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Abstract 
The effect of citric acid (CA) concentration and water content on the free hole volume of thermo-

plastic cassava starch films (TPS) was studied. To this aim, continuous in situ positron annihilation 

lifetime spectroscopy measurements were performed at fixed moisture content and during water 

desorption. The results show that the increase in CA concentration leads to wider free hole volume 

distributions with lower mean values. During water desorption, the mean values and width of such 

distributions systematically decrease with the exposure time, and the evolution of the hole volumes 

was well-described using the Kohlrausch-Williams-Watts function. The water vapour permeability 

was significantly higher in films incorporating 5% (w/w) of CA, in line with the more open network of 

this material that was revealed in the hole volumes distribution. The Young's modulus of all the de-

veloped films increased significantly after partial water desorption, which was attributed to the plas-

ticizer loss reflected in a decrease in the mean hole volume value (between 4% and 13%). This work 

evidences that the control and report of the relative humidity are essential when testing TPS-based 

films, as their nanostructures are strongly dependent on external conditions. 

Keywords: Thermoplastic starch; Citric acid; Free hole volume; Positron annihilation lifetime spec-

troscopy. 

1. Introduction 
Petroleum-based plastics manufacturing has dramatically increased in the last decades, reaching a 

global production of more than 380 million tons annually (Geyer, 2020). The extensive use of plastic 

products has led to a huge garbage dump, which mostly ends in the environment because of the lack 

of proper policies or inefficient waste management systems. Biobased and biodegradable plastics 
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constitute an alternative to conventional ones that could contribute to mitigating the environmental 

impact. From this point of view, the development of this kind of plastics has many advantages, such 

as diverting from fossil resources, introducing new recycling or degradation pathways, and using less 

toxic reagents and solvents in production processes (Rosenboom et al., 2022). 

Starch has been proposed as a raw material for the production of bioplastics because it is renewable, 

widely available, low-cost, biodegradable, and compostable (Wang et al., 2020). Starch granules are 

isolated from many sources (wheat, rice, potato, cassava, among others), and they can be processed 

by scalable technologies –extrusion, moulding, blow moulding- to obtain thermoplastic starches 

(TPS) as pellets or films, by the addition of plasticizers to overcome the brittleness and facilitate the 

processability (Guz et al., 2020; Zhang et al., 2014). 

Pure TPS materials present a pronounced hydrophilicity and hygroscopic character, which leads to 

poor moisture barrier, high solubility, and a dependence of the mechanical properties on the ambi-

ent humidity (Medina Jaramillo et al., 2015; Ribba et al., 2017). To overcome these issues, several 

approaches have been proposed, including the incorporation of micro- and nanoparticles, adding 

low molecular weight components -such as natural extracts-, and chemical or physicochemical modi-

fications (Diyana et al., 2021; Estevez-Areco et al., 2019; Florez et al., 2019; Guarás et al., 2020; Guz 

et al., 2020). The addition of citric acid (CA) to TPS matrices has been widely studied because it can 

improve materials stability and diminish water susceptibility (Gonzalez-Seligra et al., 2016; Reddy & 

Yang, 2010; Shi et al., 2007). The main mechanisms responsible for the mentioned stabilization are 

esterification and crosslinking. Additionally, CA is considered an interesting green crosslinker for 

carbohydrate polymeric materials (Salihu et al., 2021). 

Free volume theory allows explaining different properties of polymeric systems, such as glass transi-

tion, viscosity, molecular transport, and permeability (Giacinti Baschetti & De Angelis, 2015; Langer 

et al., 2020; Shakespeare, 2002). Free volume can be quantitatively described by the size, distribu-

tion, and total amount of sub-nanometer holes. Positron annihilation lifetime spectroscopy (PALS) is 

the only experimental technique capable of determining the free hole volume (𝑣ℎ) and free volume 

fractions (𝑓𝑣) in polymeric materials (Dlubek et al., 2000; Jean, 1990; Jean et al., 2003). 

Several researchers have used PALS to study carbohydrate polymer materials. In particular, Hughes 

et al. (2016) and Martini et al. (2020) have reported that water activity in modified starch-sucrose 

blends influences the free volume properties. It was reported that water susceptibility affects the 

free volume because the water uptake rate is directly related to the moisture content of the sam-

ples. PALS studies about water susceptibility in glassy carbohydrates were also reported by Kilburn 

et al. (2004, 2005). Recently, the differences in the sorption capacity of cellulose films with different 

esterification degrees were correlated with the filling of excess free volume (Chalykh et al., 2021). 

