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Abstract 

 

Retrogradation of amorphous thermoplastic starch (TPS) films obtained by compression 

moulding of spray dried amorphous powder was investigated. The aim of the work was to study the 

influence of malto-oligosaccharide molecular weight, i.e. dextrose equivalents (DE), on the 

performance of the powders and the films. Amorphous TPS films were obtained, irrespective of the 

additive used. At a relative humidity (RH) of 0 and 50% all samples maintained their amorphous 

nature while at RH100% retro-gradation was suppressed for all formulated starch films. It is shown 

that the rate of moisture uptake, and as a consequence, the rate of retro-gradation, depends on the 

molecular weight of the additive. FT-IR and TGA measurements proved a more effective 

interaction of starch with low molecular weight additives such as maltose and glucose syrup (DE 

38.2) than for the higher molecular weight maltodextrine (DE 19.1). 

 

Introduction 

 

The development of biopolymer based films has recently triggered a lot of research aimed at 

replacing synthetic, fossil carbon based, plastics [1]. Amongst these biopolymers, starches from 

different sources are considered as potential low cost renewable feedstock. Still, from a chemical 

product design point of view, there are a number of challenges that need to be addressed before 

thermoplastic starch based films can actually replace current materials. In an upstream view from 

the final product back to the natural resource, the first challenge is to formulate starches such that its 

familiar retro-gradation behaviour does not alter product performance in its functional use. 

Secondly, the desired film performance in terms of mechanical properties and moisture stability has 

to be achieved, and, finally, processing technology will be needed to handle and transform the 

highly crystalline and thermo-sensitive starches into their functional end-use shape.  

Native starch is a high molecular weight semi-crystalline polymer with crystalline domains 

present in the matrix which limits its processing [2]. A way to enable processing is to plasticize 

starches with low molecular weight additives such as water, urea, glycerol or sorbitol, and so far 

classic plastic processing technology (usually in the presence of water as solvent and co-plasticizer) 

such as tumble blending and extrusion or immediate extrusion blending has been applied to 

manufacture plasticized thermoplastic starches. The obtained blends still may contain some water in 

combination with low molecular weight additives or are used as “dry” starch-additives mixtures to 

manufacture films by solvent casting, compression moulding or film blowing.  

Upon ageing, however, these starch films suffer from modest to severe retro-gradation which 

alters film properties [3, 4]. During this process the starch polymeric chains rearrange and re-form 

crystalline domains [5] which results in an  increase in crystallinity, brittleness and modulus, and a 

decrease in strain and flexibility. Equally, establishing a low degree of crystallinity in starch films, 

by means of physical treatment, or the addition of additives, should help as a tool to steer the 

modulus-strain balance of the starch matrix [6]. Furthermore, water still present or absorbed from 

the immediate humid environment is known to act as a plasticizer in starch [7, 8] which again has a 

significant influence on retro-gradation. This water uptake strongly favours retro-gradation as it 

leads to increased starch chain mobility [2, 9, 10].    

From a product design point of view, it seems desirable to formulate and manufacture dry 

amorphous thermoplastic starches and to transform the obtained dry products into films under non-

humid conditions. Indeed, in our previous chapter [11] it has been shown that starches with different 
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amylopectin / amylose compositions can be spray-dried to produce nearly dry amorphous products 

from water-based solutions. In the reported work maltodextrine has been used to prevent losses by 

equipment contamination thus optimizing the processing yield. This addition of maltodextrine was 

based on its reported inability to act as plasticizer for starch [12] which allows for its use as 

processing aid and yield improver in the production of amorphous plasticized starches. 

