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Abstract 

 

As introduction to this thesis, this chapter provides a general overview on starch properties, 

chemical and physical modification techniques and the applications of starch with emphasis on 

thermoplastic starch (TPS). The use of plasticizers to process starch as thermoplastic polymer and 

the formulation of starch with other polymers are highlighted. Traditional plastic processing 

techniques used for TPS will be discussed and the use of “spray-drying” as a method to produce 

“dry” plasticized starch will be introduced. Finally, an outline of this thesis is presented. 

 

Content and Aim of the Thesis 

 

The extraction of starch from agricultural products, its conversion into technical and consumer 

products, and the application of these products may be considered as one of the oldest branches of 

the chemical industry. At present, the global production of starches and starch products is reported 

to be around 70 million tons/year and commercial products containing starch or starch derivatives 

are found in almost every chemical product sector [1].  

Over the years a lot of know-how has been collected and extensive reviews covering technical 

and scientific aspects of starches obtained from different resources have been issued. Reviews [2-4]  

and books [5-7] cover the macro-level elements related the extraction, processing and modification 

of the different starches at commercial scale, the meso-level ones connected to product performance 

in applications, and also the micro-level aspects related to molecular structure and biosynthesis. 

However, well developed “resource-processing-product performance relationships” to support the 

development of new starch applications are still absent, with the result that new product 

development continues to be done on experience-based heuristics combined with trial-and-error 

experimentation. The work described in this thesis aims to contribute to the establishment of 

“resource-processing-product performance relationships” to support the development of novel 

product applications based on thermoplastic starch (TPS). TPS is chosen because the development 

of starch-based applications such as biodegradable packaging attracts a lot of research.  

As an introduction for the topics discussed in this thesis, this chapter presents a summary of 

required background such as basic starch characteristics, pathways to modify starches and the basic 

processing technologies. The chapter closes with an overview of the thesis covering the contents of 

the different chapters.  

 

Starch 

 

Starch is a natural glucose-based polymer that generally is considered as a potential candidate 

for future biodegradable polymer products. Starch, as extracted from various plant tissues, is 

obtained in the form of granules with typical particle sizes between 1-100 microns [8] and the shape 

and size of the granules depend on the resource [9, 10]. These granules are present in the 

chloroplasts of green leaves and in the amyloplasts of storage organs such as seeds and tubers [11]. 

Granules are in fact insoluble in cold water but swell, and form a gel if the outer membrane has 

been broken by grinding. On the other hand, if a granule is treated in warm water, a soluble portion 

of the starch diffuses through the granule wall and the remainder of the granules swells to such an 

extent that they burst [10].  
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Starch is important for human nutrition. However, its nutritional value depends on its primary 

composition, physical structure and subsequent processing [9]. The most important sources for 

starches are corn, potato and cassava [12]. In 2008, the worldwide production of starch was 

estimated to be around 66 million tons [13]. The USA is at the top in the production of starch, 

Europe and Asia follow as second and third, respectively [14].  

Starch is a versatile and useful polymer not only because it is low cost and obtained from 

natural resources, but also because its physicochemical properties can be altered through chemical 

or enzymatic modification. Thus, starches receive extensive attention in food research [15], as, for 

example, in Western Europe approximately two thirds of the production is used in the food and 

beverage industry. It is directly applied as thickener in sauces, custards and desserts and can, after 

enzymatic hydrolysis, be used as sweetener in drinks and confectionery. Starch is also important for 

non-food purposes as the remaining one third of total starch is used in processes like sizing of paper 

and board, and as adhesives in the paper, packaging and textile industries. Polyols, cyclodextrins, 

fructose, antibiotics and related compounds are obtained from starch via various fermentation 

processes [13].  

 

Chemical and physical properties of starch 

 

Starch mainly consists of two different polysaccharides: amylose and amylopectin, but the ratio 

of these two strongly varies depending on the starch source. Small amounts of lipids and proteins 

are also present in the starch granules [2].  

Amylose is a predominantly linear chain of D-glucose units linked together by α-1, -4 bonds 

(Figure 1). The length of the amylose chain is not the same for every source; it varies among 

different plant species but usually ranges between 10
2
 to 10

4
 glucose units [16].  

Amylopectin consists of short chains of, on the average, 20 to 30 α-1,4 linked D-glucose units 

which are branched by α-1,6 bonds (Figure 1). Usually it ranges to 10
4
 to 10

5
 glucose units [16].  

 

 
Figure 1 Linear and branched starch polymers (reproduced with permission of the publisher) [7]. 
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The relative percentage of amylose and amylopectin in most common types of cereal 

endosperm starches ranges between 72 and 82 % amylopectin, and 18 and 28 % amylose. However, 

some mutant genotypes of maize (Zeamays), barley (Hordeum vulgare), and rice (Oryza sativa) 

contain as much as 70%, amylose whereas other genotypes, called waxy, contain less than 1% 

(maize, barley, rice, sorghum) [17].  

Starch is insoluble in cold water, but is very hygroscopic and binds water reversibly. Heating 

starch in water leads to loss of hydrogen bonding in the interior of the starch granule and the starch 

will start to gelatinize. The starch granules will rapidly swell to many times its original volume. The 

gelatinization temperature range can be defined as the temperature at which granular swelling 

begins until the temperature at which nearly 100% of the granules are gelatinized [18]. 

Physically, most native starches having a crystallinity of about 20-40%. They are classified as 

semi crystalline [19]. The amorphous regions consist of amylose and the branching points of 

amylopectin. The main crystalline components in granular starch are short-branched chains in the 

amylopectin. The crystalline regions are present in the form of double helices with a length of ~ 5 

nm.  

 

Modification of starch 

 

Apart from the immediate use as food, native starch has a limited range of applications. This is 

due to its unfavorable properties like uncontrolled and high viscosity, its tendency to retrogradate, 

the insolubility in cold water, and the pronounced brittleness of processed materials [3, 15, 20]. As a 

consequence, native starches are often modified chemically or physically in order to change and 

improve product properties. Modification alters the starch structure and affects the hydrogen 

bonding in a controllable manner to enhance and extend its application. It is remarkable that many 

of the modifications can be executed at the molecular level, without significantly changing the 

superficial appearance of the granule [7]. Well-known chemical and biochemical modifications are 

described below and represented schematically in Figure 2. 

 

Cross-linking 

 

In the starch industry, cross-linking is one of the most important chemical modifications. The 

weak hydrogen bonding between starch chains is replaced by stronger, more permanent, covalent 

bonds.  The majority of the glucose units in starch contain two secondary and one primary hydroxyl 

group, which can react easily with a wide range of compounds such as acid anhydrides, organic 

chloro-compounds, aldehydes, epoxy, and ethylenic compounds. Covalent bonding or cross-linking 

is more permanent in nature, so only a small degree is required to produce beneficial effects: 

typically one cross-link per 100-3000 anhydroglucose units of starch. Starch becomes more resistant 

to gelatinization as the number of cross-links increases. Consequently, solubility of the cross-linked 

starch derivatives in water is reduced and results in a higher freeze thaw stability, and a higher acid, 

heat, and shear stability. Also a lower tendency for retrogradation and gelatinization, and higher 

viscosity over their parent native starches [3, 20, 21] has been reported. The cross-linked starches 

have found many useful applications, especially in the food, paper, textile, and adhesive industry [3, 

22].  
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Figure 2 Chemical and biochemical modifications of starch (reproduced with permission of the publisher) [7]. 

 

Stabilization and Lipophilic Substitution 

 

Stabilization is used in conjunction with cross-linking. It is done to prevent retrogradation and 

to increase the tolerance of starch to temperature fluctuations such as freeze-thaw cycles. 

Consequently, it helps to improve the shelf life of starch products.  In this modification bulky 

groups, such as octenylsuccinate [7] , are substituted onto the starch in order to take up space and 

prevent dispersed, linear fragments to re-align and retrograde. The number and nature of the 

substituted group determines the effectiveness of stabilization. The number of substituents per 100 

anhydroglucose units represents the degree of substitution (DS). Starch-starch interactions in the 

granule are weakened with an increase in DS level and, consequently, hydration and gelatinization 

is achievable at lower temperatures by cooking [7].   

Native starch is hydrophilic due to the presence of polyhydroxyl groups in the polymer chain, 

and does not possess sufficient affinity for hydrophobic substances such as oil to be an effective 

emulsifier. However, through chemical modification the lipophilic functionality of starch may be 

improved [23]. The natural tendency of starch to interact with water can be transformed into 

hydrophilic-hydrophobic duality upon lipophilic substitution. This is particularly helpful to stabilize 

interactions between materials such as oil and water. To perform such modification, hydrophilic 

starch must be provided with a long hydrophobic, i.e. lipophilic, hydrocarbon chain [7]. Starch 

reaction with 2-(2’-octeny1)-succinic anhydride is one of the examples of such modification. It 
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results in the production of 2-(2’-octeny1)-succinic acid (OSA) modified starch. OSA binds 

covalently through esterification on starch, and provides starch with both hydrophilic and lipophilic 

functionalities due to the presence of carboxyl and octenyl groups, respectively. OSA modified 

starches are useful in food and pharmaceutical applications due to presence of dual functionalities in 

which the stabilization of oils exposed to an aqueous environment is desirable without the use of 

proteins and/or gums for medical or technological reasons [7, 23]. 

 

Esterification 

 

Starch esterification is a well-known chemical modification in which some hydroxyl groups 

have been replaced by ester groups. The objective is to improve the gelatinization temperature and 

thermal stability, or to reduce the tendency for retrogradation [6, 20]. The synthesis of starch esters 

was already introduced 150 years ago, starting with the development of acetylated starch using 

acetic anhydride as the acetylating agent [24].  Different varieties of starch esters are available such 

as starch formates, starch nitrates, starch sulfates, starch phosphates, fatty acid starches, starch 

alkenyl succinates and starch xanthates [3, 24].  Acetylated starch is still an important commercial 

product and used in many applications. Relatively low degrees of substituted (DS) products are 

available on commercial level (DS 0.01-0.2). Starch acetates are divided into three different types 

depending on DS value [24]. Commercially available low DS products (0.01-0.2) are used as food 

additives and in the textile industry. Medium DS starch acetates (0.3-1) are soluble in water but high 

substituted starch acetate (DS of 2-3) are in organic solvents. Starch esterification with acetate 

groups makes the esters more hydrophobic than native starch. High DS starch acetate is useful to 

cast films using organic solvents. Starch acetylation is a controlled process and allows producing 

polymers with a range of hydrophobicities [25]. High DS starch acetates are thermoplastic materials 

and used as biodegradable plastics [26].  

Starch esters can be made by several synthetic methods. Water is used as solvent on 

commercial scale with acetic anhydride as reactant and an alkaline base such as sodium hydroxide, 

sodium acetate, or sodium hydroxide as the catalyst [27, 28].  

Fatty acid starch esters have received considerable attention in the last decade. These 

hydrophobic starch derivatives have a high application potential not only in the food but also in 

non-food industry (e.g. as reactive compound in polyurethane resins) [29] and as substitutes for oil-

based polymers especially in the packaging industries [30, 31]. In the food industry, starch esters are 

used as binders, thickeners, and fillers. In non-alcoholic beverages it is used for the stabilization of 

flavor, and for frozen fruits, pies and pot pies it is  used to maintain the stability at low temperature 

storage [6]. Starch succinates have high thickening power, freeze-thaw stability, and a low 

gelatinization temperature. In pharmaceutical applications [20] it is effectively used as tablet 

disintegrant.  

 

Conversions 

 

Chain-cleavage reactions of starch are collectively termed as conversion. 

 

Acid Hydrolysis 

 

Acid hydrolysis is an important modification to improve the physicochemical properties of 

starch. The acid attacks the glycosidic oxygen atom and hydrolyses the glycosidic linkage. 
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Consequently, the physicochemical properties of starch changes without destroying its granular 

structure [32].  These starches can be used at higher solid concentrations to achieve quick gelling 

and to provide gum or jelly with controlled texture and flexible properties [33].  It is also 

extensively used in textile and paper industries [34]. 

 

Oxidation 

 

Starch oxidation is already applied since early 1800. A number of oxidizing agents has been 

used, for instance, hypochlorite, hydrogen peroxide, periodate, permanganate, dichromate, per-

sulfate, and chlorate [35]. Oxidized starches are used in textiles, laundry finishing, building 

materials and food industries [32].  The main application of oxidized starch is in paper and textile 

industries, where it is used to improve the strength and printability of paper, and as warp sizing, 

respectively. Due to their low viscosity, high stability, clarity, and good binding properties, oxidized 

starches are widely used in the food industry, in applications such as food coating, sealing agents in 

confectionery or as emulsifiers. Hypochlorite oxidation is the most common method for the 

production of oxidized starches at industrial scale [6, 32]. During oxidation of starch with 

hypochlorite, cleavage of polymer chains and oxidation of hydroxyl groups to carbonyl and 

carboxyl groups takes place. Oxidation occurs randomly at primary hydroxyls (C-6), secondary 

hydroxyls (C-2, C-3, and C-4), at reducing end-groups, and at glycol groups (cleavage of C-2─C-3 

bonds). The number of carboxyl and carbonyl groups on oxidized starch indicates the level of 

oxidation, which takes place primarily at the hydroxyl groups at C-2, C-3, and C-6 positions [20].  

 

Dextrinisation 

 

Dextrinisation, also known as pyro-conversion, is the process involving the browning of starch 

foods when subjected to dry heat. It is defined as the breakdown of starch into dextrin’s. It refers to 

two pathways of structural modification of starch. The first is partial de-polymerization achieved 

through addition of water. It is usually done by dry roasting the starch either alone, using the 

moisture contents present in the starch, or in the presence of catalytic quantities of acid. As a result, 

polymer fractions of varying chain length (low conversion) are obtained. The second path involves 

the re-polymerization in a branched manner (high conversion) and delivers products called dextrins 

or pyrodextrins. Depending on their properties, e.g. range of viscosity, cold-water solubility, color, 

reducing sugar contents and stability, they are classified as white dextrins, yellow dextrins or british 

gums [6]. 

 

Enzymatic hydrolysis 

 

Enzymatic hydrolysis is a biochemical modification reaction. Selective enzymes are used in the 

hydrolysis to alter the starch structure and to achieve desired functionality. A range of chain lengths 

corresponding to glucose (dextrose), maltose, oligosaccharides and polysaccharides can be 

produced depending on the extent of hydrolysis.  α-Amylase, β-amylase, glucoamylase, pullulanase, 

and isoamylase are the most common enzymes used for starch modification. These enzymes have 

been isolated from fungi, yeasts, bacteria, and plants [6]. The exact composition can be determined 

by dextrose equivalent (DE), which is used to define the reducing power of the product and is a 

measure of the degree of starch breakdown. A DE of 0 defines native starch. Dextrose equivalent 
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(DE) is used to define the reducing power of the product and is a measure of the degree of starch 

breakdown 

Starch liquefaction and saccharification are different approaches applied in enzyme hydrolysis. 

The liquefaction process involves the conversion of a concentrated suspension of starch granules 

into a solution of low viscosity by α-amylase. Saccharification involves enzymes such as 

glucoamylase (amyloglucosidase) to convert starch or intermediate starch hydrolysis products to D-

glucose [6]. 

 

Pregelatinisation 

 

Pregelatinisation is a physical modification. Certain starches need cooking to develop their 

required properties and the process of pregelatinisation is designed to remove the necessity for 

cooking. To achieve a versatile range of cold thickening starches, pregelatinisation is applied to 

native or modified cook-up starches [7]. The starch is pre-cooked by using one of the following 

processes [6]: 

 

 Drum drying (starch suspension or starch pastes) 

 Extrusion ( semi-dry starch) 

 Spray drying of starch suspension 

 Solvent-based processing 

 

During a spray cooking process, a starch slurry enters in a heating chamber through a special 

nozzle and is atomized. At the same time, hot steam is injected through a second or the same nozzle 

into the chamber to cook out the starch [36]. This method produces uniform gelatinized starch with 

minimum shear and heat damage. Spray drying is gaining popularity and offers properties that are 

closer to base cook-up starch [6]. 