On the other hand, Roussenova et al. (2010) carried out a systematic study on plasticization, anti-

plasticization, and molecular packing in amorphous carbohydrate-glycerol matrices. However, only a 

few works were focused on the study of TPS films (Cheng et al., 2021; Lin et al., 2010). It deserves to 

be mentioned that Lin et al. (2010) reported that the free hole volume increased after a soak steam 

treatment in TPS-cellulose films, but no significant differences in the hole volumes were found when 

similar films with a hydrophobic coating were subjected to the same treatment.  

The novelty of the present work is the study of the evolution of the free hole volume in time as a 

consequence of the hygroscopic character of the TPS-based films. To the best of our knowledge, 

there are no systematic studies regarding this issue. Neither have we found reported results on PALS 

studies regarding the effect of CA, or other organic acids, on the free volume of polysaccharides. In 

the present work, we hypothesized that free hole volumes of thermoplastic starch films depend on 
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the citric acid concentration and vary during water desorption. To address this investigation, contin-

uous PALS measurements of TPS-based films with different CA concentrations were carried out. 

Firstly, the structure of the different TPS-CA films was determined at fixed equilibrium humidity. 

Secondly, samples of each material were placed into a drier atmosphere and the hole sizes were 

measured during water desorption. 

2. Materials and Methods 
2.1 Fabrication of thermoplastic starch films 

2.1.1 Materials 

Cassava Starch (18% amylose ∼1.5 × 105 g/mol; 82% amylopectin ∼108 g/mol) was supplied by Co-

operativa Agrícola e Industrial San Alberto Limitada (C.A.I.S.A., Misiones, Argentina). Analytical grade 

glycerol (Sigma-Aldrich, Germany), industrial grade sorbitol (Mapal, Argentina), anhydrous citric acid 

(Stanton, Argentina), and sodium hypophosphite 1-hydrate p.a. (Biopack, Argentina) were used as 

received. 

2.1.2 Thermoplastic starch films fabrication 

TPS-based films were fabricated in a single step using flat-die extrusion followed by calendaring. 

Water, glycerol, and sorbitol were used as plasticizers at a fixed ratio (20% w/w of water to starch; 

15% w/w of glycerol/sorbitol to starch) following a recent article (Estevez-Areco et al., 2020). Differ-

ent amounts of CA were incorporated into the powdered mixtures before extrusion to obtain differ-

ent TPS-CA films (0, 1, and 5% w/w to starch). Sodium hypophosphite was used as a catalyst for es-

terification reactions and it was incorporated at a fixed ratio of CA (1:2 w/w) (Reddy & Yang, 2010). 

Table 1 presents the compositions of the different systems. 

 

Table 1. Nomenclature and composition of the different mixtures. 

Nomenclature 
Starch 
(%) 

Water 
(%) 

Glycerol 
(%) 

Sorbitol 
(%) 

CA (%) 
Sodium hypophos-
phite (%) 

TPS 66.6 13.4 10.0 10.0 0.0 0.0 

TPS-CA1 66.0 13.2 9.9 9.9 0.66 0.33 

TPS-CA5 63.5 12.7 9.5 9.5 3.18 1.59 

 

Firstly, citric acid and sodium hypophosphite were dissolved in a water, glycerol, and sorbitol solu-

tion using a magnetic stirrer (50°C, 20 min). Then, solutions were incorporated into cassava starch 

and manually mixed until complete absorption of the liquid phase. The obtained powdered mixtures 

were homogenized in a homemade horizontal triple ribbon mixer (20 rpm, 15 min), sieved with a 

mesh (2 mm), and stored for 24 h in sealed containers before extrusion. 

Extrusion was carried out using a co-rotating twin screw extruder (Nanjing Kerke Extrusion equip-

ment Co., Ltd., Jiangsu, China) with a screw diameter of 16 mm, a length of 640 mm and a flat die of 

32 mm x 1.5 mm. The extruder features ten independent heating zones and has a ventilation valve in 

the eighth zone. Screw speed (80 rpm) and temperature profile (90-100-110-120-120-130-130-140-

130-120°C, from the feeder to the die) were selected to obtain a complete thermo-plasticized mate-

rial (González-Seligra et al., 2017). A calender at 120°C was coupled to the flat die to homogenize 

and reduce film thickness. The obtained materials were stored at room temperature (20°C) in a des-

iccator containing an oversaturated sodium bromide (NaBr) solution, resulting in relative humidity 

(RH) of 58%, at least 4 weeks before the test (Famá et al., 2007). 

2.2 Physicochemical characterizations 

Thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FTIR) and scanning elec-
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tron microscopy were performed to characterize the samples. Methodology, results, and discussion 

of these characterizations are included in Supplementary Material. 