Maltodextrines are obtained by the hydrolysis of starch and are marketed at different dextrose 

equivalent levels. Furthermore, maltodextrines may be classified as polyols and it has been shown 

that the effectiveness of polyols as starch plasticisers is related to their molecular weight and the 

ratio of end-to-total hydroxyl groups [10]. Against this backdrop a study has been carried out to 

investigate the potential effect of maltodextrine molecular weight (DE level) on its behaviour and 

general applicability as processing aid. Thermoplastic starch (TPS) films were obtained by 

compression molding of solution spray dried powders formulated with different types of 

maltodextrine. Different end-product properties of films and powders were investigated. Powder 

morphology, crystallinity, and thermal properties of spray dried powder were studied and analyzed 

by scanning electron microscopy (SEM), X-ray diffraction (XRD), differential scanning calorimetry 

(DSC) and thermal gravimetric analysis, respectively. FTIR was used to study the interaction 

between starch and additives, and retrogradation, water uptake at different humidity levels and 

mechanical properties of thermoplastic starch films were studied by X-ray diffraction (XRD), 

weight measurement and tensile testing, respectively. 

 

Materials and methods 

 

Materials 

 

Oxidized amylopectin from potato starch (moisture content 15%) was kindly supplied by 

AVEBE (the Netherlands). Maltose solution was purchased from Sigma-Aldrich. Dried glucose 

syrup (DE 38.2) and maltodextrin (DE 19.1) were kindly supplied by Cargill (France). Applied code 

names are depicted in Table 1. The molecular weight (MW) for glucose syrup and maltodextrin was 

calculated using equations described by Rong et al. [13]. The DE values were obtained from the 

product specifications form. 

 

Table 1 

Code names, corresponding description, and plasticizers molecular weight (MW). 

 

Code Description MW [g/mol] 

U.S Feedstock material - 

S.D Spray dried starch - 

M.P.S 30% maltose plasticized starch 342 

GS.P.S 30% glucose syrup (DE 38.2) plasticized starch 471 

MD.P.S 30% maltodextrin (DE 19.1) plasticized starch 943 
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Preparation of TPS-powder 

 

An aqueous solution of starch was prepared using 15% (w/w) of oxidized starch and 30% (w/w 

based on starch) of additive (19.5% total solids), which was heated at  95 °C for 25 minutes 

applying a stirring rate of 600 RPM.  

 The obtained solution was fed to a Büchi mini spray drier B-191 equipped with a 0.7 mm 

nozzle. The outlet temperature of the spray drier cannot be set with a temperature regulator. 

Therefore, a combination of inlet temperature, aspirator speed, air flow and pump speed must be 

used for controlling the outlet temperature [14]. The airflow was maintained at 600 l/hr at an inlet 

temperature of 150 °C and 75% aspirator speed. The product was collected from the sample 

collector. Any powder that remained in the cyclone was discarded. 

 

Preparation of TPS-films 

 

TPS films (Ø10 mm x 0.5 mm) were obtained by compression moulding the TPS powder, using 

a Fontijne Holland Table Press TH400. The pressure was progressively applied up to 10 bars after 

which the sample was compressed at 25 bars for 5 minutes. The moulding temperature for all 

samples was 140 °C. (At lower temperatures the powder did not flow; at higher temperatures 

significant material degradation was observed). 

  

Thermal Gravimetric Analysis (TGA)  

  

Open pan TGA was performed in a Perkin Elmer TGA. Samples of 7.5-10 mg were tested from 

25 °C to 900 °C applying a heating rate of 25 °C/min. The derivative of the weight loss curve was 

determined using the software program Origin 8.1, yielding the DTGA-curve. The decomposition 

temperature (Tdec) was determined using the method applied by Soliman et al. [15]. 

 

Differential Scanning Calorimetry (DSC) 

  

The samples were evaluated for the presence of a glass transition temperature (Tg) by DSC 

measurements, using a DSC-60 Shimadzu Co. Prior to analysis a reference was constructed using an 

empty aluminium pan. Samples were scanned at a rate of 10°C/min from 10-200 °C. Open pan 

measurement was performed in order to remove any remaining water from all samples in the first 

run. 