Drum drying produces a cooked starch sheet from starch slurry. The starch is ground after 

drying to a desired particle size [37]. Slightly lower viscosities are obtained than their base starch 

when the drum-dried flakes are ground to the desired particle size. 

Solvent-based methods produce cold water swellable starches. For example, when 20%w starch 

in aqueous alcohol (20 to30%w water) is heated to 160 to 175 ºC for 2 to 5 min granular integrity is 

maintained, but birefringence is lost [38]. 

Pregelatinized starches are mainly used  as thickening agent for pie fillings, puddings, sauces, 

and baby foods.  

 

Thermoplastic starch (TPS)  

 

Native starch is unsuitable for many applications due to its brittle and hydrophilic nature. 

Moreover, the melting point of starch is higher than the thermal decomposition temperature, which 

results in poor thermal process-ability [39]. Starch can be processed into a thermoplastic material 

only in the presence of plasticizers (water, glycerol, glycol, sorbitol, etc.) in combination with 

temperature and shear [39, 40]. During the last decade, numerous studies have been done on 

thermoplastic starch. Recently, much interest has been shown to produce biodegradable plastic 

items [39, 41, 42], such as trash bags, shopping bags, and dinner utensils, planting pots, diapers, and 

tampons.  
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Figure 3 Schematic representation of the phase transitions of starch during thermal processing and aging 

(reproduced with permission of the publisher) [2, 20]. 

 

The thermal processing of starch-based polymers involves multiple chemical and physical 

reactions, e.g. water diffusion, granule expansion, gelatinization, decomposition, melting and 

crystallization. Gelatinization is the most important phase transition, it involves all these processes 

and thermoplastic conversion of starch is based on it [39]. Figure 3 shows a schematic 

representation of the phase transitions of starch during gelatinization and retrogradation [43]. 

Heating in water destroys the crystalline structure of starch granules and forms amorphous 

amylopectin (Figure 3 a and b). Gelatinized amorphous amylopectin still contains small quantities 

of un-gelatinized amylopectin. Nevertheless gelatinization destroys the double-helical crystalline 

structure formed by the short-branched chains in amylopectin. It has been noticed that these short-

branched chains form gel-balls [43], holding chains largely from the same sub-main chain (Figure 

3b). Extrusion forms V-type single helix crystals (Figure 3c), having higher moduli and yield 

stresses for amylose-rich materials. The crystallinity of the V-type crystals increases with time 

(Figure 3d) [2]. Gelatinization can be done under shear and shearless conditions. In shearless 

gelatinization, the process mainly depends on the water content and temperature. Excess of water is 

required for full gelatinization of starch under shearless conditions, which Wang et al. [44] have 

defined as > 63%.  In shear conditions, gelatinization can be achieved at low moisture contents, 

since the starch granules are physically torn apart by the shear forces, allowing faster transfer of 

water into the interior molecules [45]. Extrusion of starch is one of the examples of gelatinization 

under shear. In extrusion, loss of crystallinity is not caused by water penetration, but by the 

mechanical disruption of molecular bonds due to the intense shear fields within the extruder [46].  
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Furthermore, the starch decomposition temperature is higher than its pregelatinization melting 

temperature and consequently, starch has a high glass transition temperature (Tg) [39]. Due to free 

volume relaxation and retrogradation, brittleness also increases with time. To overcome these 

problems and to make starch more flexible and easy to use, plasticizers are blended with starch [39, 

47]. Water plays two roles in the starch gelatinization: it breaks the structure of the native granule 

and acts as a plasticizer [40]. However, TPS containing only water has little value in practical 

applications because of poor mechanical properties. A second plasticizer is necessary besides water, 

such as poyols, urea, formamide, acetamide, and citric acid [2]. All have been evaluated as 

additional plasticizers that will allow melting phases at a temperature lower than that of starch 

degradation and they make starch flexible [2, 40]. During starch processing, the combination of 

shear, temperature and plasticization allows the preparation of molten thermoplastic material. The 

properties of plasticized starches depend very much on moisture contents. Relative humidity 

changes the material properties, through a sorption-desorption mechanism [40]. Even when 

moisture and temperature are controlled, the properties of the material remain dynamic, changing 

into lower elongation at break and higher rigidness. So in order to improve the moisture 

impermeability of starch products, starch is formulated with renewable, natural or synthetic 

polymers [2, 39, 40].  

 

Thermoplastic starch/Polymer blends 

 

Research and development of biodegradable plastics were stimulated due to rising oil prices 

and further augmented by environmental concerns. The objective of intensive academic and 

industrial research was to develop plastics by using renewable, biodegradable resources, that fulfill 

market needs [41]. Pure starch is highly brittle, and has poor mechanical properties and stability; it 

is often reinforced with fibers or blended with synthetic polymers [2]. 

Blending is an important process for the modification of polymer properties. It is economical 

and usually does not need special equipment and techniques. From a technological point of view, a 

compatible blend is attained when the preferred properties are improved as a result of mixing two or 

more polymers. TPS is blended primarily for two reasons [7]; 1) to improve water resistance and 

mechanical performance, 2) to use TPS as modifier to make polymer blends biodegradable and 

economical. Since the 1970s, starch blends with polar polymers having hydroxyl groups, such as 

poly(vinyl alcohol) (PVA), copolymers of ethylene and partially hydrolyzed vinyl acetate (EVA) 

were prepared [48-50]. Due to the hydrophilic nature of these TPS blends, water was used as the 

plasticizer. Starch blends can be separated into two main categories according to [51]; 

 

 The source and biodegradation properties of the polymer to be blended with starch 

 The processing technique for its preparation 

 

As for the first category, the sources can be obtained directly from biodegradable biopolymers 

or can be synthetic polymers from either oil or renewable resources, not depending on their 

structure but biodegradable. 

As for the second category, starch blends are prepared by two main processing techniques, i.e. 

melting and solution/dispersion. In melt processing, plasticization of starch granules is done in an 

extruder or a batch mixer to prepare the starch blend. Alternatively, two extruders are used, first a 

single screw extruder is used to gelatinize the starch which is fed into a twin screw extruder where 

other components blend with gelatinize starch [51, 52]. In solution or dispersion processing, casting 
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is frequently used to finish the product. Starch/poly(ethylene-co-acrylic acid) (EAA) cast films were 

the first commercial materials produced by solution or dispersion technique [48, 49]. 

Solution/dispersion blending is an exciting route for the production of these mixed materials, as in 

case of starch blends, many natural polymers and biodegradable synthetic polymers are soluble or 

dispersible in water. In some cases, when the polymer decomposes before melting, melting is not 

possible. For example using chitosan, solution blending is the only viable alternative [5]. 

Starch can be the continuous or the dispersed phase in TPS blends, depending on the 

starch/second-polymer ratio and on the processing conditions. As a consequence, the properties of 

the blend are determined by the interfacial interactions between starch and the other components. 

Numerous methods and polymers (Table 1) have been examined to improve the compatibility 

within these blends [5]: 

 

1) The use of polymers with polar groups, mainly capable to form hydrogen bonds (e.g. PVA, 

EAA, EVOH and natural polymers like cellulose and its derivatives, gelatin and zein [4, 39, 53, 

54]. 

2) The use of polymer mixtures, with one of them acting as a compatibilizer between starch and 

less hydrophilic components (e.g. PVA in TPS/polyethylene blends or a low molecular weight 

polymer like poly(ethylene glycol) in TPS/PLA blends) [4, 39, 54, 55]. 

3) The use of reactive compatibilizers, to obtain a better interface by polymer-polymer chemical 

interlinking (e.g. methylenediphenyl diisocyanate (MDI), pyromellitic anhydride or glycidyl 

methacrylate [4, 39, 56-58]. 

4) The development of complexes between starch and other polymers (e.g. V-type complexes) 

[54, 59]. 

 

Table 1  

Most common polymers used in blends with thermoplastic starch [5]. 

Polymer  Reference 

Poly(vinyl acetate) PVAc  [49, 60] 

Poly(methacrylic acid-co-methyl methacrylate) MAA/MMA  [61] 

Poly(vinyl alcohol) PVA  [55, 62] 

Poly(acrylic acid) PAA  [59, 63] 

Poly(ethylene-co-acrylic acid) EAA  [48, 49] 

Poly(ethylene-co- vinyl alcohol) EVOH  [53, 54, 57] 

-caprolactone) PCL  [54, 57, 64, 65] 

Poly(ethylene-vinyl acetate)  [66] 

Polyethylene  [51, 52, 58, 66, 67] 

Poly(ester-urethanes)  [68] 

Poly(D,L-Lactic acid) PLA  [56, 69, 70] 

Poly(3-hydroxybutyrate) PHB  [4] 

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) PHBV  [71] 

Poly(butylene succinate adipate) PBSA  [72] 

Polyesteramide PEA  [64, 73] 

Zein  [67] 

Lignin  [74] 

Cellulose and its derivatives  [57] 

Natural rubber  [63, 75, 76] 

 

 



Chapter 1 

20 | P a g e  

 

Blend with synthetic polymers 

 

 One of the main disadvantages of biodegradable polymers from renewable sources is their 

dominant hydrophilic character, fast degradation, and, in some cases, unsatisfactory mechanical 

properties, particularly in wet environments. In principle, the properties of natural polymers can be 

significantly improved by blending with synthetic polymers [41, 47, 77]. 

In the 1970s, many efforts have been made to produce starch-based polymers for preserving the 

petrochemical resources, decreasing environmental impact and searching further applications. 

Numerous blends of starch with various poly-olefins were developed [41, 77]. The main purpose of 

using starch granules in most of these cases was to increase the surface area available for attack by 

microorganisms. However, these blends were only partially biodegradable, and thus the advantage 

of using a biodegradable polysaccharide was lost. This is not acceptable from an ecological point of 

view [77]. 

  

Blend with biodegradable polymers 
 

To create entirely biodegradable starch-based composites, blends have been prepared with 

biodegradable polymers. Starch is usually blended with components such as aliphatic polyesters, 

polyvinyl alcohol (PVA) and biopolymers. The common used polyesters are poly(β-

hydroxyalkanoates) (PHA), poly-lactide (PLA) or poly(ε-caprolactone) (PCL). The goal of these 

blends is to create a completely biodegradable product at low cost while maintaining other 

properties at an acceptable level [77]. 

 

Plasticizer classification 

 

Plasticizers are non-volatile low molecular weight compounds that are extensively used as 

additives in polymer industries [78]. The main role is to lower the glass transition temperature (Tg) 

to improve the flexibility and processibility of polymers. A plasticizer is defined as “a substance or 

material incorporated into a material (usually a plastic or elastomer) to increase its flexibility, 

workability, or distensibility” by IUPAC (International Union of Pure and Applied Chemistry) [47]. 

 Plasticizers can be classified into different groups depending on their function and 

characteristics. In polymer science, they can be either defined as internal or external. External 

plasticizers interact with polymer chains, but are not chemically bonded to them by primary bonds, 

and can, therefore, be lost by evaporation, migration, or extraction. Internal plasticizers become part 

of the polymer, either are co-polymerized into the polymer structure or reacted with the original 

polymer [79]. 

 Plasticizers can also be divided into primary and secondary types [80]. For a primary 

plasticizer, the polymer is soluble in the plasticizer at a high concentration of polymer. Plasticizer 

should gel the polymer quickly and should not exude from the plasticized material within the 

normal processing temperature range. Secondary plasticizers have low compatibility with the 

polymer and low gelation capacity. Secondary ones are used to lower the cost and improve product 

properties and are typically blended with primary plasticizers [81]. 
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Plasticizers for TPS blends 

 

The decomposition temperature of starch is higher than its melting temperature, so it is not 

possible to thermally process starch-based blends without a plasticizer or gelatinization agent [82, 

83]. Many plasticizers and additives were assessed and developed to gelatinize starch during 

thermal processing. The preparation/processing conditions and the mechanical and thermal 

properties of the final material are determined by the type and quantity of plasticizer employed [5]. 

One of the most used plasticizers in the thermal processing of starch-based polymers is water [2, 47, 

84]. However, TPS containing only water has poor mechanical properties, especially brittleness, 

resulting from fast retrogradation and decreases its practical applications [85, 86]. 

Various other plasticizers were evaluated to improve the processing properties and product 

performance of TPS blends e.g. glycerol [87-90], urea [91-94], formamide [92-94], sorbitol [95, 

96], citric acid [97], glycol [98-101], and amino acids [102, 103]. The most common plasticizer 

used after water is glycerol due to its high boiling point, availability, and low cost [41]. The 

plasticizer- starch interaction can be very specific. The plasticizer interacts through hydrogen 

bonding with starch chains in a wide temperature range. The interaction increases at higher 

temperatures, probably due to H-bond formation. As a consequence, the material behaves like a 

rubber, with a rise in matrix mobility and a decrease in viscosity [47, 104].  Plasticizers containing 

amide groups were tested for TPS plasticization using glycerol as reference. Amide groups were 

effective to inhibit starch retrogradation. The mechanical properties and retrogradation of TPS 

blends mainly depends on the hydrogen bond-forming ability between plasticizers and starch 

molecules. This ability increases in the following order: urea > formamide > acetamide > polyol 

[93]. The moisture affinity of TPS blends depend on the plasticizer concentration and hydrophilic 

nature [105] e.g. during storage glycerol containing films absorb more water and at a higher rate, 

compared to sorbitol containing films.  

 

Techniques used to process starch-based materials 

  

There are various techniques that can be used for the production of bio-plastics from starch. 

Most common plastic processing techniques are extrusion, casting, injection molding, and 

compression molding [4]. All are similar to those extensively used in the processing of traditional 

petroleum-based plastics. However, processing of starch is more complicated and difficult to control 

than for conventional polymers. This is due to its unsatisfactory processing properties e.g. phase 

transitions, high viscosity, water evaporation, fast retrogradation, etc. However, many of these 

challenges can be overcome with proper formulations and suitable processing conditions. The 

following degrees of freedom are available to the formulator [2]: 

 

 Plasticizers. 

 Lubricants. 

 Modified starches e.g. carboxylmethyl starch and hydroxypropylated starch. 

 Hydrophobic polymers (e.g. PLA, PCL or cellulose) in the presence of an appropriate 

compatibilizer. 

 

Traditional plastic processing techniques used for TPS modifications are described below. 

 



Chapter 1 

22 | P a g e  

 

Extrusion 

  

Extrusion is the most extensively used technique for the processing of starch-based polymers. It 

combines numerous unit operations, including mixing, kneading, shearing, heating, cooling, 

shaping, and forming. The material is converted to a semi-solid mass using compression and forced 

to pass through a regulated opening at a pre-determined rate [6]. The residence time in the extruder 

is short (~10 to 60 seconds), while the temperature can be as high as 200ºC [106]. Extrusion 

cooking is a high temperature short time process (HTST). For starch modification, it can be used as 

chemical reactor, such as thermo-mechanical gelatinization, liquefaction, esterification, and 

etherification [6]. 

 The extrusion process can handle high viscosity polymers in the absence of solvents, can be 

used at a broad range of processing conditions, it offers the possibility of multiple-injection, and it 

allows control of both residence time (distribution) and the degree of mixing [107]. Starch extrusion 

has been practiced in the food industry for several decades and has recently gained increasing 

attention due to the interest in biodegradable TPS [108, 109]. However, some specific challenges 

are present in starch extrusion, including [2]: 

 

 Different physical and chemical reactions may occur during processing that can be 

favorable and unfavorable. 

 The rheological behavior of TPS is complex compared to conventional polymers, 

especially when mixed with other polymers and additives. 

 The viscosity of TPS is high under regular extrusion conditions and will in many cases not 

lower at increasing process temperature. 

 The evaporation of water can produce unwanted bubble formation in starch-based 

materials.  

 

Several methods of extrusion are available. Few of them are mentioned here. 