2.2.1 PALS system set-up 

Positron annihilation lifetime spectroscopy measurements were carried out in air at room tempera-

ture (RT) using a fast-fast coincidence spectrometer with a lifetime resolution (FWHM) of 340 ps. A 

20 μCi positron source was prepared by depositing an aqueous 22NaCl solution onto a thin Kapton 

foil (7.5 μm thick). The source was sandwiched between two identical samples (thickness~0.5 mm, 

mass~20 mg). 

Materials at fixed moisture content were studied by placing the stabilized samples (RH=58%) to-

gether with the source in polypropylene-sealed bags before PALS measurements. This experimental 

arrangement allows the samples to retain their humidity content during measurements, avoiding 

exchange with the laboratory atmosphere. 

For structural determinations during water desorption, the stabilized samples (RH=58%) together 

with the positron source, were placed into polypropylene-sealed bags containing ~10 g of silica gel. 

The silica gel had previously been dried overnight at 105 °C, producing an atmosphere with RH of 

20%. PALS spectra were continuously measured for about 6 consecutive days without dismounting 

the sample from the spectrometer and during water desorption of the material. Considering that the 

mass of the samples is negligible compared to the mass of silica gel and because there is no ex-

change between the sealed bag and the outside environment, the relative humidity remained con-

stant during measurements. 

In both cases, PALS spectra containing at least 1.5 × 106 counts were collected for each sample in the 

above-mentioned conditions, and the PALS parameters reported in this work were obtained as an 

average of 5 measurements. 

2.2.2 PALS model 

According to the common interpretation for PALS spectra in polymers (Jean, 1990), the shortest 

lifetime component τ1 (0.15 – 0.3 ns) is ascribed to positrons annihilated into the bulk and to para-

Positronium (p-Ps) annihilations, and the intermediate lifetime component τ2 (0.35-0.60 ns) is at-

tributed to positrons annihilated in low electron density regions of the samples. The long-lived life-

time component τ3 (1.5-2.2 ns) is attributed to the ortho-Positronium (o-Ps) annihilation process (via 

pick-off) trapped in the nanoholes forming the free volume (τ3 ≡ τo-Ps). The values of τo-Ps can be cor-

related with the average radius of the free volume holes (𝑟ℎ) probed by the o-Ps, assuming a spheri-

cal approximation and using the semi-empirical Tao-Eldrup model (Eq. 1) (Eldrup et al., 1981): 

𝜆𝑜−𝑃𝑠 =
1

𝜏𝑜−𝑃𝑠(𝑟ℎ)
= 0.5 [

𝛿𝑟ℎ

𝑟ℎ+𝛿𝑟
+

1

2𝜋
𝑠𝑖𝑛 (

2𝜋𝑟ℎ

𝑟ℎ+𝛿𝑟
)] , (1) 

where 𝛿𝑟=0.166 nm is an empirical parameter that describes the penetration of the Ps wave func-

tion into the molecular electron layer surrounding the free volume hole in which the o-Ps is local-

ized. 

Positron annihilation contributions from each of the three above-mentioned states were obtained 

using the LT10 program (Giebel & Kansy, 2011), where the shape of the o-Ps annihilation rate distri-

bution, 𝛼3(𝜆𝑜−𝑃𝑠), is assumed to take a log-normal distribution. The mean value (τo-Ps), its dispersion 

(σo-Ps) and the relative intensity (Io-Ps) associated with the o-Ps lifetime distributions were obtained 

from the analysis. The σo-Ps values can be interpreted as the heterogeneity levels in the local free 

hole volume. Larger σo-Ps values indicate broader free hole volume distributions. 

Following the model proposed by Dlubek et al. (2004) to analyze PALS spectra assuming a dispersion 

in the o-Ps lifetime component, using the obtained 𝛼3(𝜆𝑜−𝑃𝑠) distributions and the Eq. 1, the hole 
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radius probability distribution 𝑛(𝑟ℎ) can be calculated as: 

𝑛(𝑟ℎ) = −𝛼3(𝜆𝑜−𝑃𝑠)
𝑑𝜆𝑜−𝑃𝑠

𝑑𝑟ℎ
= −3.32 {𝑐𝑜𝑠 (

2𝜋𝑟ℎ

𝑟ℎ+𝛿𝑅
) − 1}

𝛼3(𝜆𝑜−𝑃𝑠)

(𝑟ℎ+𝛿𝑅)
2     (2) 

Using the 𝑛(𝑟ℎ) distributions presented in Eq. 2, the volume fraction hole size 𝑔(𝑣ℎ) and the num-

ber fraction hole 𝑔𝑛(𝑣ℎ) distributions can be derived as follows: 