 

Fourier Transform Infrared Spectroscopy (FT-IR) 

 

FT-IR analyses were performed to investigate any structural changes which occurred because 

of solution spray drying. Furthermore FT-IR provides insight in the interactions between additive 

and starch molecules. The spectra were recorded using a Perkin Elmer FT-IR spectrometer 2000 

equipped with an attenuated total reflection (ATR) unit. For each spectrum 32 consecutive scans at 

4 cm
-1

 resolution were averaged. All analyses were performed at ambient temperature. 
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X-Ray Diffraction (XRD) 

 

The crystalline structure of the spray dried powders and films was studied using XRD. A 

Bruker D8 equipped with Cu radiation exhibiting a wavelength of 1.5418 Å was used to record 

diffractograms from 5° 2θ to 40° 2θ. A step size of 0.02°
 
2θ using a scan speed of 2 s/step was 

employed. The system was operated at 40 kV and 40 mA. Powder was analyzed using a sample 

holder with a sample compartment of Ø25 mm x 2.0 mm. TPS films were analyzed using an 

adjustable sample holder.  

 

Retrogradation and Moisture Uptake 

 

Retrogradation was studied by storing the starch films (Ø10 mm x 0.5 mm) at three different 

relative humidity levels: 0% (dried silica), 50% (35.64% of CaCl2 solution) and 100% (distilled 

water). The samples were analyzed by XRD for changes in crystallinity at day 0 (directly after 

production) and after 7, 14, 28 and 56 days. Identical conditions were used as described in section 

on X-ray diffraction. 

 The degree of crystallinity was determined using the method described by Wang et al. [16].  

The software program Origin 8.1 was used for integrating the peaks. The crystalline area was 

measured between 12° - 31°. The total area was the area under the curve from 12° to 40° in the 

XRD spectrum. 

The study moisture uptake of films, stored at 0, 50 and 100% RH was gravimetrically analyzed. 

Measurements were taken every day during the first seven days. Hereafter measurements were 

performed at day 14, 21, 28, and 56. Moisture uptake of the films was determined using equation 1 

[17].  

 

%100
0,

0,,

day

daynday

weight

weightweight
uptakemoisture     (Eq. 1) 

  

The subscript ‘day,n’ denotes the weight at the day of measurement, ‘day,0’ indicates the 

weight directly after film making. Moisture sorption data were fitted according to the Peleg model 

[18]. 

 

       (Eq. 2) 

 

Where Mt is the moisture content at time t, M0 is the initial moisture content and k1 is the Peleg 

rate constant [t/(g water/g solids)] and k2 is the Peleg capacity constant (g solids/g water) [19]. 

 

Mechanical Testing 

 

The mechanical properties of the TPS films were measured using an Instron 4301 tensile tester 

in accordance with ASTM D1708. The crosshead speed used was 10 mm/min. Before measurement 

the test specimens were conditioned at RH = 100% for 24 hours. In order to increase research 

validity at least 7 specimens were tested for each sample. 
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Powder recovery 

 

Powder recovery is an important consideration for all processing operations. Hanus et al. (2007) 

defines yield from a spray-drying operation as “the ratio of the actual amount of solid powder 

produced to the maximum amount of powder achievable” [20]. The yield was calculated as the ratio 

of the amount of product obtained over the amount of starch and additive used as input material 

(Equation 3). 

 

%100
rplasticizestarch

product

weightweight

weight
Yield

                     

   (Eq. 3) 

 

Scanning Electron Microscopy (SEM) 

 

SEM micrographs were taken to acquire insight in the morphology of the spray dried 

particles. A Jeol 6320 F Scanning Electron Microscope was used. The applied accelerating voltage 

for measurement was 3.0 kV. Before analysis, the samples were covered with a thin 

palladium/platinum conductive layer created with a Cressington 208 sputter coater. 

 

Results and discussion 

 

As described in previous chapter [11], amorphous TPS was produced via solution spray drying. 