 

1. Two stage film/sheet extrusion 

2. Extrusion film blowing 

3. Multilayer co-extrusion 

4. Foaming extrusion 

 

Injection molding 

 

 Injection molding is one of the most widely used processing techniques for manufacturing 

plastics parts. The desired product is obtained by forcing the molten polymers under pressure into 

an evacuated cavity [110]. It is characterized by a high degree of automation, high productivity, and 

good dimensional stability of moldings. Injection molding is a cyclic process and consists of four 

significant processing stages i.e. filling, packing, cooling and ejection [110, 111]. The process starts 

with feeding hot polymer melt to the mold cavity at injection temperature. This is called the “filling 

stage”. Next is “post filling stage”, in which the additional molten polymer at high pressure is 

packed into the cavity to compensate for the expected shrinkage as the polymer solidifies. This is 

followed by the “cooling stage”, where cooling of the mold takes place until the part is satisfactorily 

rigid to be ejected. The “ejection stage” is the last step in which the mold is opened and the part is 
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ejected [111]. Main factors affecting molding are: materials, molding machine, model design, and 

process conditions [110].  

 

Compression molding 

 

 Compression molding has been widely applied and examined for the production of starch-based 

plastics. This process is investigated for manufacturing foamed containers, and usually consists of 

the following three steps; starch gelatinization, expanding and drying. Gelatinization and releasing 

the product from the mold are two important steps of compression molding, so gelatinization agents 

and mold releasing agents such as magnesium stearate and stearic acid are often used in formulation 

to prevent the sticking of starch to the mold [2]. 

  

Film casting 

 

 Film casting has been widely used and reported in starch literature [105, 112-115]. The process 

consist of four main steps i.e. solution preparation, gelatinization, casting and drying. Starch solid 

concentrations of 3-10 % and plasticizers are directly mixed in water, transferred quantitatively to a 

Brabender viscograph cup, in which the solution is heated from room temperature to 95 °C. The 

starch plasticizer mixture is blended for 10 min. The temperature of the Brabender depends on the 

type of plasticizer used; for example if glycerol is added to the formulation, a higher temperature 

can be used. Immediately after mixing, the gelatinized suspensions are poured onto a flat Teflon or 

acrylic plate. Then placed in oven for ~ 24 h at about 40-75 °C and dried till constant weight [2]. 

 Plasticizers help to ease the processing of starch and improve the mechanical properties of TPS 

films e.g. the flexibility of films increases by the addition of a suitable plasticizer. Glycerol and 

sorbitol are widely used plasticizers to make films flexible. Other chemicals such as sugars, sucrose, 

glucose, xylose, fructose, urea and various glycols have been investigated [100, 115, 116]. 

However, plasticized films lack strength and as a result, blending [25], or laminating [117] with 

other materials has been used to overcome this disadvantage. Aqueous blends of cellulose acetate 

and soluble starch has been studied intensively [76, 118-120]. Properties of such blends are suitable 

for a wide range of biomedical applications, from bone replacement to engineering of tissue 

scaffolds, to drug-delivery systems [2]. 

 

Spray drying 

 

Spray drying is a well know unit operation that can also be used for the preparation of starch-based 

materials. It is a fast drying process that produces amorphous or semi-amorphous particulates from 

liquid solution droplets [121]. Pre-gelatinized starch may be produced by spray drying without 

losing granular integrity [36, 122]. It is successfully used in pharmaceutical and food technology 

[123, 124]. It has been estimated that more than 15000 spray dryers of industrial size are in 

operation throughout the world, and approximately double that number is used in pilot plants and 

laboratories [123]. It is a flexible process with a lot of possibilities to improve and modify the 

characteristics of powders such as particle size, particle morphology, crystallinity and the amount of 

residual solvent [125]. It is characterized by high reliability, reproducibility and possible control of 

particles size. The spray drying principle is based on the nebulization of a polymer solution 

containing the active ingredient as solute or in suspension through a desiccating chamber. A stream 

of heated air is used to evaporate the solvent rapidly transforming the small droplets into solid 
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micro-particles [126]. Nevertheless, spray drying requires particular attention in the process control 

because of the high number of parameters. These limitations include problems with efficient particle 

collection and degradation of materials sensitive to high temperatures. Each process variable is 

critical and requires evaluation of parameters concerning both spray-dryer and feed formulation 

[127]. Feed that is to be dried is sprayed in a large cylindrical and usually vertical chamber. A large 

volume of hot gas is used to supply sufficient amounts of heat necessary for complete evaporation 

of the liquid. Heat and mass transfer takes place by the direct contact of gas and dispersed droplets. 

After drying the granular solid and the cooled gas are separated [128]. Classification of spray dryers 

can be made on the basis of several parameters, but three of them are important [129, 130].  

 

1. Height-to-diameter ratio of the dryer chamber  

2. Air-flow type 

3. Atomizer type 

 

Depending on chamber height and diameter tall and short designs are available. A height–to-

diameter ratio of 5:1 is the standard for tall designs versus a 2:1 ratio for short dryers. The latter are 

more commonly used [129]. For airflow, three common configurations are used: co-current, 

countercurrent and mixed flow, describing the flow directions of air and product through the dryer 

chamber. Similarly three types of atomizers are available, rotary or high speed centrifugal disks, 

high pressure nozzles and two fluid or pneumatic atomizers [130].  

 

Spray drying for TPS blends 

 

A major drawback of using TPS-based material is their sensitivity to water. Slow 

recrystallization of starch (retrogradation) is a major problem for the use of TPS blends for the 

manufacturing of packaging and coating materials. The recrystallization is stimulated by the 

presence of water and results in the loss of mechanical properties such as flexibility and tensile 

properties [104]. 

In general all the above mentioned TPS processing methods (extrusion, film casting, injection 

molding) are performed in the presence of water-plasticizer combinations. The plasticizers used are 

mostly hydrophilic. Moreover, the extrusion process cannot be performed without the addition of 

water. Combinations of plasticizers and water lead to retrogradation through recombination of 

amylose and amylopectin and crystallization is promoted, resulting in the undesired changing of the 

final product properties [39].  

To overcome this “disturbing” influence of water but maintaining plasticizer activity during the 

manufacturing process, another thermal processing route may be needed to obtain “dry” amorphous 

starch-plasticizer blends. For this reason spray drying TPS blends from starch water dispersions and 

solutions has been investigated. Spray drying processes applied to starch solutions/dispersions for 

the preparation of TPS blends is underdeveloped while this technology is considered as an 

important way to produce amorphous materials [125] or, in particular for native starches, to 

manufacture small amorphous particles [36]. 

 

Thesis outline 

 

 The objective of this thesis is to study the performance of thermoplastic starch films produced 

via compression molding of spray dried starch/plasticizer blends. Through this technique it should 
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be possible to obtain moisture-free amorphous starch-plasticizer blends with the potential to be used 

as biodegradable bio-plastics. Different plasticizers were used and the properties of TPS blends 

were investigated. Special focus is put on retrogradation and the degree of crystallinity of films at 

different humidity levels.  

 Chapter 2 describes the spray drying of different amylose/amylopectin blends for the purpose 

of subsequent processing of these materials into TPS films. Spray-drying of starch/maltodextrin 

formulations has been evaluated as a potential technology for the manufacture of amorphous 

thermoplastic starches (TPS). The properties of solution and dispersion dried TPS samples of maize 

starch with different amylose to amylopectin ratios were systematically studied before and after 

spray-drying. 

 Chapter 3 describes an in-depth study of the influence of malto-oligosaccharide molecular 

weight, i.e. dextrose equivalents (DE), on the performance of the powders and the films obtained by 

compression molding of spray dried powders. Maltodextrins of different molecular weights were 

used to evaluate whether they act as processing aid or as plasticizer. 

 Chapter 4 focuses on the processing of plasticized starch via classic solution casting and by 

compression molding of spray dried powders, respectively. Glycerol and urea were used as 

plasticizer, separately and in combination with maltodextrins (DE =19.1). The rate of retrogradation 

and crystallinity of TPS films produced by both techniques are investigated. As the production 

methods are not the same, differences in starch-plasticizer interactions are expected which should 

lead to changes in the degree of crystallinity and rate of retrogradation. 

Chapter 5 aims to gain increased insight in the retrogradation of plasticized amorphous TPS 

films, obtained via compression molding of solution spray dried powder. Starch is plasticized by 

using amino acids and malic acid, all having similar molecular weights but different hydrogen 

bonding functionality. The samples were also co-plasticized with standard additives like glycerol, 

urea, and maltodextrin. Special emphasis was on the retrogradation and mechanical properties of the 

resulting films. 

In Chapter 6, cross-linked oxidized thermoplastic potato starch (TPS) based films were 

prepared through ultra violet (UV) irradiation. The performance of TPS powders and films was 

studied. The films were formulated with malic and citric acid as plasticizers in combination with 

glycerol as co-plasticizer. Sodium benzoate (SB) was used as photosensitiser. Besides the effect on 

retrogradation, the mechanical properties of the films have been studied as a function of UV 

treatment and moisture exposure.  
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Abstract 

 

Spray-drying of starch/maltodextrin formulations has been evaluated as a potential technology 

for the manufacture of amorphous thermoplastic starches (TPS). Mixtures of starches with high to 

low amylose-amylopectin ratios were spray-dried from water-based solutions and granular 

dispersions. Commercial native high amylose corn starch containing 70% amylose and 30% 

amylopectin and maize starch, with a composition of 27% amylose and 73% amylopectin, were 

used to prepare the mixtures. The impact of feed composition on morphology and physical 

properties of the end product was investigated while keeping spray-drying conditions constant.  

Powder samples obtained from starch solutions were totally amorphous and particle size 

characteristics were not affected by the applied variation in composition.  After isobaric and 

isothermal treatment all samples were gelatinized and they showed no birefringence. The powders 

could easily be re-dissolved and showed low viscosities which were independent of the amylose / 

amylopectin ratio. Particles obtained from solution-dried formulations were small, highly irregular 

and shriveled and bulk densities were low.  

Spray-dried powders obtained from starch-water dispersions very much retained the granular 

structure present in the native components. Dispersions with high amylopectin contents gave the 

highest average particle sizes, retained their A-type crystallinity pattern and showed the highest 

viscosity. The latter can be attributed to incomplete disintegration and gelatinization of the 

amylopectin granules. Similar results were obtained for high amylose-based formulations. All 

powder formulations based on dispersion drying showed viscosities, crystallinity patterns, 

gelatinization and powder flow characteristics in line with expectations for amylose / amylopectin 

based granule mixtures. Due to extensive hydrogen bonding among starch chains, no Tg was 

observed in both techniques.  

 

Introduction 

 

 The development of flexible packaging materials based on biodegradable materials has recently 

attracted a lot of research [1].
 
Within the classes of synthetic and natural materials tested, starch has 

become a popular choice as it is readily available from different renewable resources and can be 

obtained in a range of different blend ratios of its main constituents: amylose (Am) and amylopectin 

(Ap) [2]. For the manufacturing of films and sheets, starch is plasticized with water in combination 

with low molecular weight chemicals that interact with the starch backbones through hydrogen 

bonding. Familiar examples are urea,
 
glycol, glycerol, threitol, xylitol, glucose or maltose [3, 4]. 

The processing of these so-called Thermoplastic Starches (TPS) in general is performed through a 

combination of low to high shear “dry mixing” in tumblers or planetary mixers [5] followed by 

calendaring, sheet extrusion or pellet compression [6]. Alternatively, the components can be directly 

mixed and extruded.  

 A major drawback of using TPS to manufacture packaging and coating materials is the slow 

recrystallization of starches (retrogradation) which results in the loss of mechanical properties such 

as brittleness and tensile properties [7]. Several studies focused on the interaction between 

plasticizers and starch [4, 7],
 
on the mutual interaction between plasticizers [5] and on identifying 

means to reduce or delay retrogradation [8]. In general these TPS systems are manufactured in the 

presence of water-plasticizer combinations which either are dried to study the plasticizer-starch 
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interaction or are studied as amorphous waster-plasticizer-starch blends to evaluate retrogradation in 

wet environments. 

Combinations of plasticizers and water lead to retrogradation through recombination of 

amylose and amylopectin and for some plasticizers (maltodextrin) it has been reported that water is 

expelled during the process [6] and crystallization is promoted. To overcome this “disturbing” 

influence of water but maintaining plasticizer activity during the manufacturing process another 

thermal processing route may be needed to obtain “dry” amorphous starch-plasticizer blends. 

For this reason spray drying TPS blends from starch water dispersions and solutions has been 

investigated. Spray drying processes applied to native starch solutions remained underdeveloped 

while this technology is considered as an important way to produce amorphous materials [9] or, in 

particular for native starches, to manufacture small particles [10]. In this paper we report the initial 

part of a study in which different amylose/amylopectin blends have been spray-dried for the purpose 

of subsequent processing of these materials into TPS films. Gelatinized starch solutions were made 

in an autoclave reactor followed by spray drying of both dispersions and solutions. The obtained 

starch powders were characterized before and after the drying process. In particular, the effect of 

solution spray drying on powder properties was studied for amylose-amylopectin-maltodextrin 

blends. Morphology, crystallinity, particle size distribution, level of gelatinization, viscosity, 

thermal properties and flow properties of the powder granules were systematically studied and 

analyzed by scanning electron microscopy (SEM), X-ray diffraction (XRD), laser diffraction, 

isobaric and isothermal treatment, conventional and modulated differential scanning calorimetry 

(DSC & MDSC) and bulk/tap density measurements. 

 

Materials and methods 

 

Materials 

 

 The materials used in this study consist of native high amylose corn-starch with 70% amylose 

content, waxy corn-starch with 27% amylose contents and a binding agent maltodextrin (DE-16), 

used to accommodate the spray drying of TPS solution to control dryer fouling and minimize the 

stickiness of the product [3, 11], although maltodextrin was reported to stimulate the retrogradation 

of starch [6].
 
All starting materials were obtained from Sigma-Aldrich. The coding of the samples 

used in this study is given in Table 1. 

 

Sample preparation 

 

 Native high amylose and waxy corn-starch were dispersed in distilled water (3% w/v) at room 

temperature. The dispersions were prepared by magnetic stirring at ambient pressure and 

temperature. The dispersions were continually stirred to keep them well mixed and to avoid gel 

formation. Then 1 g (33% w/w of starch) of binding agent was mixed into the dispersion. To make a 

homogenous TPS solution in water requires elevated temperatures. An autoclave reactor was used 

to dissolve the starch at 140 °C and 10 bar of nitrogen pressure with stirring at 600 rpm (3% w/v in 

water). Native high amylose and waxy corn-starch were mixed in different ratios as described in 

Table 1. 
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Table 1 

Ratios and codes used for sample preparation. 

 Amylose Amylopectin Code Code nomenclature 

Native (as received) 70% 30% Am-N Amylose native 

Solution 70% 30% Am-S Amylose solution 

dried 

Solution 53% 47% Am-Ap-S Amylose-amylopectin 

solution dried 

Solution 27% 73% Ap-S Amylopectin solution 

dried 

Native (as received) 27% 73% Ap-N Amylopectin native 

Dispersion 70% 30% Am-D Amylose dispersion 

dried 

Dispersion 53% 47% Am-Ap-D Amylose-amylopectin 

dispersion dried 

Dispersion 27% 73% Ap-D Amylopectin 

dispersion dried 

All samples contain 33% wt. maltodextrin (DE-16) on solids basis. 

 

Spray drying  

 

 The starch solutions and dispersions were fed into a Buchi B-191 mini spray-dryer for drying. 

The spray-dryer functions according to the parallel flow principle (co-current). In order to achieve 

an optimal atomization performance in the dryer, a supply of compressed air with a pressure of 5-8 

bars was necessary. Constant equipment settings and drying conditions were used for spray drying. 