𝑔(𝑣ℎ) =
𝑛(𝑟ℎ)

4𝜋𝑟ℎ
2          (3) 

𝑔𝑛(𝑣ℎ) =
𝑔(𝑣ℎ)

𝑣ℎ
          (4) 

Using Eq. 1, the 𝑣ℎ obtained are discrete free hole volume values; under the frame of mathematical 

statistics, the mean value of the number-weighted hole volume distribution and its dispersion can be 

calculated according to: 

⟨𝑣ℎ⟩ = ∫𝑣ℎ𝑔𝑛(𝑣ℎ) 𝑑𝑣ℎ         (5) 

𝜎ℎ = √∫(𝑣ℎ − ⟨𝑣ℎ⟩)
2𝑔𝑛(𝑣ℎ) 𝑑𝑣ℎ        (6) 

where the 𝑔𝑛(𝑣ℎ) distribution is normalized to the unity area below the curve. 

The simplest approach to calculating the fractional free volume from the positron data assumes that 

the number of nanoholes forming the free volume is represented by 𝐼𝑜−𝑃𝑠 (Kobayashi et al., 1989). 

The presence of carboxylic acid groups in TPS-CA films could partially inhibit the positronium for-

mation by scavenging electrons: hence, in this research the 𝐼𝑜−𝑃𝑠 parameter was not considered. 

2.2.2 Water susceptibility 

Moisture content (MC) was determined according to the standard method of the AOAC (Cunniff & 

Jee, 1995). Samples of each system (mw0.5 g) were dried in an oven at 105°C for 24 h and then 

weighed (md). Moisture content was then calculated using Eq. 7: 

𝑀𝐶(%) = 100
𝑚𝑤−𝑚𝑑

𝑚𝑤
 . (7) 

Water solubility (WS) was determined following the procedure described by Maizura, Fazilah, Nor-

ziah, & Karim (2007), with some modifications. Samples of films (1.6 cm diameter discs) were 

weighed and the moisture content was subtracted to obtain the initial dried mass (𝑚𝑠𝑖). The samples 

were submerged in deionized water (50 mL, 20°C, 24 h) under constant agitation. Film remnants 

were separated by filtration, and dried at 105°C to constant mass (𝑚𝑠𝑓).  WS was calculated using 

Eq. 8: 

𝑊𝑆(%) = 100
𝑚𝑠𝑖−𝑚𝑠𝑓

𝑚𝑠𝑖
 .  (8) 

Water vapour permeability (WVP) of films was measured using a modified ASTM E96-00 procedure 

(Famá et al., 2012). Samples were placed into circular acrylic cells containing CaCl2, located in desic-

cators containing an oversaturated sodium chloride (NaCl) solution, resulting in RH of 75%. The cells’ 

weight was measured for 10 consecutive days, and the water vapour transport (WVT) was deter-

mined as the slope from the weight curve as a function of time divided by the cell area (3.8 cm2). 

WVP was calculated using Eq. 9, where 𝑒 is the film thickness and 𝑃0 is the saturation vapour pres-

sure of water at room temperature. 

𝑊𝑉𝑃 =
𝑊𝑉𝑇𝑒

𝑃0𝑅𝐻
 .  (9) 

Parameters describing the susceptibility to water were reported as the average of at least three in-

dependent experiments. 

2.2.3 Mechanical properties 

Uniaxial tensile tests were performed using a Brookfield Texture Analyzer (CT3-100) according to 

ASTM-D882-02 (ASTM Standard, 2004). Probes of 35 mm x 5 mm (length x width) were tested at a 

strain rate of 10-3 s-1. Thickness was measured for each sample and Young’s modulus (E) was calcu-
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lated as the slope of the linear fitting of the first 0.5% of deformation. As described above, the 

probes were previously stabilized in a desiccator at RH=58%. The samples were tested immediately 

after the desiccator was opened (t=0), then exposed to the lab atmosphere (RH=45%), and tested 

again after 5 h. 

2.2.4 Data processing and statistical analysis 

Data were analyzed using two-way ANOVA with 95% confidence level (p < 0.05) and Tukey post-hoc 

test.  

3. Results and discussion 

The analysis of SEM, FTIR, and TGA-DTA is presented in the Supplementary Material. Briefly, SEM 

images show that starch granules were completely thermo-plasticized after the fabrication of TPS 

and TPS-CA films and a unique phase was observed; FTIR spectra reveal that increasing CA content 

leads to a higher esterification degree; TGA-DTA curves show a slight decrease of degradation tem-

peratures of starch for higher CA content. 