Maltodextrin (DE-16) was used as a processing aid to control dryer fouling and minimize the 

stickiness of the product [2, 21]. In this chapter, we used maltodextrins of different molecular 

weights to evaluate whether they act as processing aid or as plasticizer.  According to Adeodato et 

al. (2011) a plasticizer can be defined as “a substance or material incorporated in a material (usually 

a plastic or elastomer) to increase its flexibility, workability, or distensibility” [1]. On the basis of 

previous studies which showed that the interaction between biopolymers and plasticisers (i.e. 

polyols and other low molecular weight, strongly hydrogen bonding additives) is related to their 

molecular weight and the potential to diffuse into and interact with the polymer backbone [8, 10, 

22], it is to be expected that maltodextrins also will show starch interaction that is related to the size 

of the molecule. As maltodextrines are reported to interact strongly with amylose structures in the 

formulation, differences in interaction are expected leading to differences in rate of retrogradation, 

rate of moisture uptake, temperature and rate of thermal decomposition and mechanical properties.   

 

Thermal properties 

  

The results of thermal properties are summarized in Table 2 and Figure 1. The spray-dried 

unmodified sample (S.D) differed from the formulated samples and was taken as reference sample. 

Only one single peak was observed for the decomposition of starch around 294 °C. All formulated 

samples were thermally stable up to a temperature of 278 °C.  

Overall the curves are characterized by three sections. The first weight loss is ascribed to loss of 

water. All samples showed this loss of water up to 110 °C (section a). Subsequently decomposition 

because of additive addition occurred (section b1). Hereafter degradation of starch and any 

remaining additive is observed (b2). Finally carbonaceous residues were formed in the propagation 

(a) 

(b) 
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zone (c) [15, 23]. Upon addition of maltose, glucose syrup or maltodextrin the thermal stability of 

the samples only marginally changed as compared to S.D (Table 2). Furthermore section b1 in the 

DTGA-curve becomes smaller with increasing molecular weight of the additives (Figure 1). M.P.S 

showed a maximum weight loss of 16.9%, whereas MD.P.S with the highest molecular weight 

showed a weight loss of 9.7%. This was ascribed to increasing structural resemblance of the starch 

chains and the additive, and reduced volatility with the increase in molecular weight. 

The threshold decomposition temperature (Tdec, b2) gives an indication of the highest feasible 

processing temperature. It was found that the addition of malto-oligosaccharides with different 

molecular weight slightly changed the Tdec; a lower molecular weight for the additive results is a 

lower Tdec. It could be ascribed to better miscibility of low molecular weight maltodextrin with the 

starch matrix (as shown in FTIR analysis). However, no Tg could be measured for any of the 

formulations. In DSC analysis all samples decomposed before showing a glass transition. Hence, 

the interaction of maltose, glucose syrup and maltodextrin with starch cannot be interpreted as a 

plasticizing effect. According to literature, Tg is connected to the molecular weight of a plasticizer. 

Dufresne et al. (2002) reported a linear relationship for the Tg of solution casted waxy maize starch 

films formulated with polyols of different molecular weights. With an increase in molecular weight, 

the degree of plasticizer interaction with the starch chains decreased and the plasticizing effect was 

lower at the same plasticizer contents. In other words, a decrease in plasticizer molecular weight 

results in better interaction and miscibility and a lower Tg at the same humidity conditions [10]. 

 

 
 
Figure 1 TGA (—) and DTGA-curves (----) for (a) S.D (b) M.P.S, (c) GS.P.S and (d) MD.P.S. 
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FT-IR analyses 

 

FT-IR analyses were performed to gain increased understanding of the interactions between the 

used additives and starch (Table 3). When interactions between starch and additives occur, a shift in 

absorption bands should be seen in FTIR. A red-shift will occur for stretching vibrations of O-H, C-

O and C=O bonds. Hydrogen bonding interactions will lead to bond elongation, leading to lower 

stretching vibrations [24, 25]. 