The operating conditions were as follows: aspirator rate 100%; drying air temperature (inlet 

temperature) 130 °C; pump rate depends on outlet temperature and feed concentration; air pressure 

5 bar; flow rate of 600 l/hr and nozzle cleaner set to 1 (60 strokes/min). The system was kept 

running after the completion of the experiment, with the heating element turned off until the air 

outlet temperature fell below 70 °C. The samples were then collected for measurements and 

characterization.  

 

Powder analysis 

 

 The effect of solution and dispersion spray drying with different Am/Ap ratio in feed solution 

was investigated on TPS powder properties with the help of different analytical techniques. 

 

Moisture content 

 

 The moisture contents of the TPS powder granules were analyzed immediately after sample 

preparation using the weight loss method. All samples (8 g each) were dried for 4 hours at 105 ºC 

[12]. The weight of each sample was then measured and differences of weight were taken to 

calculate the percentage of moisture contents. 
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Particle morphology 

 

 Scanning electron microscopy (SEM) was performed using a Jeol 6320 F Scanning Electron 

Microscope. Before analysis, the samples were covered with a thin palladium/platinum conductive 

layer created with a Cressington 208 sputter coater [13]. Scanning electron micrographs were taken 

to observe and investigate the surface morphology and shape structure. 

 

Crystalline structure 

 

 The crystalline structures of spray dried samples were studied with an X-ray diffractometer (D8 

Bruker: 2θ upper limit is 140°). The X-ray diffraction system was operated at 40 kV and 40 mA, 

and diffractograms of the granules were recorded from 5° 2θ to 40° 2θ with a scanning speed of 1 

sec and step size of 0.02°. Copper was used as XRD element having a wave length of 1.54 Å. 

 

Particles size distribution 

 

 The volume particle size distributions (PSD) of the spray-dried TPS powders were determined 

by using a laser diffraction technique (Helos particle size analysis, Helos H1988 & Rodos, R3: 

0.5/0.9 to 175 μm). The powder dispersing pressure of 3 bars was selected and used for the 

determination of the PSD for all samples. All the measurements were done in triplet. The average 

particle size distribution for all samples was calculated by software provided by Sympatec GmbH. 

 

Powder flow properties 

 

 Powder flow characteristics were evaluated by various methods. These methods include 

measurement of bulk density, tapped density [14], Carr’s compressibility index [15] and Hausner 

ratio [16].
 

 

Bulk density 

 

 Bulk densities of the samples were measured by the weight and volume procedure. The bulk 

density of the samples was determined by weighing 20 g of powder sample into a 100-mL 

graduated cylinder. The cylinder with sample was knocked gently 5 times on the rubber mat to 

make the surface of the samples smooth for reading the volume. Volume was noted and the result 

was presented as g/mL [12]. 

 

Tap density 

 

 Tap densities of the samples were measured with a Vankel tap density tester. TPS powder 

sample (30 g) was taken in a graduated cylinder and the initial volume of the sample in the cylinder 

(V0) is measured. The weight of the TPS powder sample is recorded and then mechanically tapped 

using the Vankel tap density tester. The cylinder was 750 times tapped and the tapped volume of the 

powder is measured to the nearest graduated unit. Tap density is calculated by dividing the mass of 

the sample by its final tapped volume. 
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Carr’s Compressibility Index and Hausner ratio 

 

 Bulk and tapped densities were used to calculate the Carr’s compressibility index (Equation 1) 

and the Hausner ratio (Equation 2) as indicators for the flow properties and compressibility of the 

powders [17].
 

 

100*
tap

bulktap
CI



 
                                                 (Eq. 1) 

 

bulk

tap
HR




                                                                      (Eq. 2) 

 

Where tap  is the tap density, and bulk the bulk density. 

 

Isothermal and isobaric treatment 

 

 Isothermal and isobaric treatments were undertaken to understand the impact of temperature 

and pressure on the phase transition of 5% (w/v in distilled water) maize starch dispersions and 

solution-dried TPS powders with different Am and Ap contents as described previously [18, 19].
 

Buckow et al. [18, 19] used a temperature range, i.e. 50 to 110 ºC for isothermal treatment and 6500 

bar for isobaric treatment at 30 ºC.  

 In this study a slightly modified procedure was used for both solution and dispersion dried 

samples. Isothermal treatments of different samples were investigated at 60 ºC and ambient 

pressure. Treatment was carried out in sampler vials (4 ml) in a temperature controlled oil bath with 

1.5 ml of starch samples used for isothermal treatment. After reaching the target temperature, i.e. 60 

ºC, the samples were kept for 5 min at that temperature. Samples were then withdrawn immediately 

and cooled in ice water for 60 min. The samples were analyzed by detecting the loss of optical 

birefringence under the Zeiss MRO 55 microscope equipped with a polarization filter. The same 

procedure was repeated three times to investigate the loss of birefringence and to observe the degree 

of gelatinization.  

 The ice cooled samples (from the isothermal test) were then placed in a pressure vessel. 

Isobaric treatment of starch dispersions was carried out in an autoclave reactor at 75 ºC and 50 bars. 

When the reactor reached the target temperature decompression was started. A thermocouple was 

inserted directly in the sample vials to measure the temperature of the samples. The decompression 

rate was standardized at 8 bar/min. After pressure release, samples were removed from the reactor 

vessel immediately and stored on ice for at least 15 min. The samples were again analyzed under the 

microscope to detect the loss of optical birefringence. 

 

Viscosity 

 

 Viscosity measurements were carried as described previously with some modifications [20]. 

Solution and dispersion dried samples were prepared for viscosity measurement as follows: 100 g 

quantities of starch slurry (5% solids) were heated at 120 ºC for 7 mins in a stirred (400 rpm) 
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autoclave reactor under 5 bar pressure. The reactor is heated to 120 ºC, kept at 120 ºC for 3 mins 

and the sample was taken directly from the reactor.  The final viscosity was measured with the help 

of Brookfield DV-II viscometer at 50 ºC and 100 rpm. 

 

Glass transition temperature (Tg) 

 

 A differential scanning calorimeter (DSC-60, Shimadzu Co., Ltd., Kyoto, Japan) was used to 

determine the glass transition temperature of all the samples. An empty pan was used as reference. 

Samples were weighted into an aluminum pan, then placed in the heating chamber of the DSC and 

heated from 10 to 200 °C at a rate of 10 °C/min. Before each run, a baseline was constructed with 

an empty aluminum pan over a temperature range of 10 to 200 °C at a rate of 10 °C/min. The 

samples were then heated at the same rate till 200 °C and the procedure was repeated.  

 

Modulated differential scanning calorimetry 

 

 Thermal properties of all the samples were also investigated with the help of modulated 

differential scanning calorimetry. Samples were analyzed by the MDSC according to a previously 

described procedure [21, 22]. Samples were weighted into an aluminum pan, then placed in the 

heating chamber of the MDSC and heated from 20 to 200 °C at a rate of 1.5 °C/min whereas the 

amplitude and the period of the MDSC were 1.5 °C and 90 seconds, respectively. Before each run, a 

baseline was constructed with an empty aluminum pan over a temperature range of 20 to 200 °C at a 

rate of 1.5 °C/min. The samples were then heated at the same rate till 220 °C and the procedure was 

repeated. The resulting heat flow thermograms were analyzed to find the thermal properties of the 

samples. Between 5 to 10 milligram of samples was scanned in hermetically sealed MDSC 

aluminum pans.  

  

Results and discussion 

 

 The commercial starch samples and their formulations used in the spray-drying experiments are 

summarized in Table 1.  

 

Moisture contents 

 

 Both commercial native corn-starches had similar moisture contents, i.e. 12.69% and 12.67% 

for amylose rich and waxy corn-starch, respectively. These values were significantly higher than the 

water content of the spray-dried TPS samples. The moisture contents for the latter were in the range 

of 4.8% to 5.5% for TPS samples spray-dried from solutions and between 5.9% and 6.2% for 

samples obtained from dispersions. The moisture contents of the powder mostly depend on the 

drying conditions and the solids contents in the solution. Therefore drying conditions and solid 

contents were kept constant for all samples.  

 Variation in Am and Ap ratios did not affect the moisture content of spray dried TPS blends. 

Spraying from solution versus spraying from dispersion seems to result in a small difference in 

moisture contents.  This can be explained by a lower moisture diffusion rate for the highly 

crystalline granules in the dispersions. As previous studies showed that the presence of water allows 

amylose – amylose interaction over time and due to the larger free volume water can be arranged in 

the crystalline matrix [6]. Earlier studies also showed that the net matrix crystallinity was increased 
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by increasing the water activity of gelatinized starch samples [23]. High diffusion rate and low 

moisture contents of end product can help to minimize the retrogradation of TPS blends and can 

help to produce amorphous TPS films in the future. 

 

Morphology  

 

 Figure 1 shows the granular morphology of the commercial and spray-dried powder samples. 

The native high amylose corn-starch showed a mixture of rounded granules from floury endosperm, 

and angular granules from the horny endosperm [24]. The native maize starch showed angular 

granules, usually having four or five sides. In general, amylose-rich starch granules were rough, 

with different particle shapes; the surface of amylopectin-rich granules seemed smoother.  

 Solution spray-dried TPS samples showed significantly different morphologies. All the samples 

showed irregular and severely shriveled and cratered particles without any smooth or angular ones, 

and agglomeration levels were high. To test the presence of hollow particles, spray-dried powder 

samples were compressed in tableting equipment. A pressure of 5 bars was applied for 1 minute and 

SEM images were recorded (See Figure 1 middle set).  This treatment did not show any broken or 

hollow particles.  

 

 
 
Figure 1 Morphology (SEM) of dried product before and after pressing (Am stands for amylose and Ap for 

amylopectin. Left column: commercial samples; Top and middle rows: samples from solutions; Bottom row: 

samples from dispersions). 

 

 Amylose-rich granules showed brightness on the edges of the craters. One possible explanation 

of this phenomenon has been previously reported [25], and suggests that the amylose content is 

higher at the hilum for the amylose-rich corn samples [24, 25]. The higher density of hilum 

amylose-rich sample leads to brightness. Another possible explanation might be different 

microstructures of the hilum in granules.  

 Samples obtained from dispersed spray-dried granules were more regular with only a small 

fraction of shriveled particles, which supposedly is formed from truly dissolved material. As for 

native samples, the high amylopectin maize starch has smoother and more regular granules as 
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compared to the high amylose samples. The mixture showed the characteristics of both starches i.e. 

regular and irregular. The degree of agglomeration within the set of dispersion-based samples was 

similar but clearly lower than found for solution based samples. 

 

Crystalline structure 

 

 The crystalline nature of the spray-dried product depends on the properties of the feed material 

and on drying conditions [26]. The state of matter (amorphous/crystalline) is very important for the 

stability and the utilization in many domains, e.g., food industry or pharmaceuticals [21]. Based on 

XRD, starches can be classified into three groups, the A, B and C-type starches [27]. Amylose and 

amylopectin are packed into granules which are partly crystalline and partly amorphous in structure. 

Previous research proved that the crystalline part consists of parallel, left-handed double helices 

from the short chain of amylopectin [28, 29]. The density of A is higher than that of the B-type [30]. 

There was also reported another type of starch polymorph which is called C-type, a combination of 

A and B type polymorph. The B-type polymorph is found in the center of the granule and the A-

type polymorph surrounds the B-type. Further research is needed to determine whether the 

amorphous region of the C-type starch granule consists of A- or B- type polymorph or a mixture of 

both [31].
 

 

 
Figure 2 X-ray diffraction pattern of corn starch solution dried product (native samples used as reference).  

a) Immediately after production b) After 2 months of storage at dry conditions 

 

The XRD patterns of all the samples are shown in Figure 2. Previous research indicated that 

native samples contained both A-type (high amylopectin starch) and B-type (high amylose starch) 

crystals before treatment, and that the degree of crystallinity decreases with an increase in amylose 

content [2, 24, 32, 33].  

All samples obtained from solution spray-drying, show a non-crystalline pattern. Compared to 

the native materials a significant change in crystallinity is observed. Samples became completely 

amorphous, even for high-amylopectin starches. This result is in strong contrast to previous work 

that showed that the degree of crystallinity increased slightly with an increase in amylose contents 

for solution heat-treatment of starches [32-34]. This difference can be explained by the fast 

solidification and cooling of dissolved starch, which inhibits crystallization and produces 

amorphous materials.  This also explains why the amylose/amylopectin ratio did not show any 

effect on the product crystallinity after solution spray-drying TPS blends. The results are remarkable 
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as it has been reported that maltodextrin enhances the crystallization of amylose/amylopectin blends 

[6]. 

The amorphous nature of the obtained samples was maintained during storage of the samples at 

dry conditions in a desiccator for two months. (The stability of these materials under humid 

conditions is part of another study). After two months the samples were checked again by XRD 

(Figure 2(b)) and the X-ray patterns of all samples were the same as before, indicating good stability 

under these conditions.  

 

 
Figure 3 X-ray diffraction pattern of dispersion-dried product. 

 

Similar to the spray-drying of solutions, dispersed starches were dried and evaluated by X-ray 

analysis. The results are shown in Figure 3, which shows that the crystallinity decreased by a small 

amount but samples retained their typical diffraction patterns. The amylopectin sample still 

possessed an A-type diffraction pattern and the amylose had B-type. The crystallinity of high 

amylopectin starch was much higher than that of the amylose rich sample. The Am-Ap-D mixture 

showed patterns of both amylose and amylopectin diffraction.  

This X-ray diffraction analysis proved that the amorphous nature of solution-dried TPS samples 

was not caused by the spray-drying technique but relates to the use of true TPS solutions. From this 

it is concluded that spray-drying from solutions can be a useful technique to produce amorphous 

TPS feedstock containing different Am/Ap ratios for the manufacture of starch films with low 

moisture contents.  

 

Particles size distribution 

 

The most important physical parameters of powders are the particle size (PS) and particle size 

distribution (PSD). These properties determine the transport and flow of powder in equipment, and 

its compaction and segregation behavior. In addition, these properties play an important role in the 

food industry, such as TPS films, affecting aroma, texture and appearance [35, 36]. A decrease in 

particle size increases the particle surface area, causing greater affinity for moisture and increasing 

the risk of agglomeration during the drying process [37]. Figure 4 shows the density distribution of 

the spray-dried powders and the native granules. 

Native high amylose corn-starch and maize starch (Figure 4a) showed an X90 percentile up to 15 

µm and 20 µm, respectively. Maize starch contained the largest particles among all samples. It was 
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interesting to note that there was a fraction of spherical granules in the high amylose corn-starch 

(native) that had particle sizes bigger than amylopectin granules.   

 

 
Figure 4 Density distribution of all powder samples, a, b, and c represents native samples, dispersion dried and 

solution dried respectively. 

 

In solution drying (Figure 4c), a bimodal and skewed distribution was observed for all TPS 

samples with two different peaks, indicating two predominant sizes. Stickiness and a high rate of 

agglomeration could be the reason for this distribution. Due to the stickiness, bridges formed 

between smaller particles and consequently, agglomeration occurred, increasing the particle 

diameter. Therefore, the first peaks correspond to the minor particles and second peaks correspond 

to agglomeration of these resulting in larger diameters. The cumulative distribution showed that all 

the solution spray-dried samples had the same particle size and an X90 percentile less than 7 µm. 
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However, the dispersion dried samples (Figure 4b) were in range of 13 µm and 19 µm for the 

high amylose and the high amylopectin, respectively, and Am-D showed a unimodel distribution. 

This can be understood because particle size (X90 percentile) is a function of feed particle size, 

concentration, and composition of the feed. The particle size of the dispersion-based samples was 

higher than for solution and was proportional to molecular composition. The higher the molecular 

weight of the feed, the higher will be the particle size. Solution dried samples did not follow this 

pattern and all the samples had the same particle size (X90 percentile). In previous research, it was 

observed that in dispersion spray-drying particle size distributions mostly depend on inlet 

temperature, aspirator speed and feed concentration [9, 38]. The cohesiveness of dispersion-dried 

samples was lower than that of solution-dried samples. A lower cohesiveness and a higher 

crystallinity decrease the rate of agglomeration of dispersion dried samples. 