The main body of this paper was focused on the free volume properties of TPS-CA films and their 

relationship with water susceptibility and mechanical properties. The analysis of the results was di-

vided into two sub-sections: first, the influence of citric acid concentration on the hole sizes of the 

films stored at equilibrium conditions (RH=58%) is introduced (Section 3.1); then, the effect of water 

desorption on the hole sizes of the different materials is presented (Section 3.2). 

3.1 Influence of CA on the free hole volume of TPS-based films 

Table 2 presents the average ortho-Positronium lifetime values and their associated dispersions ob-

tained from the PALS spectra decompositions. Lifetime values varied slightly between the different 

thermoplastic starch samples, ranging from 1.65 to 1.67 ns. No significant differences (p < 0.05) 

were observed between the parameters characterizing TPS and TPS-CA films. However, a tendency 

to higher σo-Ps values was observed when increasing the citric acid concentration. 

 

Table 2. Mean lifetime values (𝜏𝑜−𝑃𝑠) with their associated dispersions (σo-Ps). The values are report-

ed as average ± standard error. 

 𝜏𝑜−𝑃𝑠 (ns) σo-Ps (ns) 

TPS 1.667 ± 0.008a 0.22 ± 0.02a 

TPS-CA1 1.648 ± 0.009a 0.24 ± 0.02a 

TPS-CA5 1.65 ± 0.01a 0.28 ± 0.02a 

Different letters within the same column indicate statistically significant differences (p < 0.05). 

 

Figure 1 presents the obtained distributions for the free hole volumes of the different TPS-based 

films. The mean value of hole volumes as a function of CA concentration is plotted in the inset. The 

most representative statistical parameters of the right-skewed distributions, which are mean, dis-

persion, mode, and left/right semi-widths at half height, are reported in Table 3. 

The mean hole volume of TPS film was ~70 Å3. The obtained value is within the range of other car-

bohydrates, even though there is no reported data on free volumes in thermoplastic starch films. For 

example, it has been reported hole volumes of 28-30 Å3 and ~47 Å3 for glassy and amorphous 

maltodextrin samples, respectively (Kilburn et al., 2004, 2005), values in the range 42-61 Å3 for 

maltodextrin-glycerol matrixes (Roussenova et al., 2010), and a mean hole volume of (37 ± 3) Å3 for 

hydrophobically-modified starch (Hughes et al., 2016). As described in the literature, the free hole 

volumes vary with plasticizers content, so it should be highlighted that the results reported in the 

present research correspond to thermoplastic starch films plasticized with sorbitol, glycerol, and 
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water in the ratios described before (Table 1, Section 2.1.2). 

The incorporation of CA modified the hole volume distribution. It was observed a tendency to lower 

values in the obtained ⟨𝑣ℎ⟩ when CA was incorporated in the formulations, although there were no 

significant differences (Table 3 and inset in Fig. 1). Moreover, the most probable value (mode) de-

creased with increasing CA content. The decrease in both values can be related to the ester bonding 

between citric acid and starch chains (Supplementary Material), which reduces chain mobility. On 

the other hand, the width of the hole volume distribution increases with increasing CA content, and 

there is a larger number of holes with volumes in the range of 100-140 Å3 in TPS-CA5. This effect 

could be related to the higher moisture content of this material, as will be discussed in Section 3.3. 

 
Figure 1. Hole volume probability distributions for the TPS (―), TPS-CA1 (―) and TPS-CA5 (―) films 

stabilized at RH=58%. The inset shows the mean value of the hole volume to CA concentration. In 

the inset, dashed lines are only eye guides. 

Table 3. Statistical parameters associated with the hole volume distributions for the TPS, TPS-CA1, 

and TPS-CA5 samples. 𝐻− and 𝐻+ are the left and right semi-widths at half height of the hole volume 

probability distributions, respectively. The values are reported as average ± standard error. 

 ⟨𝑣ℎ⟩ (Å
3) 𝜎ℎ(Å3) Mode (Å3) 𝐻− (Å3) 𝐻+ (Å3) 

TPS 70.1 ± 0.5a 19 ± 2a 64.3  ± 1.2a 18 ± 1a 24 ± 3a 

TPS-CA1 69 ± 1a 21 ± 2a 62.0 ± 1.5ab 19.5 ± 1a 26 ± 3a 

TPS-CA5 69 ± 1a 25 ± 2b 60.5 ± 1.5b 22 ± 1b 31 ± 2b 

Different letters within the same column indicate statistically significant differences (p < 0.05). 

 

3.2 Influence of the CA content and exposure time during water desorption on the free 

hole volume 

Figure 2 presents the mean hole volume evolution of the different samples during water desorption. 