Absorption bands for the formulated samples will be described using the feedstock (U.S) 

spectrum as the reference. The U.S spectrum showed a broad band at 3263 cm
-1

 which was 

attributed to hydrogen bonded hydroxyl groups (O-H stretching) (Table 3). This band is associated 

with free, inter- and intra-molecular bonded hydroxyl groups [26, 27]. The peak at 2922 cm
-1

 

corresponded to C-H stretching from CH2. The bands at 1646 cm
-1 

and 1339 cm
-1

 were assigned to 

O-H and C-H bending, respectively [28]. The absorption peaks at 1149 cm
-1

 and 1076 cm
-1

 were 

attributed to stretching vibrations of C-O in C-OH groups [29, 30]. C-O stretching in C-O-C groups 

was ascribed to absorption at 996 cm
-1 

[27, 31].
 
The C=O stretching vibration was overlapping with 

the bending vibration of water, because the used starch was only mildly oxidized [32].  

Comparing the spectrum of U.S and S.D, it can be seen that the interactions with O-H, C-O-H 

and C-O-C changed as a result of spray-drying. Reduction in crystallinity and low water contents 

can be the reason for these changes [33, 34]. 

 The spectra for the formulated samples were in line with literature and absorption at 1019 cm
-1

 

was clearly visible for all spray-dried samples, indicating low crystallinity samples [34]. Comparing 

the samples it can be found that the O-H stretching vibration decreased from 3310 cm
-1

 (S.D) to 

3270 cm
-1

 (M.P.S) with decreasing maltodextrine molecular weight. Hence, smaller molecules gave 

rise to increased interactions with starch. This was attributed to the fact that smaller molecules can 

migrate more easily between the starch chains. Furthermore, larger additive molecules led to lesser 

interactions with starch because of spatial issues. Hence, the number of hydroxyl groups that 

interact with starch hydroxyl groups per repeating unit was higher for smaller molecules. Other 

studies on amorphous sugar matrices postulated that in the glassy state molecular packing is looser 

for larger oligomers [35, 36]. Imamura et al. (2006) reported the relationship between Tg and the 

nature of hydrogen bonds in a variety of disaccharides and larger sugar glasses using FTIR. They 

concluded that in larger molecules, chain mobility was restricted due to the presence of numerous 

glycosidic bonds which interferes with the formation of intermolecular hydrogen bonds [37]. This 

also explains that smaller molecules gave rise to increased interactions in FT-IR. Ma et al. (2004) 

studied plasticizers containing amide groups for TPS films and reported that formamide gave better 

hydrogen-bonding interaction with starch when compared to acetamide with the same amide group 

but a higher molecular weight [26] and therefore a more bulky molecule.  
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Table 2 

Degree of crystallinity, moisture uptake, thermal and mechanical properties of TPS film. 
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Heartwin et al. (2008) investigated the effect of extrusion temperature and plasticizers on the 

physical and functional properties of starch films. It was concluded that hydrogen bond interaction 

of starch within the blends was inversely related to the molecular size of the plasticizer [28]. 

Therefore, smaller molecules formed more/stronger hydrogen bonding interactions with starch 

based on FTIR analysis. 

 

Table 3 

FT-IR absorption bands of the studied samples. 

Samples 

Wavelength [cm
-1

] 

3310-3270 1019-1017 

U.S 3262 996 

M.P.S 3270 1019 

GS.P.S 3294 1019 

MD.P.S 3309 1017 

S.D 3310 1019 

 

 

Crystallinity of freshly prepared TPS powder and films 

 

The X-ray diffraction patterns of TPS powder and films, processed with maltodextrin of 

different molecular weight, are shown in Figure 2. XRD analysis showed that all spray dried 

powders were amorphous (Figure 2a). The B- and V-type crystalline peaks at 2θ=17.2°, 19.6°, 22.3° 

and 23.6° in U.S were completely absent after solution spray drying [33, 38]. In thermoplastic 

processing, maltodextrin blends with the starch molecules and destructs the crystal structure by 

replacing the intermolecular and intramolecular hydrogen bonds between the starch chains. It was 

found that the films based on spray-dried material with and without maltodextrin were totally 

amorphous (i.e. S.D and formulated analogues) and had low moisture contents. That was attributed 

to the fact that the short drying times attained in solution spray drying disabled the reallocation of 

starch chains into crystal lattices and gave rise to amorphous powder and films.  

