 

the Tg and Tm of CDA reduce to 87 °C and 162 °C, which is the best plasticizing effect 311 

among glycerin and its derivatives. The evaluation results of the interfacial method are 312 

in line with the actual plasticizing effects. Meanwhile, according to the plasticizing 313 

effect of PEG with different molecular weight on CDA, the interfacial method is 314 

slightly better than the solubility parameter method. As for other properties, they are 315 
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also closely related to the interfacial effects of plasticizers. Due to CDA-TA has lower 316 

interface energy and TA has not high polarity, CDA-30TA has strong and tough 317 

mechanical properties, with the tensile strength and elongation at break are 45 MPa and 318 

29%. Thanks to the high hydrophilicity of GL, CDA-30GL has an outstanding moisture 319 

permeability coefficient (~9.5×10-13 gH2O·cm/(cm2·s·Pa)). CDA-DA and CDA-TA 320 

also show high transparency because of their low interface energy. 321 
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