In this set of experiments, the initial state corresponds to the stabilized samples characterized in the 

previous section (stabilized at RH=58%). Water acts as a plasticizer of thermoplastic starch, and the 

moisture loss leads to lower plasticizer content in the samples. Thus, the obtained results show 

structural changes as a consequence of the continuous decrease of the plasticizer content. All sam-

ples presented a systematic decrease of the mean hole volume with time, which stabilized after 100-

120 h. The asymptote represents the free hole volume of the samples at the new equilibrium state, 

which depends on the proposed relative humidity. It can be observed that the ⟨𝑣ℎ⟩ value corre-
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sponding to the equilibrium state at RH=20 has decreased with increasing CA concentration in the 

films. Besides, the kinetic of the process was slower in the TPS sample to TPS-CA1 and TPS-CA5 sam-

ples. 

 
Figure 2. Mean hole volume as a function of the elapsed time at RT and RH=20%. Dashed lines corre-

spond to the best fit of the experimental data using the KWW function. 

 

The experimental results of mean hole volume as a function of time were fitted with the Kohlrausch-
Williams-Watts (KWW) function:  
𝑣ℎ(𝑡)−𝑣ℎ

∞

𝑣ℎ
0−𝑣ℎ

∞ = 𝑒𝑥𝑝(− (
𝑡

𝑡𝑟
)
𝛽
)  , (10) 

where 𝑣ℎ(𝑡) is the hole volume measured at time 𝑡, 𝑣ℎ
0 is the hole volume at 𝑡 = 0 (equal to the 

mean hole volume determined previously, Section 3.1), 𝑣ℎ
∞ is the asymptotic hole volume value 

(equivalent to the equilibrium value), 𝑡𝑟 is the relaxation time, and 𝛽 is the exponent that character-

izes the kinetic process. The KWW function has been widely used to describe the relaxation phe-

nomena of the molecular mobility of polymers (Rabiei et al., 2016; Roggero et al., 2021). Generally, 

the heterogeneous dynamics of solid-state segmental regions lead to a distribution of relaxation 

times that are not well represented by a single exponential function. In this context, the exponent 𝛽 

of the KWW function characterizes the width of the spectrum of relaxation times. When 𝛽 = 1, the 

function turns a single exponential decay function, while smaller values are related to wider distribu-

tions of relaxation times, which indicates that different processes occur. 

The resulting parameters of fitting the experimental data with the KWW function are presented in 

Table 4. Particularly, the mean hole volume of TPS at equilibrium (RH=20%) turned out ~43 Å3, 

showing a ~37% decrease to the initial value (RH=58%, Table 3). Volume at equilibrium was signifi-

cantly lower in TPS-CA1 and TPS-CA5 to TPS, though there were no significant differences between 

the two TPS-CA films. Relaxation time was also significantly lower in TPS-CA1 and TPS-CA5 to TPS. A 

lower relaxation time indicates a faster decrease in the hole volume, which could be related to faster 

water desorption. The exponent β value was close to 1 for TPS films, showing that the kinetic of the 

hole volume during desorption is well-represented by a single exponential function. On the other 

hand, the exponent 𝛽 was slightly slower in TPS-CA1 and TPS-CA5 to TPS, suggesting that different 

processes occur during hole volume evolution. The lower β values obtained for the TPS-CA films to 

TPS film can be correlated with the wider distributions of the hole volume in these materials (Section 

3.1), as evidenced in the semi-widths at half height values (𝐻+, Table 3). 
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Table 4. Fitting parameters of mean hole volumes as a function of time (Fig. 2) using the KWW func-

tion. The values are reported as average ± standard error. 

 𝑣ℎ
0 (Å3) 𝑣ℎ

∞ (Å3) 𝑡𝑟(h) 𝛽 R2 

TPS 67.6 ± 0.3a 42.9 ± 0.4a 33 ± 1a 1.1 ± 0.1a 0.989 

TPS-CA1 66.0 ± 0.4b 39 ± 2b 20 ± 4b 0.7 ± 0.2b 0.888 

TPS-CA5 65.7 ± 0.4b 38.2 ± 0.9b 22 ± 2b 0.9 ± 0.1b 0.951 

Different letters within the same column indicate statistically significant differences (p < 0.05). 