In our previous study maltodextrin (DE=16) was used for the production of amorphous TPS 

powder which also showed a non-crystalline pattern for the spray dried corn starch solution powder. 

In line with previous results, the fast solidification and cooling of dissolved starch inhibits 

crystallization to produce amorphous materials independent of molecular weight and size of 

additive used [11]. 

All fresh prepared films were hazy and amorphous (Figure 2b). Hence, the addition of maltose, 

glucose syrup (DE 38.2) and maltodextrin (DE 19.1) did not hinder the formation of amorphous 

starch films. Furthermore compression moulding did not lead to retro-gradation and the return of 

starch crystallinity. 
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Figure 2 X-ray diffractograms of (a) solution spray dried powders and (b) freshly prepared starch films. 

 

Retrogradation and moisture uptake 

  

 Starch films are known to undergo structural changes during storage at different humidity 

conditions, and recrystallize with passage of time due to the metastable and non-equilibrium system. 

Therefore, film retrogradation was studied at various humidity conditions by XRD for 56 days 

(Figure 3). The U.S line corresponds to the degree of crystallinity present in the feedstock material. 

The rearrangement of amorphous starch chains is influenced by water [10]. Therefore relative 

weight changes during storage were also measured and reported (Figure 3). Retrogradation of 

M.P.S, GS.P.S and MD.P.S stored at RH0% and RH50% showed no significant differences in 

degree of crystallinity (Figure 3). Due to the low water content of the films stored at RH0%, starch 

chains remained immobile, preventing retrogradation (Figure 3). Additionally, because of the low 

moisture contents, the films remained brittle. Films stored at 50% humidity showed a more flexible 

behaviour upon storage as compared to films stored at RH0%, attributed to water plasticizing the 

TPS films. However, also at 50% RH no significant crystal formation was observed after 56 days.  

XRD analyses of films stored at RH100% showed that the majority of crystallization occurred 

within the first seven days (Figure 3). This is in line with the moisture uptake which was also most 

pronounced during the first seven days, indicating major molecular rearrangements occurred in 

conjunction with initial wetting (Figure 3). M.P.S, GS.P.S and MD.P.S showed a lower degree of 

crystallinity as compared to the U.S feedstock and S.D.  

Hence the used additives, delayed TPS film retrogradation. Starch mixed with maltodextrine 

(MD.P.S) showed the highest degree of crystallinity for the formulated samples. Limited hydrogen 

bonding between maltodextrin and starch explains these higher retrogradation rates. M.P.S and 

GS.P.S showed comparable results, indicating that lower molecular weight molecules were more 

effective in preventing retrogradation. Smaller molecules are likely to have a higher ratio of 

hydrogen bonded groups with starch, because of the lower molecular weight. FT-IR showed a larger 

interaction in the order of M.P.S > GS.P.S > MD.P.S.  

At RH100% the plasticizer effect of water gives rise to retrogradation of starch chains, favoured 

by the plasticization effect of water [10]. So higher retrogradation rates were expected and indeed 

measured at higher relative humidity conditions. 
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Figure 3 Degree of crystallinity and relative weight changes at different relative humidity levels of processed 

films. 

 

To improve the examination about water sorption performance at 100% RH, the moisture 

uptake data at different times were fitted using Equation 2 (Figure 4) [18]. The Peleg parameters 

[18], k1 and k2 are shown in Table 4. The constants k1 and k2 are related to mass transfer and 

maximum water adsorption capacity, respectively. Low values for k1 and k2 correspond to a high 

initial water adsorption rate and a high adsorption capacity, respectively [19]. The regression 

coefficient were found to be very high in all cases (R
2
 > 0.99). k1 values showed a linear relation 

with the molecular weight of the plasticizers. It increases with increase in molecular weight and 

M.PS had the lowest k1 value followed by GS.P.S. The absence of hygroscopic additives in S.D 

resulted in the lowest value for the initial absorption rate, i.e. the highest k1 value. M.PS had the 

highest water sorption for the first 7 days. MD.PS and S.D had lowest and similar k2 values (Figure 
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4), and consequently, the highest equilibrium moisture absorption. This model suggests that the 

miscibility of additives with the different fractions of the starch mixture depends on their molecular 

weight. 