Given that small starch particles perform best as fillers in LLDPE films [36],
 
the spray-dry 

technology also may be a beneficial pathway to make starch filler and improve the mechanical 

properties of synthetic film materials.  

 

Powder flow properties 

 

Bulk density 

 

All industrial operations in handling powders depend on flow characteristics. It plays a role in 

industrial operations like mixing, transportation, and packaging [17]. Bulk density is used as an 

indicator and relates to the morphology and crystallinity of powders. A higher bulk density is 

connected with better powder flow. Bulk density data are collected in Figure 5. 

 

 
 

Figure 5 Shows the graphical representation of HR, Carr’s CI, bulk and tap densities. 
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Only native powder samples showed a bulk density above 5.50 g/ml and all dried samples had a 

low bulk density with solution dried samples as the lowest. The shriveled and cratered structures of 

the particles and the amorphous nature of the latter powders explain the low bulk densities. By 

comparing the data for native materials and the ones obtained for the samples from solution and 

dispersion, it is evident that spray-drying from solution significantly lowers the bulk density of the 

powders. 

 

Tap density and flow properties 

 

 According to previous work, low compressibility indices (CI) and low Hausner ratios are good 

indicators for the flow properties of a material [17, 39].
 
This is in accordance with the density 

measurements. CI is a measure of powder bridge strength and stability, and the Hausner ratio (HR) 

is a measure of the interparticulate friction. A Carr’s CI of < 10 or a HR of < 1.11 is considered to 

provide excellent flow. On the other hand a CI > 38 or a HR > 1.60 is considered as very poor flow. 

Depending on the values measured for these indicators, powders can be classified as “good”, “fair”, 

“passable” or “poor” flowing materials. The flow potential of powder increases by compressing it 

by tapping. Values for HR, Carr’s CI and tap densities are plotted in Figure 5.  

 The tap densities of all samples were low and in line with observed low bulk densities. The 

native high amylose corn and maize starches showed fair and passable flow properties, respectively, 

according the CI and HR classification [17]. Based on the results obtained, the flow properties of all 

solution spray-dried samples were rated as ‘poor’, based on CI and HR values. The difference 

between tap and bulk densities showed that samples were irregular and of high porosity. 

 The dispersion dried samples had tap densities higher than the solution dried ones, but were 

lower than found for the native starches. Dispersion dried samples of high amylose starch and the 

mixture of amylose and amylopectin were also rated as ‘passable flow’. The high amylopectin 

sample is classified as a ‘poor’ flowing material. Moisture contents, morphology, and nature 

(amorphous and crystalline) of powders are known to influence bulk material properties [40]. 

Spherical and regular particles with large particle sizes have better flow properties than irregular 

and smaller ones [39]. As we already have seen for solution dried samples the morphology was 

irregular and shriveled which clearly leads to low bulk densities and poor flow characteristics. 

 

Isothermal and isobaric treatment 

 

 The loss in birefringence was studied at constant pressure and temperature conditions. The 

degree of gelatinization of starch was analyzed using polarized light microscopy to observe 

disrupted granules and the loss in birefringence. The method was used by several authors and has 

been found to be suitable to detect very low degrees of starch gelatinization [18, 19, 41-43]. 

Figure 6 shows the results of loss of birefringence for all the TPS samples in the sequence of 

untreated, isothermal treatment and isobaric treatment, respectively (in-columns from left to right). 

Am-N and Ap-N are the native samples of high amylose maize starch and normal corn-starch, 

respectively. Ap-N was completely gelatinized after the isobaric treatment and lost its characteristic 

maltese cross of polarized light refraction. The swelling level and average particle size of high 

amylopectin samples were higher than for amylose samples. The high amylose maize starch 

samples showed different results. The swelling rate and the degree of gelatinization were low even 

after isobaric treatment. These results were in agreement with the results presented before [18, 19, 

44]. Solution dried samples and dispersion dried ones showed quite different results. The particle 
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size of solution dried samples was small and samples showed hardly any birefringence. The low 

average particle size and the amorphous nature of solution dried samples are expected to give better 

results in the preparation of films from starch/polymer blends. 
 

It also should help to improve mechanical properties like tensile strength, yield strength and 

percentage elongation of bio-films produced from starch blends. The amorphous nature contributes 

in better mixing of polymer blends [36, 45, 46]. The dispersion dried samples showed results similar 

to native materials. Dispersion dried material with high amylopectin (Ap-D) content was completely 

gelatinized after isobaric treatment while the high amylose maize starch dispersion (Am-D)  still 

showed some granules with birefringence. 

 

 
 

Figure 6 Loss of birefringence for starch samples. (Left column: untreated; middle: isothermal and right: 

isobaric treatment) 

 

Viscosity 

 

The viscosities of all samples were determined using a Brookfield DV-II viscometer and the 

data are shown in Figure 7. The viscosity of all samples varied significantly: for dispersed and 

native materials they depend on their amylose/amylopectin contents. At the same time a striking 
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difference is observed for the solution based spray-dried samples, i.e. the measured viscosities are 

significantly lower than those found for the other materials and are independent of Am/AP ratio. 

 

 
Figure 7 Viscosity of starch powder samples. 

 

These results were found to be reproducible in multiple measurements and can be explained by 

a difference in the degree of solubilization and particle disintegration [20]. This interpretation of the 

observed viscosity data is supported by the results shown in Figure 6. From this it is evident that 

solution spray-dried materials are highly solubilized under the conditions of viscosity measurement, 

whereas native and dispersed samples still show a high degree of granule retention and 

gelatinization. Likewise, it can be observed from Figure 6 that the granule size and the degree of 

gelatinization can be correlated to the viscosity data in Figure 7, i.e. gelatinized larger particles  

result in higher viscosity levels as long as the granules or particles are not fully disintegrated.  

  

Glass transition temperature (Tg) 

 

Differential scanning calorimetry (DSC) and modulated differential scanning calorimetry 

(MDSC) were used to observe any variation in the glass transition point for the compositions. DSC 

results showed that the thermograms were all identical and gave no conclusive information 

regarding the Tg of the materials.  

In MDSC, following equation was used to describe the total heat flow between sample and the 

reference [21, 22]: 

 

 tTfbC
dt

dQ
P ,.   

 

 Where 
dt

dQ
 is the resultant heat flow, Cp is the heat capacity of the sample, b is the rate of 

temperature change and f (T,t) is the heat flow from kinetic processes. In MDSC, the total heat flow 
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and the two individual components can be distinguished as the heat capacity component ( bCP. ) or 

reversing heat flow and kinetic component  tTf ,  or non-reversing heat flow. The glass transition 

is detected in reversing heat flow as it is related to sample heat capacity. In non-reversing heat flow 

processes such as enthalpic relaxation, crystallization, evaporation, or decomposition are resolved 

[21, 22].  

 

 
 
Figure 8 MDSC curves of all the spray dried samples. 

 

Previous research had shown that Tg was greatly affected by moisture content. We determine 

the thermal profiles using open pan, allowing water evaporation and measuring dry Tg [21, 22]. 

MDSC heat flow curves are shown in Figure 8. The results focus on glass transition of spray 

dried samples. All samples did not show Tg which is attributed to the inter- and intra- molecular 

hydrogen bonds between the starch chains limiting chain movement [3].  

 

 In summary, it can be stated that spray drying has an effect on the morphology, particle size, 

surface structure and gelatinization of starch. However, the Tg is not affected by spray drying. 

Solution spray drying can be helpful in the production of amorphous TPS films for food packaging. 

 

Conclusions 

 

 The properties of solution and dispersion dried TPS samples of maize starch with different 

amylose to amylopectin ratios were systematically studied before and after spray-drying. TPS 

samples obtained from solution showed completely different properties compared to those from 

dispersion. The amylose to amylopectin ratio did not have any effect for solution dried samples. 

Most properties, such as moisture contents, crystallinity, particle size distribution, viscosity and 

flow properties were similar for all solution dried TPS materials. All samples were amorphous in 

nature with low average particle sizes, low moisture contents and viscosities, and the variation in 

molecular weight distribution introduced by blending amylose and amylopectin did not have an 

effect on these properties. Due to these properties, solution spray drying of TPS powder can be a 
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useful technique to produce improved amorphous thin TPS films with different plasticizers. This 

technique produced TPS powder with low moisture contents, narrow particle size distributions and 

amorphous material, and thus can play an important role to produce thin TPS films with better 

mechanical properties and different retrogradation behavior.  

 On the other hand, samples obtained from dispersions remained crystalline and particle size 

distributions and viscosities increased in line with the composition of the formulations. While the 

morphologies of solution-dried samples were irregular and shriveled, dispersion dried materials still 

resembled the original native material structures. Flow indicators based on bulk and tap density 

measurements of all the processed powder samples pointed to quite poor powder flow 

characteristics. All the samples, regardless of the method, did not show any Tg due to strong intra- 

and inter- hydrogen bonding among starch chains. 

 Retrogradation behavior and the use of low molecular weight plasticizers will be investigated in 

the next part of our study to manufacture thermoplastic starch films. 
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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.  
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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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Abstract 

 

Amorphous thermoplastic starch (TPS) films were produced by compression moulding of 

solution spray-dried TPS powder and by solution casting. Oxidized potato starch was used as a 

feedstock for plasticized formulations containing either glycerol or urea, or combinations thereof 

with maltodextrin (DE = 19.1) as co-plasticizer.  

The crystallinity degree of freshly moulded films from solution spray-dried powder was 

significantly lower than that for casted films. FTIR analysis showed that starch interacted in 

hydrogen bond formation with glycerol and urea plasticizers, reducing the glass transition (Tg) 

temperature to 136 °C and 106 °C, respectively. Co-plasticized formulations did not show a Tg. 

Glycerol-plasticized and co-plasticized films immediately started to retrogradate in the presence of 

some moisture, while urea based systems only showed slow recrystallization at the highest moisture 

exposure. In line with this behaviour, urea plasticized and co-plasticized films exhibited a more 

elastic behaviour, whereas glycerol based ones showed a more brittle behaviour. 

 

Introduction 

 

Starch is a natural polymer of D-glucose found in the majority of plants. It is low cost, 

abundant, and biodegradable, and, after plasticizing, exhibits appealing material properties [1-3]. 

Amorphous thermoplastic starch (TPS). Films are currently attracting significant attention as 

potential packaging material from both scientific and commercial entities. In 2002, 25% of all 

plastics throughout the world were used for packaging purposes [4, 5].  

However, creating thermoplastic starch films with suitable and consistent mechanical properties 

is challenging. Starch, being semi-crystalline by nature, suffers from retrogradation [4, 6, 7] and a 

higher degree of crystallinity leads to film brittleness and reduced flexibility and extensibility, thus 

limiting practical use [1, 4, 6-9].  

Casting and thermoplastic extrusion are the predominant techniques used for creating TPS 

films. Though these methods are simple and cost efficient, the starch is processed using water as 

plasticizer which results in the retrogradation of the formulations [10]. Especially long drying times 

required in film casting counteract the formation of amorphous TPS films [8, 11]. Extrusion has the 

disadvantage of limited crystal break structures in starch. Also the introduction of new crystal types 

depending on mechanical energy and operating temperatures used during extrusion was reported 

[11, 12].  

In addition to water, plasticizers are used to disrupt the hydrogen bonds between the starch 

polymeric chains, hereby influencing the mechanical properties of starch films. The use of 

plasticizers results in a greater mobility of the starch chains in TPS films, leading to better process 

ability and more appealing film properties [4, 7, 11, 13, 14].
 

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

amorphous TPS films with better retrogradation and mechanical properties. Indeed, our previous 

studies showed that solution spray-drying (SSD) of starch/maltodextrin formulations could be a 

potential technology for the manufacture of amorphous thermoplastic starch based films (chapter 3).
 

This technique produces amorphous TPS powder with low moisture contents thus can play an 

important role to produce thin TPS films with better mechanical properties. This as long as it can be 

processed into film structures [15, 16].
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In order to create amorphous TPS films, this research will therefore focus on the processing of 

starch via compression moulding of spray-dried starch-plasticizer formulations. Glycerol and urea 

will be used as plasticizer, separately and in combination with maltodextrins (DE =19.1). For 

reference purposes, films will also be prepared by solution casting to study the role of moisture 

during the film-production process. The high drying rate, attained in SSD, is expected to give rise to 

amorphous TPS powder containing little water and slow retrogradation of films, whereas moisture 

can play a role during the drying of solution casted films [15, 17].  

Oxidized amylopectin is preferred as a feedstock for spray drying as it gives low viscosity 

solutions [8]. Different end-product properties of powders and films were investigated. 

Crystallinity, and thermal properties of spray dried powder were studied and analyzed by X-ray 

diffraction (XRD), differential scanning calorimetry (DSC) and thermal gravimetric analysis, 

respectively. Water uptake at different humidity levels, retrogradation, and mechanical properties of 

thermoplastic starch films were also studied.  

 

Table 1 

Code names and corresponding description. 

 

Code Description 

Powder  

U.S Untreated starch; feedstock material 

S.D Spray dried starch 

G.PS Spray dried 30% glycerol plasticized starch 

U.PS Spray dried 30% urea plasticized starch 

G.MD.PS Spray dried 15% glycerol and 15% maltodextrin (DE 19.1)  plasticized 

starch 

U.MD.PS Spray dried 15% urea and 15% maltodextrin (DE 19.1)  plasticized 

starch 

 

Films  

S.SC Solution casted starch film 

G.PS.SC 30% Glycerol plasticized solution casted film 

U.PS.SC 30% Urea plasticized solution casted film 

G.MD.PS.SC 15% Glycerol and 15% maltodextrin (DE 19.1)  plasticized solution 

casted film 

U.MD.PS.SC 15% Urea and 15% maltodextrin (DE 19.1)  plasticized solution casted 

film 

 

Materials and methods 

 

Materials 

 

Oxidized potato starch amylopectin (Perfecta-film X85; moisture content 15%) was a gift from 

AVEBE (the Netherlands). Analytical grade glycerol and urea were purchased from Sigma-Aldrich.  

Maltodextrin (DE = 19.1) was kindly supplied by Cargill (France). The coding of the samples used 

throughout this paper is given in Table 1. 
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Preparation of TPS-powder 

 

 Aqueous solutions of starch were prepared using 15% (w/w) of oxidized starch and 30% (w/w 

based on dry starch) plasticizer, which was heated to 95°C for 25 minutes and stirred at a rate of 600 

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

nozzle. SSD was carried out as described in previous chapters [16]. All the spray-dried formulations 

were then converted into films by compression moulding while the solvent-casted films were made 

directly from water based solutions.  

 

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 samples were compressed at 25 bars for 5 minutes. The 

applied moulding temperature for S.D, G.PS, and G.MD.PS was 140°C, and respectively 120°C and 

130°C for U.PS and U.MD.PS.  

Solution casted films were made from the original water based solutions prepared in the same 

manner as described above. Subsequently 10 mL of the solution was poured into a Petri dish (7 cm 

diameter) and dried for 48 hrs at 45°C. The solution-casted products are coded with the suffix SC. 

 

X-ray diffraction (XRD) 

 

 The crystalline structures of the spray dried powders and the films were studied using X-ray 

diffraction. 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. The degree of crystallinity was 

determined using the method described by Wang et al. (2005). The software program Origin 8.1 

was used for integrating the peaks. The total area was the area under the curve from 12° to 40° in 

the XRD spectrum [18]. 

 

Thermal gravimetric analysis (TGA) 

 

 Thermal gravimetric analysis of freshly prepared formulations was done using an open pan 

Perkin Elmer TGA 7 from 25°C to 900°C with 5-10 mg of sample applying a heating rate of 

25°C/min. The TGA and the derivative of the TGA were determined as described in literature [19]. 