 

Figure 3 presents the mean hole volume (𝑣0) measured at equilibrium (RH=58%, Table 3), and the 

asymptotic value (𝑣∞, RH=20%) to the citric acid concentration. It is noticeable that both parameters 

decrease similarly when increasing citric acid concentration. The most notorious differences in the 

values were found between TPS and TPS-CA1 films, while there were no significant differences be-

tween TPS-CA1 and TPS-CA5 films. Moreover, the decrease of 𝑣∞ was more pronounced that 𝑣0 

decrease, ranging from (42.9 ± 0.4) Å3 to (38.2 ± 0.9) Å3 in TPS and TPS-CA5 films, respectively. This 

result shows that the nano-structural changes are more significant for samples stabilized at low rela-

tive humidity, which could be availed for future studies on other thermoplastic starch-based films. 

 
Figure 3. Mean hole volume at different relative humidity RH=58% (𝑣ℎ

0: ●) and RH=20% (𝑣ℎ
∞:△) as a 

function of CA concentration. Dashed lines are visual guides. 

 

Figure 4 compares the hole volume distributions of the samples stabilized at RH=58% (reported pre-

viously in Fig. 1) with those corresponding to the samples stabilized at RH=20%. There was a system-

atic narrowing and shift to lower values of the hole volume distributions after water desorption and 

stabilization at lower relative humidity. In particular, the probability of hole volumes higher than 90 

Å3 is negligible in samples stabilized at RH=20%. According to these results, the loss of water mole-

cules during desorption leads to a more closed structure, which corresponds to less plasticized ma-

terials.  
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Figure 4. Hole volume probability distributions for the TPS-based films stabilized at RH=58% and 

RH=20%. 

 

3.3 Influence of the hole volume distributions on water susceptibility and mechanical 

properties of the films 

Table 5 presents water susceptibility parameters for the different materials. All films preserve their 

integrity after the assays and water solubility did not show significant differences between the de-

veloped materials (p < 0.05). The soluble fraction of the films could be related to the plasticizers 

(glycerol, sorbitol) that migrate to the water during immersion. On the other hand, MC depended on 

the CA concentration. TPS-CA1 presents a significantly lower MC value to TPS (p < 0.05). This differ-

ence could be a consequence of the lower mean free volume of nanoholes, as reported in Section 

3.1. Additionally, the ester bonds formed between citric acid and starch could diminish the relative 

amount of hydroxyl groups, leading to lower affinity with ambient humidity (see FTIR section in Sup-

plementary Material). However, TPS-CA5 shows a significantly higher value of MC to TPS and TPS-

CA1. On the one hand, the higher CA concentration could lead to higher free CA molecules migrating 

to the surface which increases water uptake. On the other hand, the water absorption was favoured 

by a more open structure of the network of this material, which was revealed in the free hole vol-

ume distribution as an increase of the larger holes (Section 3.1). In previous research, it has been 

demonstrated by low-field nuclear magnetic resonance that CA crosslinking of TPS films leads to an 

open network, which occurs because CA reacts with both starch and plasticizers (Gonzalez-Seligra et 

al., 2016).  

WVP did not show significant differences between TPS and TPS-CA1, but it was significantly higher in 

TPS-CA5. This result is consistent with the more open polymeric structure of this material. A similar 

effect was reported when incorporating 10% of CA in thermoplastic starch films obtained by casting 

method (González-Seligra et al., 2016). 

The analysis of water susceptibility of TPS-CA5 in comparison with TPS and TPS-CA1 agrees with the 

PALS results. The films with higher water content (TPS-CA5) would be more plasticized precisely be-

cause of water. In the hole volume distribution, water plasticization would increase the number of 

larger holes (100-140 Å3), which corresponds to a more open network in which water molecules 

diffusion results higher. 

 

Table 5. Water solubility, moisture content and water vapour permeability of the different TPS-
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based films. The values are reported as average ± standard error. 

 WS (%) MC (%) WVP (g m-1 s-1 Pa-1 x 10-10) 

TPS 24 ± 1a 20 ± 1a 3.5 ± 0.6a 

TPS-CA1 26 ± 3a 15 ± 1b  2.9 ± 0.6a 

TPS-CA5 22 ± 2a 29 ± 2c 8 ± 1b 

Different letters within the same column indicate statistically significant differences (p < 0.05). 

 

Free hole volume constitutes a nanostructural parameter of polymeric systems that can be correlat-

ed with several macroscopic properties; for example, the mechanical behaviour of thermoplastics 

varies with free hole volume (Blanco et al., 2009). In the present research, stress-strain tests were 

performed on TPS-based films immediately after removing the samples from the desiccator in which 

they were stabilized (RH=58%), and after 5 h of exposure to the laboratory atmosphere (RH=45%). 