 

Table 4 

Constant values (k1 and k2) and coefficient of determination (R
2
) for sorption curve equations 

(Peleg model)
a
 of TPS films at 100RH. 

Sample M0 k1 k2 R
2
 

S.D 5.19 4.2*10
-2

 1.4*10
-2

 0.997 

M.P.S 4.3 1.3* 10
-2

 1.9* 10
-2

 0.999 

GS.P.S 2.9 2.4*10
-2

 1.5*10
-2

 0.999 

MD.P.S 2 2.8*10
-2

 1.4*10
-2

 0.999 

a
Mt=M0+(t/k1+k2t), k1 in t/(g water/g solids) and k2 in g of solid/g water 

 

 
 

Figure 4 Water sorption performance at 100% RH fitted using Peleg model (X7 and X56 are the degree of 

crystallinity at day 7 and 56, respectively). 

 

Ma et al. (2004) explained the effect of amide groups as plasticizer for TPS films and reported 

that films containing formamide, with its smaller molecular weight than acetamide but with the 

same amide functionality, suppress the retrogradation of TPS films [26]. A lower molecular weight 

additive is therefore better suited and capable of hindering starch retrogradation. The retrogradation 

of TPS films was significantly dependent on the hydrogen bond-forming abilities of additives with 

starch molecules. In short, the stronger the hydrogen bond between starch and additive, the more 

difficult it is for starch to recrystallize. Low molecular weight additive have better ability to 

suppress the retrogradation because of high hydrogen bonding strength. 
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Mechanical properties 

 

Mechanical properties are important to evaluate strength and the ability of films to withstand 

external disturbance. The mechanical behaviour of the TPS films is shown in Figure 5 and Table 2. 

Mechanical properties of films without additive could not be determined because of  the rigidity and 

brittleness of the films. 

 M.P.S, GS.P.S and MD.P.S showed brittle characteristics. The oligosaccharides, due to their 

molecular size, were to a lesser extend capable of disrupting hydrogen bonds between starch 

molecules resulting in more brittle film properties. The larger relative standard deviation for the 

oligosaccharide containing samples can be explained by the absence of sufficient plasticization. 

Therefore, limited flow occurred during sample production giving rise to less homogeneity and 

higher variations. The Young’s modulus decreased with increasing molecular size with a concurrent 

increase in elasticity of films. MD.P.S had high strain at break as compared to low molecular weight 

plasticized samples i.e. M.P.S and GS.P.S. 

 

 
 

Figure 5 Mechanical properties of the produced TPS films (Samples were conditioned at 100% RH for 1 day 

before mechanical testing). 

 

 The results were in line with work reported by Riku et al. (2007) on solution casted TPS films 

plasticized with various polyols. Glycerol, as the lowest molecular weight additive showed the 

highest tensile strength when compared to xylitol and sorbitol at all three humidity conditions i.e. 

RH33%, RH54%, and RH76% [8].   

 M.P.S and GS.P.S did not show significant difference in mechanical properties and had similar 

tensile characteristics due to the small difference in molecular size of the additives. Tensile 

properties are slightly better for TPS films made with low molecular weight additives which have a 

higher ability to undergo hydrogen bond interaction with the starch chains.  