 

Differential scanning calorimetry (DSC) 

 

 The glass transition temperature (Tg) of the freshly prepared samples was determined by DSC 

measurements, using a DSC-60 Shimadzu Co. Prior to the 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 the sample in the 

first run. 
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Fourier transform infrared spectroscopy 

 

 Fourier transform infrared (FT-IR) analyses were performed on freshly prepared samples. The 

spectra were recorded using a Perkin Elmer FT-IR spectrometer spectrum 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. 

 

Retrogradation of TPS films 

 

 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% CaCl2 solution) and 100% (distilled water). 

Rate of retrogradation measurements were carried out as described in the previous chapter 3. The 

degree of crystallinity was determined using the method described in XRD.  

 

Moisture uptake 

  

 To study moisture uptake, films were stored at 0%, 50% and 100% RH and gravimetrically 

analyzed at regular time intervals. 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 [20].  

 

%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 adsorption data were fitted according to the model 

reported in literature [21]. 

 

                (Eq. 2) 

 

Where Mt is the moisture contents 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) [22]. 

 

Mechanical properties 

 

 An Instron 4301 tensile tester was used to measure the mechanical properties of the TPS films 

in accordance with ASTM D1708. The crosshead speed used was 10 mm/min. In order to increase 

research validity each type of film was tested using at least 7 samples, enabling the removal of 

outliers. Before measurement the test specimens were conditioned at RH=100% for 24 hours.  

 

Powder recovery 

 

Yield from a spray-drying operation is defined as “the ratio of the actual amount of solid 

powder produced to the maximum amount of powder achievable” [23]. The yield was calculated as 
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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) 

 

 

Results and discussion 

 

 In chapter 3, maltodextrins of different molecular weights were tested as additives (acting as 

processing aids or plasticizers) in the production of amorphous SSD powders and subsequent 

compression molding into TPS films. Maltodextrins did not result in any recordable plasticization 

and the films showed a high rate of retrogradation and poor mechanical properties. However, the 

yields in the spray-drying process improved in comparison to the processing of non-formulated 

starch. 

In this study, we used the more common plasticizers for starch [7, 10, 24], i.e. glycerol and urea 

to produce TPS films and evaluated powder and film properties. Glycerol and urea are both low 

molecular weight additives and have a significant number of hydrogen bond forming units. 

Therefore it is to be expected that both will act as plasticizer and show better film forming 

properties [9]. As maltodextrine is beneficial as a processing aid, also combinations of glycerol and 

urea with maltodextrin have been included in the study (chapter 3). Solution casted and compression 

moulded films were evaluated side-by-side to investigate the difference in the rate of retrogradation 

and the ultimate degree of crystallinity of TPS films created by both techniques.  

 

Crystallinity of freshly prepared TPS powder and films 

 

The X-ray diffraction patterns of TPS powder and films with and without additives are shown 

in Figure 1.  

Based on XRD, U.S possesses a semi-crystalline structure, indicated by the broad crystalline peaks 

at 2θ=17.2°, 19.6°, 22.3° and 23.6° (Figure 1a) [6, 25]. These peaks correspond to B- and V-type 

crystallinity [12, 26]. As B-type crystallinity relates to increased brittle behaviour for TPS films [27] 

the elimination of these crystal elements is required to create flexible films. 

 After SSD all freshly prepared powder samples were amorphous; no crystalline peaks were 

identified (Figure 1b). As reported in literature [7, 9], plasticizers (in this study water, urea or 

glycerol) break up the intra and inter-molecular hydrogen bonds between the starch chains while the 

high drying rate and rapid cooling during the spray drying operation inhibits crystallization. Adding 

either glycerol or urea, or combinations with maltodextrine did not induce crystallization during the 

processing step.  

  All the freshly prepared films were amorphous and compression moulding did not lead to 

observable premature retrogradation (Figure 1c). Non-plasticized starch S.D and co-plasticized 

films were mat and slightly hazy; glycerol and urea plasticized films were transparent.  
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Figure 1 (a) X-ray diffractogram of U.S. The arrows indicate characteristic peaks attributed to starch 

crystallinity. (b) X-ray diffractograms of the powders obtained after spray drying. (c) Films obtained via hot 

pressing of solution spray dried starch powders, (d) Solution casted films.  

 

The degree of crystallinity of these films was compared to the films obtained via solution 

casting (Figure 1d and 2). It was found that the films made by compression moulding of spray dried 

powder exhibited no crystal structures whereas the ones made by solution casting did. For the latter, 

Figure 1d illustrates that urea plasticized films exhibited the lowest degree of crystallinity. This can 

be explained by the low molecular weight and the small molecular dimension of urea and, therefore, 

its more effective molecular mixing with effective formation of stable hydrogen bonds [24]. The co-

plasticized films showed similar results. The solution casted films containing glycerol as co-

plasticizer showed a slightly higher crystallinity than the co-plasticized urea equivalent. This points 

again to the more effective interaction between starch and urea, and to the combined role of 

moisture and added plasticizers in relation to the low drying rate in the solvent casting operation. 

The result that urea is the more effective plasticizer which ultimately leads to slower retrogradation 

of starches is in line with data observed for extruded starch formulations [11, 24]. Comparison of 

our data with the ones presented in the literature nevertheless suggests that the rate of retrogradation 

and the ultimate equilibrium crystallinity levels are lower for the films obtained from spray-dried 

powders. The differences in crystallinity achieved with these processes can be attributed to the more 

efficient drying in the spray-drying operation, thus leading to lower initial moisture contents in the 

starch-plasticizer network and to the reduction of starch-chain mobility caused by water 

plasticization.  
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Figure 2 Degree of crystallinity for films, XRD preformed immediately after production. 

 

Thermal Properties 

 

Thermal degradation and stability was investigated by both TGA and DTGA (Figure 3). Apart 

from moisture loss at 100°C, all samples were thermally stable up to a temperature of 160°C or 

higher (Table 2). The curves were segmented into 3 or 4 identifiable regions depending on the 

composition of the formulations: all samples contain a region at 100 - 110 °C (labeled a) which 

corresponds to the loss of absorbed water. They also contain a region between 300 and 350 °C (b2) 

and one above 350 °C (c) which are characteristic for starch degradation followed by char 

production. The formulated systems show a fourth region between 150 and 300 °C (b1) that can be 

related to the decomposition of the additives or to specific unidentified degradative interactions 

between the additives and starch.  

The S.D was different from the formulated samples and was taken as reference sample. It 

showed the typical starch TGA profile of some moisture loss in region (a) followed by complete 

decomposition (b2 and c).  

The formulated samples exhibited the extra region in the degradation profile that can be 

ascribed to the additives which cause a decrease in the onset of degradation (Tdec) from 294 °C for 

S.D to 160 °C or higher for the plasticized samples. The onset temperatures and the minima in the 

DTGA-curves (Figure 3) for section a, b1 and b2 are collected in Table 2.The addition of plasticizer 

caused a decrease for both the onset and peak values of Tdec. The degradation in the b1 region in the 

DTGA curve depends on the type of plasticizer used; G.PS showed maximum weight loss of 20.3%, 

whereas U.PS showed a weight loss of only 10.2%.  

 



Understanding the role of plasticizers in spray-dried starch 

81 | P a g e  

 

 
Figure 3 TGA and DTGA-curves of the native starch and formulated spray dried samples. 

 

Another striking difference between urea and glycerol was observed for the co-plasticized 

powders. Addition of maltodextrine to the glycerol formulation resulted in a weight-loss reduction 

that could be explained by the 50% lower glycerol content in the formulation (20.3 % weight-loss 

for G.PS containing 30%w/w glycerol versus 13.5% for G.MD.PS with only 15%w/w). However, 

for the similar urea case, at best no difference in weight loss in the b1 region is observed (10.2% for 

U.PS versus 11.2% for U.MD.PS). These results clearly suggest a difference in the type or 

efficiency of mixing and interaction of the plasticizers with starch.  A possible explanation has been 

postulated by Tajuddin et al. [28] stating that very effective plasticizers penetrate between the 

amylopectin branches, whereas less effective and possibly higher molecular weight additives like 

glycerol, interact primarily with the amylose-like linear structures and maltodextrine, for the mixed 

formulations, which together surround the branched amylopectin units. The representation 

postulated by Xie et al. provides an image of “open umbrella” structures for amylopectin structures 

filled with urea and “coated closed umbrella” structures for glycerol formulated systems (Figure 4.).  
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Figure 4 Schematic representation of microstructural changes of starch under processing with different 

plasticizers (reproduced with permission of the publisher, from Figure 6. In reference Tajuddin. et al. (2011)). 

 

Glass transition temperature 

 

DSC measurements showed only glass transition temperatures for G.PS and U.PS. S.D showed 

no Tg which was attributed to the inter- and intra-molecular hydrogen bonds between the starch 

chains limiting chain mobility [6]. As a result, S.D decomposed before it showed a glass transition.  

In G.PS and U.PS the plasticizer molecules disrupted hydrogen bonds between starch 

molecules reducing the Tg. The lower Tg for U.PS as compared to G.PS was attributed to urea 

forming stronger hydrogen bonds with starch (FT-IR). Melicia et al. (2009) also showed a lower Tg 

for urea as compared to glycerol for TPS films of oat starch made by solution casting [11].  

The co-plasticized samples G.MD.PS and U.MD.PS also failed to show a glass transition 

temperature. This is a remarkable result, as Souza et al. (2012) reported Tg values of 53 to 63 ºC in 

the presence of 15% w/w of glycerol in cassava starch blends [29].  The signal in the b1 region for 

these formulations nevertheless suggests the presence of a separate phase in the starch matrix 

containing material that degrades below the actual starch degradation point. This phase could 

however not be identified in the DSC analyses. In addition, the observed yield improvement, i.e. 

reduction of powder tacky-ness, in the SSD process that was expected from the addition of 

maltodextrin indeed suggests the absence of low temperature softening. The presence of a peak in 

the b1 region and the absence of a glass transition temperature may be explained by the formation of 

a maltodextrine-amylose-plasticizer rich phase around the branched amylopectin structures [28].  
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Table 2 

Degree of crystallinity, moisture uptake, thermal and mechanical properties of TPS films. 
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FT-IR analysis 

 

FTIR analysis provides information about the interaction of starch and plasticizers. U.S and S.D 

were taken as reference samples for which also the difference between a crystalline and amorphous 

nature could be identified.  

The spectra of  U.S and S.D showed that the interactions with O-H, C-O-H and C-O-C changed 

by the spray-drying step. These changes were attributed to a reduction in both crystallinity and 

ultimate moisture content [30, 31]. The band at 996.4 cm
-1

 in U.S was no longer visible in the S.D 

spectrum whereas the peak at 1012 cm
-1

 became more pronounced, indicating decreased 

crystallinity [31]. Finally, the peak at 3262 cm
-1 

in U.S, for O-H stretching, was higher for S.D and 

shifted to 3310 cm
-1

. This showed that the spray dried sample has a decreased molecular order as 

compared to the feedstock material. 

 

Table 3 

FT-IR absorption bands of the studied samples. 

Samples 

(% moisture) 

Wavelength [cm
-1

] 

3310-3270 2922-2921 1361 1078 1019-1017 

U.S (15 ) 3262 2922 1339 1076 996.4 

S.D (5.2) 3310 2922 1361 1078 1012 

G.PS (1.3) 3292 2923 1366 1079 1018 

U.PS (0.4) 3333 2922 1454 1078 1017 

G.MD.PS (0.8) 3293 2838 1340 1080 1017 

U.MD.PS (0.5) 3340 2923 1364 1078 1017 

 

 Formulated samples were in-line with literature and the absorption bands at 1012-1019 cm
-1

 

were clearly visible for all nearly amorphous spray-dried samples. Starch chains in G.PS and 

G.MD.PS formed stronger hydrogen bonds as compared to S.D. This can be concluded from the 

shift in O-H stretch vibration from 3310 cm
-1

 (S.D) to 3292 cm
-1

 (G.PS)  and 3293 cm
-1

 (G.MD.PS) 

(Table 3). Hence, FT-IR analysis confirmed that SSD of G.PS yielded TPS in which glycerol 

interacts with the starch chains. The spectra for U.PS and U.MD.PS exhibited a different structure 

when compared to the glycerol containing samples. The presence of amide structures caused the 

peak of hydrogen bonded O-H, at 3310 cm
-1

, to change [11, 32]. Absorption at 3333 cm
-1

 in U.PS, 

and absorption at 3340 cm
-1

 in U.MD.PS were attributed to the N-H stretch of primary amides, 

obscuring the O-H stretch band. The short band in the range of 2908-2930 cm
-1

 was related to CH 

stretching in starch. This band was double peaked after using plasticizers in contrast to the single 

peak observed in native starch, implying the formation of newer and stronger hydrogen bonds [33]. 

The rest of the spectrum is identical as published in literature [11, 32, 34].  

Comparing the FT-IR spectra of G.PS and U.PS gives rise to distinct differences in 

wavenumbers. It can be seen that the wavenumbers corresponding to O-H and C-O stretching were 

lower for U.PS, indicating that urea formed more stable hydrogen bonds with starch (Table 3). The 

influence of N-H stretching vibrations at 3333 cm
-1

 and 3218 cm
-1

 in U.PS hindered the comparison 

of this band to G.PS and S.D. Similarly, in case of co-plasticized samples, U.MD.PS showed better 

hydrogen bond forming ability as compared to G.MD.PS. 
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Similar observations were published by Ma et al. (2006) who prepared TPS in a single screw 

extruder and reported stronger hydrogen bonding strength for urea compared to glycerol. TPS 

produced in a single screw extruder showed low values for three major characteristic starches peaks 

between 990 and 1160 cm
-1

, attributed to C-O bond stretching [24]. 

 In the current study, both plasticizers showed better hydrogen bonding strength as compared to 

TPS produced by single screw extrusion of formulations with the same plasticizers. The same holds 

for the comparison with films containing blends of urea and glycerol made by twin-screw extrusion 

[33]. 

 The stronger interactions between urea and starch also caused a lower glass transition for U.PS 

compared to the glycerol–starch combination. Nevertheless, the molar ratio starch to plasticizer 

cannot be ruled out in interpreting the spectra. The molecular weight of urea is 35% lower as 

compared to glycerol and hence results in more plasticizer molecules being available for disturbing 

the inter- and intra-molecular interactions in the urea plasticized sample.  

 

Retrogradation and moisture uptake of TPS films 

  

 Film retrogradation was studied at various humidity conditions by XRD for a period of 56 days 

(Figure 5). 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 also relative 

weight changes during storage were measured and reported (Figure 7). Both elements will be 

discussed in this section.  

Storing the starch based films at RH0% caused no significant changes in the amorphous nature 

of the films up to 56 days (Figure 5); the degree of crystallinity remained below 2.5%. Due to the 

absence of water and therefore the absence of moisture absorption at RH0%, the mobility of the 

starch chains was limited which prevented retrogradation, and the films remained brittle.  

 

 
 

Figure 5 Degree of crystallinity of TPS films at different humidity conditions. U.S indicates the degree of 

crystallinity in the feedstock material. 

  

At RH100% the studied samples showed a return of the initial B-type crystallinity present in the 

feedstock. However, S.D films showed an increase in A-type crystallinity since the peak at 15°
 
2θ 

noticeably increased (Figure 6) [12]. Furthermore, the peak doublet at 22°-24° 2θ was transformed 

to a singlet [12, 35]. The increase in A-type crystallinity is comparable to findings after heat-

moisture treatment (HMT) of starch. HMT is a methodology in which starch B-type crystals are 

transformed to A-type at a low humidity level and high temperatures. During SSD and during hot 

pressing high temperatures (90-110°C) are applied under dry conditions (<35% water) [30, 35]. 
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These conditions favour the formation of the more densely packed A-type crystals [30]. The change 

in XRD pattern is attributed to the dehydration of the water molecules present in the central channel 

of the B-type unit cell [35]. Dehydration of starch and high temperatures during SSD and 

compression moulding have led to increased formation of A-type crystallinity in this research. 

 

 
Figure 6 X-ray diffractograms of S.D stored at RH100% for 56 days. 