Representative stress-strain curves are presented in Figure 5. Young’s modulus significantly in-

creased after exposure to the laboratory atmosphere. In particular, the increase was ~150%,  ~50% 

and ~260% for TPS, TPS-CA1 and TPS-CA5 films, respectively. On the other hand, for the same expo-

sure time, a decrease in the mean hole volume of ~4%, ~13%, and ~10% was observed for TPS, TPS-

CA1, and TPS-CA5, respectively. Considering these results, it can be concluded that there exists a 

correlation between the relative changes in Young's modulus and mean hole volumes: a larger de-

crease of ⟨𝑣ℎ⟩ corresponds to a larger increase in Young’s modulus. It is worth mentioning that uni-

axial tensile tests were performed at a strain rate in which the free hole volume is not expected to 

significantly change (each test takes less than 2 min).  

 
Fig. 5. Stress-strain curves obtained for the TPS (a), TPS-CA1 (b) and TPS-CA5 (c) films tested at con-

trolled RH (58%) and after an exposure time in a dried atmosphere of 5 h. 

Table 6. Young’s modulus (𝐸), stress at break (𝜎𝑏) and elongation at break (휀𝑏) of the TPS-based 

films stabilized at RH=58% (𝑡 = 0) and after exposure to labs atmosphere (𝑡 = 5ℎ). The values are 

reported as average ± standard error. 

 𝐸(𝑀𝑃𝑎) 𝜎𝑏(𝑀𝑃𝑎) 휀𝑏(%) 
 𝑡 = 0ℎ 𝑡 = 5ℎ 𝑡 = 0ℎ 𝑡 = 5ℎ 𝑡 = 0ℎ 𝑡 = 5ℎ 

TPS 34 ± 3a 85 ± 5a 2.6 ± 0.2a 3.3 ± 0.1a 47 ± 4a 17 ± 1a 

TPS-CA1 34 ± 2a 50 ± 4b 1.6 ± 0.3b 2.1 ± 0.1b 46 ± 3a 33 ± 5b 

TPS-CA5 17 ± 1b 62 ± 2c 1.9 ± 0.3b 3.4 ± 0.1a 78 ± 10b 58 ± 7c 

Different letters within the same column indicate statistically significant differences (p < 0.05). 

 

The mechanical properties of TPS-based films have been measured by many authors. When compar-

ing Young’s modulus values reported in the literature differences up to one order of magnitude are 

found. The present research might contribute to understanding the origin of the significant disper-

sion in the experimental values. Starch characteristics (such as source, amylopectin/amylose ratio, 
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and molecular weight) are intrinsic to each system and can lead to variability in the properties of the 

TPS-based films. However, a difference between the relative humidity at which the samples are 

stored to the relative humidity in which they are tested could be critical because the nanostructure 

changes as the plasticizer content do. The difference between relative humidity at storage and test-

ing leads to a humidity gradient which induces water molecules to migrate. Consequently, when 

performing mechanical properties tests on hygroscopic polymeric systems, it is necessary to know 

the relative humidity values during the storage of the samples and, also, throughout the mechanical 

tests. 

 

4. Conclusions 

This research demonstrates that the free volume properties of TPS films are susceptible to changes 

in moisture content and that the citric acid incorporation modifies the kinetics of the hole volume 

evolution during moisture conditioning. For stabilized samples, the distribution of hole volumes re-

sulted slightly differently. The incorporation of 5% (w/w) citric acid leads to a wider distribution, 

which was associated with the higher moisture content of the samples. Likewise, it was demonstrat-

ed that the hole volume distributions narrow with the loss of moisture in all the studied materials. 

The biggest challenge to using TPS-based films for technological applications is to gain control of the 

structural variations of the material under different atmospheric conditions. Despite the effect of 

moisture on free volume properties having already been studied, the previous research has focused 

on carbohydrate polymer samples stabilized at different relative humidity. In the present paper, it 

was possible to study the evolution of free volumes in samples stored under non-equilibrium mois-

ture conditions. An experimental arrangement in which the holes volumes are measured continu-

ously and in situ during water desorption was proposed. From the obtained results, CA incorporation 

into TPS modifies the hole volume distributions and also the hole volume evolution kinetics during 

water desorption. The proposed experiment could be suitable for studying other kinetic processes in 

similar materials, such as the retrogradation of starch. Besides, it could be suitable to study the sta-

bility of materials against relative humidity. 

Beyond the nanoscopic level, the results obtained in this paper are of utmost importance when deal-

ing with practical applications, especially those where the measurement times are long (for example, 

creep testing). Summarizing, from a careful study of the nanostructural evolution of polymer hygro-

scopic systems it is possible to shed light on the understanding of unexpected results of micro and 

macroscopic experimental mechanical parameters. 
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