 

 

 

 



Spray drying thermoplastic starch formulations 

67 | P a g e  

 

Powder recovery 

  

Powder recovery or yield is an important factor for all processing operations. Spray dryer yield 

is known to reduce due to the deposition of powder on the walls. A low yield decreases the 

efficiency and profitability of an operation [20]. In spray drying, many factors affect the recovery of 

powder such as operating parameters, solution properties (whey and sugar components), and 

amount and type of additive used [20]. For the solution preparation method, the additive level and 

the drying conditions were kept constant for all samples, and the powder recovery depended only on 

the nature of the additive. So the main loss of product was expected to occur due to particle 

deposition on the wall of spray dryer. S.D was taken as reference sample and showed a maximum 

yield of 76%. The formulated samples showed a high yield and a range of 3-4 % for the standard 

deviation obtained from 5-8 batches. MD.P.S with highest molecular weight additive showed 74.9% 

(±3.5) powder recovery, and M.P.S with the lowest molecular weight additive gave 70.3% (±4) 

powder recovery.  

 In spray drying the major losses occur due to stickiness of the powder to the drying chamber 

and one of the important parameter effecting stickiness is Tg. When the inlet temperature is higher 

than the Tg, the particles exist in a rubbery and sticky state [5]. Here the samples did not show a Tg 

and the processing temperature was lower than the initial decomposition temperature of all the 

formulations. 

 

Morphological characterization 

 

Surface morphology of TPS powder granules was examined by using SEM. Figure 6 shows the 

morphology of untreated starch and the solution spray dried powder samples. U.S was the reference 

sample and exhibits a similar morphology as shown in previous chapter [11]. 

 The feedstock U.S material exhibited spherical and oval shaped particles of irregular sizes. The 

surface of the particles was homogeneous. Visibly different particle morphology was observed after 

solution spray drying. Particles were also spherical in nature however they contained dents, which 

are typical for spray dried powders [39, 40]. The drying sequence determines the degree of 

shrinkage [5, 41]. During spray drying, the surface of the droplet is first covered by the formation of 

a ‘skin’, leaving the remaining liquid trapped inside. Further drying decreased the particle size as 

the liquid diffused through the dried surface. Hereby dents in the particle surface emerged. 

More importantly, S.D and all formulated solution spray dried samples showed a similar 

appearance (Figure 6). There was no noticeable difference in morphology between the samples. 

Hence, the difference in additive molecular weight did not lead to visible differences in 

morphology. 
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Figure 6 SEM micrographs of (a) U.S, (b) S.D, (c) M.P.S, (d) GS.P.S, (e) MD.P.S. 

 

Conclusion 

 

The effect of adding oligo-saccharides as processing aids and plasticizers in the formulation 

process to thermoplastic starch were studied. Maltodextrins of different molecular weight were used 

as additives and tested to understand whether they act as plasticizer or processing aid during 

production of TPS films acquired by compression moulding of solution spray dried powder.  

The meso-scale properties did not show any molecular interaction between starch and 

plasticizers. Product yield, the amorphous nature of powder and films, morphology and mechanical 

properties were similar for all three additives despite the different molecular weights. Product yields 

were high and within a narrow standard deviation range. All freshly produced powder and films 

were amorphous. Morphology of all powder samples was similar and the degree of shrinkage was 

high. The materials showed quite brittle behaviour for all samples and tensile tests showed a wide 

spread. 

At nano-scale the observed data showed differences caused by the spread in molecular weight 

of the additives. Starch chain interaction, decomposition temperature Tdec, the rate of retrogradation, 

and water uptake of the films were affected by the differences in molecular weight. FT-IR analysis 

confirmed that interactions between starch and additive were in the order of M.P.S > GS.P.S > 

MD.P.S. Retrogradation of amorphous TPS films was most significant at RH100%. It was found 

that smaller molecules were more effective in retarding retrogradation. The rate of retrogradation at 

RH100% was in the order MD.P.S > GS.P.S and M.P.S. Thermal analysis showed that all samples 
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were stable up to 275 °C while the decomposition temperature Tdec was directly related to the 

molecular weight of the additive. 

Furthermore, maltodextrins of different molecular weights did not act as plasticizers for TPS 

films but showed to be effective processing aids for spray drying and product yield.  
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