 

As expected, films stored at RH50% showed an increase in weight upon storage, due to water 

uptake which turned all originally brittle films into flexible ones. Similar weight change profiles at 

RH50% were described by Mina et al. (2010) and Kirsten et al. (2006). Initially water is absorbed 

by the amorphous starch matrix, leading to an increase in weight [36, 37]. Next moisture acts as a 

plasticizer which causes starch-starch hydrogen bond interactions to become starch-water 

interactions, thus creating a more open network. Finally, upon a further increase of the water 

content the samples become rubbery. In this regime structural rearrangements occur, causing re-

crystallization. This crystallization may finally lead to the removal of moisture from the matrix 

resulting in a weight loss [36]. These phenomena  were also observed in this study [38], G.PS and 

G.MD.PS films showed the largest amount of water uptake at RH50%, but G.MD.PS showed better 

retrogradation properties, i.e. slower recrystallization. This high moisture absorption in G.PS leads 

to an increased degree of crystallinity because of higher starch chain mobility. Co-plasticization of 

maltodextrin with glycerol apparently limited the water uptake of the formulation and inhibited the 

rate of retrogradation by controlling chain movement at RH 50%. U.PS showed somewhat lower 

moisture absorption than G.PS but the retrogradation of this formulation was much slower. The 

presence of maltodextrin in the U.MD.PS formulation had a similar effect with slow retrogradation 

and a somewhat higher moisture absorption. 
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Figure 7 Relative weight changes over time at different relative humidity per sample. Y-axis shows relative 

weight change in percentages. X-axis indicates the days. 

 

 At 100% relative humidity the differences between the formulations became more evident. The 

rate of moisture absorption and the ultimate equilibrium moisture levels are clearly the highest for 

the urea formulated starches, while the pure urea-case also provides the best retrogradation 

performance. The presence of maltodextrine caused both systems to retrogradate in a similar 

manner although the ultimate moisture levels were the highest for the urea formulation. Finally, it is 

remarkable to note that both urea formulations show a decline in moisture contents after longer 

storage time, while the equilibrium moisture content for the G.MD.PS almost equaled that of the 

U.MD.PS formulation at 21 days storage, but continued to build towards a higher final moisture 

level. 

Moisture uptake curves of TPS films are shown in Figure 7. At the initial stage of the storage, 

the moisture adsorption was rapid and, with passage of time, the rate of water absorption decreased. 
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Then, the moisture contents reached a plateau indicating that the TPS films became equilibrated. To 

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

different times were fitted using Equation 2 [21]. 

 The Peleg parameters [21], 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 [22]. 

The regression coefficients were found to be very high in all cases (R
2
 > 0.99). G.PS showed the 

highest initial adsorption rate, followed by U.PS. Addition of maltodextrin to glycerol and urea 

plasticized TPS films, reduced the initial rates.  The absence of hygroscopic additives in S.D 

resulted in the lowest value for the initial absorption rate, i.e. the highest k1 value. The highest 

equilibrium moisture absorption (the lowest k2 value) is observed for U.PS.  

 
Table 4 

Constant values (k1 and k2) and regression coefficient (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

 1.5*10
-2

 0.997 

G.PS 1.34 2.7* 10
-3

 1* 10
-2

 0.999 

U.PS 1.132 6.9*10
-3

 3.7*10
-3

 0.993 

G.MD.PS 0.8 1.9*10
-2

 5.6*10
-3

 0.997 

U.MD.PS 0.5 1.2*10
-2

 7.2*10
-3

 0.998 

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

 

Both urea systems shown in Figure 5 and Figure 7 exhibit a reduction in moisture content as the 

result of increasing retrogradation. Both systems could be perfectly fitted to a modified Peleg model 

using the moisture absorption data including a correction term for moisture displacement due to 

recrystallization over time (Figure 8).  

In order to put the observed retrogradation data, the moisture uptake results and the thermal 

analysis together into a rational for the interaction of starch with plasticizers, the following general 

observations should be accounted for in a model: 

 

 Low molecular weight plasticizers with high hydrogen bonding capability cause rapid 

moisture absorption with high equilibrium moisture contents and tend to delay 

retrogradation. From the plasticizers tested in this study, urea may be considered as a 

typical example for this behaviour. 

 Formulations containing plasticizers responsible for extreme moisture uptake, such as 

urea, may expel  moisture with increasing retrogradation of the formulation. 

 Partwise replacement of plasticizer by maltodextrine reduces moisture uptake and 

accelerates retrogradation depending on the type of plasticizer used. 
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Figure 8 Water sorption performance at 100% RH fitted using Peleg model (M.E and M.M are 

moisture uptake experimental and modelled values, respectively). 

 

The results presented in this study and in our previous chapter were combined with data on 

starch plasticization collected from other researchers [7, 10, 24, 28] and the results seem to fit with 

the model proposed by Tajuddin et al. (2011). This model suggests that the miscibility of 

plasticizers with the different fractions of the starch amylose / amylopectin mixture depends on the 

molecular weight and the hydrogen bonding capability of the additive. Highly bonding low 

molecular weight additives (such as urea, formamide and water) mix well and interact with all 

starch structures, including the amylopectin branches. The resulting break-up of intra-molecular 

bonding in the amylopectin branches opens the structure for more and rapid moisture uptake to high 

absorption levels which than increases the mobility of substructures that subsequently will lead to 

retrogradation of the amylopectin parts and the displacement of moisture and plasticizer from these 

parts of the formulation. Moisture and plasticizer will then become concentrated in the amylose-like 

residue surrounding the amylopectin fractions (including eventually added maltodextrine). Less 

hydrogen bonding systems of higher molecular weight (like glycerol, sorbitol, xylitol, and mannitol) 

are expected to preferentially mix with the amylose rich surroundings of amylopectin. They 

nevertheless enable rapid moisture transport, which as small size plasticizer will break-up the 

amylopectin structure.  In this case the larger plasticizers concentrate in the amylose fractions, the 

smaller ones in the amylopectin fractions and leads to a high retrogradation rate of the amylopectin 

fractions and moisture absorption will resemble that of un-plasticized starch. Moisture absorption 

and retrogradation and its similarity to the behaviour of un-plasticized starch will be related to the 

molecular dimensions and hydrogen bonding capability of the additive. The addition of 

maltodextrine to formulations that contain relatively small amounts of linear amylose-like structures 

will lead to mixtures which absorb plasticizers that are less capable of diffusion into the 

amylopectin branches. 

 Thus, in case urea is used as the single plasticizer, all fractions of the spray-dried starch 

amylose/amylopectin mixture will contain urea and rapidly absorb moisture to reach a high 
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equilibrium level. At some point retrogradation starts to displace both water and urea from the 

crystallizing amylopectin part and the total moisture content will reduce over time. Glycerol is also 

expected to diffuse into all parts of the spray-dried starch system. This also allows for moisture to 

diffuse into all parts of the starch mixture of which the amylopectin fractions likewise start to 

retrogradate as soon as sufficient chain mobility is reached. Glycerol than will be expelled more 

readily from the amylopectin phases due to its molecular dimensions and primarily concentrates in 

the amylose fractions. As glycerol is expelled more easily, retrogradation is expected to be faster for 

glycerol than for urea modified systems. 

 In case maltodextrine is added as an additional component to these formulations, the rate of 

moisture uptake will depend on both the molecular weight of the dextrin and the nature of the 

plasticizer. The closer the dextrin resembles amylose (i.e. the higher the molecular weight), the 

more will the moisture uptake be of the system resembling that of the unmodified starch system 

assisted by the activity of the actual plasticizer which continues to act as described above.  

 

Mechanical Properties 

 

The mechanical behaviour of the TPS films is shown in Figure 9 (b) and Table 2. Proper test 

samples for U.S could not be made due to the brittle nature of starch. The higher elongation for the 

urea plasticized TPS films and the higher strength for the glycerol formulated samples showed that 

films formulated with urea were more plasticized than the ones formulated with glycerol. 

Furthermore the relative standard deviation for U.PS was smaller.   

Similar results were obtained for the co-plasticized films, i.e. U.MD.PS films were more 

flexible and gave a lower standard deviation as compared to G.MD.PS. Both results can be related 

to the more effective plasticizing behaviour of urea and suggests also a more homogeneous 

distribution for the urea formulations. The lower glass transition temperature of U.PS indicates that 

the starch chains had more mobility. Increased flow/sintering during film making, resulted in the 

lower (relative) standard deviation for U.PS and U.MD.PS. Mali et al. (2005) and Guifang et al. 

(2009) studied yam starch films and oxidized potato starch films, respectively and found that the 

tensile strength decreased at higher concentration of plasticizers [8, 39]. Both explained that the 

proximity between starch chains is reduced by the incorporation of plasticizer into the starch 

network, which decreased tensile forces and improved the movement of starch chains. 

 

 
Figure 9 (a) Average powder recovery after spray drying (n=10), (b) Tensile properties of the acquired TPS 

films. 
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Powder Recovery 

 

 The powder recovery of spray dried samples is shown in Figure 9 (a). S.D was taken as 

reference sample and showed a maximum yield of 73 ± 4%. The formulated samples showed a 

significant decrease in yield which, to a major extent, could be recovered by the addition of 

maltodextrine to the formulation. Major losses occurred due to powder sticking to the wall of the 

drying chamber. When the inlet temperature is higher than the Tg, the particles exist in a rubbery 

and sticky state [40]. Because the inlet temperature was higher than the Tg
 
for the plasticized 

samples, losses increased in the order S.D < G.MD.PS < U.MD.PS < G.PS < U.PS. Furthermore, 

the Tg decreases with increasing water contents. Both moisture contents and air temperature are the 

highest at the top of the drying chamber, enabling stickiness of the material. This explains the 

higher yield for sprayed samples without glass transition temperatures (chapter 3).  

 

Conclusions 

 

Spray-drying formulated starches, containing plasticizers and processing aids, from water 

solutions is considered to be an effective way of producing molecularly mixed amorphous starch 

systems. The effective mixing followed by drying and film production resulted in film performance 

different from films produced by classic extrusion technology or solvent casting. The difference in 

behaviour can be explained by more intimate mixing of the ingredients and a different role of 

moisture in the non-spray-dried systems. 

The behaviour of compression moulded films in terms of moisture absorption (at different 

humidity levels) and rate of retrogradation was found to depend on the type of plasticizer and the 

presence of maltodextrine as a third formulation component. Urea was found to be a more effective 

plasticizer than glycerol, i.e. a lower Tg, a lower degree of retrogradation, a lower tensile strength 

and a higher elongation, which can be understood by the smaller molecular dimensions of urea and 

a more intimate interaction between urea and the amylopectin fractions in the system. Glycerol is 

nevertheless a good plasticizer although it is, according to the Xie model, expected to concentrate 

preferentially outside the amylopectin fractions or at the interface of the amylopectin fractions and 

the other starch-like fractions in the formulation. As such, glycerol promotes retrogradation in 

humid conditions, whereas urea inhibits retrogradation.  

Replacing 50% of the plasticizer by maltodextrine resulted in a more non-formulated starch-

like behaviour with higher retrogradation rates, the absence of a glass transition temperature, but a 

higher yield for the spray-drying process.  
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Abstract 

 

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

molding of spray dried oxidized amylopectin potato starch was investigated. The aim of the work 

was to investigate the influence of natural plasticizers with similar molecular weight but different 

hydrogen bonding functionality, i.e. isoleucine, asparagine and malic acid, on the performance of 

powder and TPS films. Combinations of malic acid with glycerol, urea, and maltodextrin were also 

evaluated.  

Except for isoleucine formulated starch, all samples were obtained and evaluated as amorphous 

powders and films. Malic acid was identified as a strong anti-retrogradation agent as it inhibited 

recrystallization of starch for 56 days over the full range of relative humidity levels. Malic acid also 

was found to inhibit the retrogradation of mixed formulations containing urea, glycerol and 

maltodextrin. The converse of the strong inhibition implied strong moisture absorption and high 

strain at break values, with low tensile strengths. Malic acid was also identified as a potential cross-

linking agent to control swelling of starch-based products.  

Asparagine and isoleucine formulated starch films showed no retrogradation at RH0%. At 

RH50% and RH100% significant retrogradation occurred. Hydrophobic isoleucine exuded from the 

starch matrix and re-crystallized during spray drying. Asparagine was found to lower the Tg of the 

starch matrix and as a major contributor to the crystallinity of asparagine plasticized TPS films. 

 

Introduction 

 

Retrogradation of starch in TPS based products is a major issue that needs to be controlled in 

order to develop new starch based products and to add product value. This because upon 

retrogradation, fractions of the polymeric starch chains rearrange and form crystalline domains [1, 

2], which alters the physical and mechanical properties of the material and reduces the number of 

practical applications. Similar to synthetic polymers, the increase in crystallinity leads to an 

increased modulus, a decrease in strain, and brittleness; while the absence of retrogradation may 

lead to uncontrolled moisture absorption and loss of mechanical properties.  Therefore, reducing the 

dynamic behaviour of the material by means of physical and chemical treatment or the addition of 

plasticizers to improve starch processing and to control mechanical properties is studied. Besides 

low molecular weight hydrogen bonding plasticizers, also water acts as a plasticizer in starch [3, 4]. 

Therefore the rate of moisture uptake and the absolute level of moisture uptake are also important 

factors affecting mechanical and retrogradation properties [4-7].  

 Several studies focussed on the effect of different plasticizers on TPS films [8]. Polyols, such as 

glycerol, xylitol and sorbitol closely resemble the starch structure and are therefore widely used [7, 

9-11]. Likewise, citric acid was shown to act as plasticizer and also inhibited re-crystallization of 

starch [12]. Many of the tested chemicals indeed plasticize the starch matrix, but it is remarkable to 

note that there is a large variation in the retrogradation behaviour and moisture uptake for the 

different formulations. Glycerol and some low molecular weight amide structures (i.e. urea or 

formamide) are proven to plasticize starch, of which the amides perform significantly better in 

suppressing retrogradation. The latter, however, is accompanied with more extensive moisture 

absorption [13-15]. The effectiveness of amide structures and citric acid in suppressing the 

retrogradation has been attributed to efficient hydrogen bonding or chemical reaction [16]. In 
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addition, literature clearly showed a higher effectiveness for low molecular weight plasticizers in 

suppressing retrogradation [10, 13, 14]. 

In previous chapters 3&4, amorphous TPS films were produced via compression molding of 

solution spray-dried powder. In the first part, maltodextrins of different molecular weights were 

studied to evaluate whether they act as plasticizer or processing aid. It was observed that in the dry 

starch formulation as made by the spray-drying process, the additives did not act as plasticizer, 

while the rate of moisture uptake appeared to be the highest for the lowest molecular weight 

additive with an opposite trend for the rate of recrystallization. In the next chapter 4, natural 

plasticizers, i.e. glycerol and urea, were used separately and in combinations with maltodextrin; this 

to investigate the rate of retrogradation of compression molded films compared to solution casted 

ones. It was found that glycerol and urea acted as effective plasticizers, i.e. lowered the Tg of the 

system, but the retrogradation behaviour differed significantly. Upon exposure to high humidity 

conditions, glycerol stimulated rapid retrogradation while urea delayed this process but promoted 

moisture absorption. The addition of maltodextrin again promoted retrogradation for both 

combinations. 

 Against this backdrop a study was undertaken with the aim to generate better understanding 

about the interaction of low molecular weight and hydrogen bonding additives during and after the 

spray-drying of starch. Three potential plasticizers with almost identical molecular weight but 

containing different hydrogen bonding functionality were chosen (see Figure 1). In the first part of 

the study isoleucine, asparagine and malic acid containing carboxyl, amino, amide and hydroxyl 

functional groups were evaluated as plasticizers. To the best of our knowledge, these additives were 

never evaluated as starch plasticizer, not in classic processing operations such as sheet extrusion or 

film blowing, nor in the spray-drying of starch.  

 

 

Figure 1 Natural plasticizers, having similar molecular weights. 

 

In the second part of the study combinations of malic acid and the more traditional plasticizers 

like glycerol, urea and maltodextrin were evaluated. All starch-plasticizer mixtures were formulated 

as aqueous solutions and evaluated as amorphous spray-dried powders and compression molded 

films. For the powders the particle morphology, thermal properties and molecular interactions 

between the powder components was tested by SEM, TGA and DTGA, and FT-IR analysis, 

respectively. For the films retrogradation, moisture uptake and mechanical properties were the main 

points of focus.  
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Materials and Methods 

 

Materials 

 

Oxidized amylopectin-rich potato starch (Perfecta-film X85; moisture content 15%) was a gift 

from AVEBE (The Netherlands). Analytical grade glycerol, urea, L-isoleucine (reagent grade), L-

asparagine (≥ 98%) and DL-malic acid (99%) were purchased from Sigma-Aldrich. Maltodextrin 

(DE = 19.1) was kindly supplied by Cargill (France). Codes for the starch formulations are depicted 

in Table 1. The percentage in the code name indicates the weight percentage of plasticizer used of 

dry starch weight. 

 

Preparation of TPS-powder 

 

TPS powder was prepared as follows. An aqueous solution of starch was prepared by heating 

15% (w/w) of oxidized starch with different plasticizer contents.  20, 30, 40 or 15/15 % (w/w based 

on dry starch) of plasticizer were added to the starch solutions and heated to 95°C for 25 minutes 

applying a stirring rate of 600 RPM to prepare homogeneous solutions. The obtained solutions were 

fed to a Buchi mini spray drier B-191 equipped with a 0.7 mm nozzle. The procedure to produce 

amorphous powder was adopted as described in previous chapters 2&3. 

 

Preparation of TPS-films 

 

TPS films (Ø10 mm x 0.5 mm) were produced by compression molding the TPS powder, using 

a Fontijne Holland Table Press TH400. Samples were compressed at 25 bar for 5 minutes. The 

molding temperature for all samples was 140°C (chapter 4). 

 

Table 1 

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

 

Code Description (w/w of starch) MW [g/mol] 

U.S Feedstock material - 

S.D Spray dried starch - 

20I.PS 20% isoleucine plasticized starch 131 

30I.PS 30% isoleucine plasticized starch 131 

20A.PS 20% asparagine plasticized starch 132 

30A.PS 30% asparagine plasticized starch 132 

40A.PS 40% asparagine plasticized starch 132 

20MA.PS 20% malic acid plasticized starch 134 

30MA.PS 30% malic acid plasticized starch 134 

40MA.PS 40% malic acid plasticized starch 134 

MA.G.PS 15% malic acid, 15% glycerol plasticized starch - 

MA.U.PS 15% malic acid, 15% urea plasticized starch - 

MA.MD.PS 15% malic acid, 15% maltodextrin plasticized starch - 
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Scanning Electron Microscopy (SEM) 

 

A Jeol 6320F Scanning Electron Microscope was used for morphological characterization. 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. 

 

X-Ray Diffraction (XRD) 

 

The crystalline structure of the spray dried powders and films were elucidated 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 (Ø10 mm x 0.5 mm) were analyzed using an adjustable sample holder.  

 

Thermal Gravimetric Analysis (TGA)  

 

Open pan TGA was performed in a Perkin Elmer TGA 7.5-10 mg. The procedure applied to 

study the weight change as a function of temperature was described in the previous chapter 3. The 

decomposition temperature (Tdec) was determined using the method applied by Soliman et al. (1997) 

[17]. 

 

Differential Scanning Calorimetry (DSC) 

 

The glass transition temperature (Tg) of the samples was determined 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) 

 

Fourier transform infrared analyses were performed to investigate any structural changes that 

occurred in the starch-chain due to interaction of the plasticizer with the starch molecule. The 

spectra were recorded using a Perkin Elmer FT-IR spectrometer spectrum 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. 

 

Retrogradation and Moisture Uptake 

 

Retrogradation of TPS films (Ø10 mm x 0.5 mm) was measured under different relative 

saturation humidity: 0%RH (dried silica), 50%RH (35.64%CaCl2 solution) and 100%RH (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 analytical conditions were applied as 

described in section XRD. 
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The degree of crystallinity was determined using the method described by Wang et al. (2005) 

[18]. The procedure used for integration and calculation of crystallinity was explained in previous 

chapters 3&4. To study film moisture uptake the films, stored at 0%, 50% and 100% RH, were 

gravimetrically analyzed. Measurements were performed every day during the first seven days. 

Hereafter measurements were performed at day 7, 14, 21, 28 and 56. Moisture uptake of the films 

was determined using equation 1 [19].

  

%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 film 

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

(equation 2) except malic acid plasticized and co-plasticized formulations [20]. Malic acid 

plasticized and co-plasticized formulations were fitted using a modification of the Peleg model 

(Equation 3). 

 

  

     (Eq. 2) 

 

    

(Eq. 3) 

 

Table 2 

Constant values (k1, k2, c0, c1, and c2) and regression coefficient (R2) for sorption curve equations (2 & 3) 

(Peleg model) of TPS films at 100RH. 

Sample M0 k1 k2 c0 c1 c2 R
2

 

S.D 5.2 4.2*10
-2

 1.5*10
-2

 --- --- --- 0.99 

30I.PS 2.5 3.4* 10
-2

 1.8* 10
-2

 --- --- --- 0.99 

30A.PS 2.4 4.1*10
-2

 1.1*10
-2

 --- --- --- 0.99 

20MA.PS 1.3 --- --- 1.7*10
-2

 1.2*10
-2

 -9.2*10
-5

 --- 

30MA.PS 1 --- --- 2.6*10
-2

 6.3*10
-3

 -6.4*10
-5

 --- 

40MA.PS 0.9 --- --- 1.7*10
-2

 8.2*10
-3

 -6.2*10
-5

 --- 

(15:15)MA.G.PS 0.5 --- --- 1.2*10
-2

 5.4*10
-3

 -5.5*10
-5

 --- 

(15:15)MA.U.PS 0.5 --- --- 1.1*10
-2

 5*10
-3

 -6.4*10
-5

 --- 

(15:15)MA.MD.PS 0.8 --- --- 9.5*10
-3

 8.9*10
-3

 -1*10
-4

 --- 

30MD.PS 2 2.8*10
-2

 1.4*10
-2

 --- --- --- 0.99 

 

Where Mt is the moisture contents 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) [21]. The 



Malic acid as plasticizer for TPS starch? 

101 | P a g e  
 

Peleg parameters [20], k1 and k2 are shown in Table 2. 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 [21]. The R
2
 

values were found to be very high in all cases (R
2
 > 0.99). The original Peleg model is not sufficient 

for malic acid plasticized and co-plasticized formulations in terms of regression coefficient (R
2
 < 

0.99); these data were modeled using a polynomial expression (Equation 3). 

 

Mechanical Testing 

 

The mechanical properties include the tensile strength (TS) and percentage elongation at break 

(%E). Five or more specimens were tested using an Instron 4301 tensile tester in accordance with 

ASTM D1708. The crosshead speed used was 10 mm/min. The samples were conditioned at 25°C 

and 100% RH for 24 hr and the thickness and width of the samples were measured before testing.  

 

Results and Discussion 

 

In previous chapters 3&4, it has been shown that the effective mixing of starch and plasticizer 

followed by drying and film production resulted in film performance different from films produced 

by classic extrusion technology or solvent casting. It further was found that this interaction of 

plasticizers and starch in the spray-dried formulations has a positive effect on the rate of 

retrogradation and the rate of moisture uptake. The behavior of compression molded films in terms 

of moisture absorption (at different humidity levels) and rate of retrogradation was found to depend 

on the type of plasticizer and the presence of maltodextrin as a third formulation component. In this 

research, natural plasticizers i.e. isoleucine, asparagine, and malic acid with similar molecular 

weight were used to study the effect of molecular structure on the rates of retrogradation and 

moisture uptake of TPS films. 

 

Powder Morphology 

 

Figure 2 shows the granular morphology of the spray dried powder samples. In line with 

previous work (chapter 3&4), the feedstock material exhibited spherical and oval shaped particles of 

irregular sizes. The surface of the particles was homogeneous.  

 A white powder was obtained for all samples after spray drying. SEM analyses showed visibly 

different particle morphology after solution spray drying (Figure 2). Morphology of powder 

granules was similar to previous chapters 3&4. Particles were also spherical in nature however they 

contained dents, which is typical for spray dried powders [22, 23]. The degree of shrinkage is 

determined by the drying sequence [24, 25], which leads to the formation of dents in the particle 

surface (chapter 2). The deformation of the particles after spray drying also indicates the possible 

formation of hollow particles [25]. 

Asparagine, malic acid and mixed plasticized samples had a similar morphology as compared 

to S.D (chapter 3). The amount of plasticizer did not noticeably influence the particle morphology. 

Furthermore, based on the SEM micrographs no phase separation occurred as the particle surface 

appeared to be homogeneous.  

Co-plasticized formulations (Figure 2c) exhibited a similar appearance as shown by all other 

formulated ones except isoleucine. Combining malic acid with glycerol, urea, or maltodextrin did 

not lead to visible phase separation, since particles exhibited a homogeneous surface. 
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Figure 2 SEM micrographs of (a) 20%A.P.S.D, 30%A.P.S.D and 40% A.P.S.D, (b) 20MA.PS, 30MA.PS and 

40MA.PS (from left to right), (c) MA.G.PS and (d) MA.U.PS. 

 

Isoleucine plasticized samples manifested a different morphology (Figure 3(a, b, c)). The 

differences were more pronounced for increasing isoleucine concentrations with broken hollow 

particles observed for 30I.PS.  The formation of hollow and broken particles may be explained by 

the “hydrophobic” nature of isoleucine. Compared to asparagine’s and malic acid, isoleucine has a 

relatively low HLB-index and is expected to be incompatible with the moisture-rich starch droplet 

during the drying step. As a result isoleucine will be transported to the outside of the particle where 

it rapidly forms a crystalline barrier for the evaporating moisture [26-28]. 

 

 
 

Figure 3 SEM micrographs of (a) pure isoleucine, (b) 20I.PS and (c) 30I.PS. 

(b

) 
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Crystallinity of freshly prepared TPS powder and films 

 

The X-ray diffraction patterns of TPS powders and films processed with different plasticizers 

are shown in Figure 4. Analysis showed that all spray dried powders, except 20I.PS and 30I.PS, 

were amorphous (Figure 4a). Results are in line with previous chapters 3&4. 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 (Figure 4a) [29, 30]. Short drying times prevented the association of starch chains into 

crystal lattices (chapter 2). 

 20I.PS and 30I.PS powders showed crystalline peaks (Figure 4a). These peaks were assigned to 

isoleucine crystalline domains present in the samples. Pure isoleucine showed XRD peaks at 2θ= 

6.3°, 12.6°, 25.4°, 31.9° and 38.6
o
. In the isoleucine plasticized samples these peaks were also 

visible in the diffractograms. Furthermore, due to an increased isoleucine concentration, 30I.PS 

showed more intense crystalline peaks as compared to 20I.PS. Isoleucine solubility in aqueous 

solution is 4.1 [g/100g] at 25°C [31]. In 30I.PS the degree of super saturation was higher leading to 

increased crystal formation. Additionally, XRD analysis supported the observations of isoleucine 

crystals in SEM analyses.  

 

 
 

Figure 4 XRD spectra of (a) Freshly spray dried powder, (b) freshly prepared films by compression molding. 
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 XRD analysis of TPS films demonstrated that asparagine, malic acid and co-plasticized samples 

were amorphous (Figure 4b). By comparing Figure 4a and 4b it is clear that compression molding 

did not affect the amorphous character of the samples. The crystallinity was also not affected by 

combining malic acid with other used co-plasticizers. 20I.PS and 30I.PS samples again showed 

crystalline peaks, attributed to isoleucine (Figure 4b). 

 Freshly prepared malic acid plasticized and co-plasticized samples were transparent, 

irrespective of the amount of malic acid used. Asparagine plasticized samples were slightly hazy. 

Isoleucine samples were non-transparent, attributed to isoleucine crystals. Freshly prepared co-

plasticized films were transparent. XRD analysis showed that all films lack B-type crystallinity 

except isoleucine plasticized films (Figure 4b) where an increase in isoleucine quantity, increased 

the amount of crystallinity.  

 

FT-IR analyses  

 

FT-IR analyses were performed to gain increased insight into the interactions between the used 

additives and starch (Table 3). As described in the previous chapters 3&4, a red-shift will occur for 

starch stretching vibrations of O-H, C-O and C=O upon hydrogen bond interactions. Bond 

elongation occurs due to hydrogen bond interactions, leading to lower stretching vibrations [32, 33].  

Characteristic absorption bands of the TPS samples are depicted in Table 2. Absorption of 

starch occurred similarly as reported in previous chapters 3&4. The broad band at 3334 cm
-1

 was 

assigned to O-H stretching [9, 14, 34]. C-H stretching was assigned to the peaks at 2919-2915 cm
-1 

[9]. Absorption at 1150-1149 cm
-1

 and 1078 cm
-1

 was attributed to C-O stretching in C-O-H [13, 

15]. Finally, bands at 1019-1018 cm
-1

 were allocated to C-O stretching from C-O-C [13, 15, 35].  

The absorption band at 1019 cm
-1

 was clearly visible for all plasticized samples, indicating low 

crystallinity [36]. All spectra showed shifts in the fingerprint region of starch, indicating interaction 

between starch and additives. Comparing the spectra of asparagine and malic acid plasticized 

samples a red shift was visible upon increasing plasticizer levels. Hence, increasing plasticizer 

content gave rise to increased hydrogen bonding interactions. 

In contrast, increasing isoleucine concentrations gave rise to a decreased amount of interactions 

between additive and starch molecules, as wavenumbers showed a blue shift (not in all cases) upon 

increased isoleucine contents. This was attributed to the hydrophobic nature of isoleucine giving 

rise to fewer interactions with starch 

 Malic acid and mixed plasticized samples showed carbonyl absorption bands at 1711-1722 cm
-1 

(Table 3). Peaks in the range 1721-1750 cm
-1 

have been reported for esterification of starch and 

cellulose samples [37-43]. Although absorption signals near 1720 cm
-1

 may also be ascribed to 

carboxylic acid groups in di-acidic molecules present in the sample [6]. Increased absorption in the 

range 1200-1300 cm
-1

 was attributed to C-O stretching in esters [37, 40].  Peaks at 3334, 1659 and 

1626 cm
-1

 in MA.U.PS were assigned to amide functionalities from urea. Absorption at 3334 cm
-1

 

was attributed to N-H stretch, obscuring the O-H stretch band [9, 40]. The peak at 1659 cm
-1

 was 

assigned to C=O stretch from amide functionality. It also contains N-H bending vibrations. The 

band at 1626 cm
-1

 was assigned to N-H deformation [9, 40, 44]. The formation of ester linkages 

between starch and malic acid will be discussed later (vide infra). 
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Table 3 

FT-IR absorption bands of the studied samples. 

Samples 

Wavelength [cm
-1

] 

3310-3270 2922-2921 1722-1711 1673-1614 1361 1019-1017 

U.S 3262 2922 -- -- 1339 996 

S.D 3310 2922 -- 1635 1361 1018 

20I.PS 3239 2925 -- 1615 1334 1020 

30I.PS 3259 2922 -- 1615 1330 1021 

20A.PS 3283 2920 -- 1622 1399 1019 

30A.PS 3238 2923 -- 1669,1616 1398 1019 

40A.PS 3197 2926 -- 1670,1622 1399 1019 

20MA.PS 3294 2922 1722 -- 1334 1019 

30MA.PS 3278 2926 1714 -- 1337 1019 

40MA.PS 3279 2926 1713 -- 1339 1019 

MA.G.PS 3334 2919 1717 -- 1340 1019 

MA.U.PS 3334 2915 1713 1627 1359 1019 

MA.MD.PS 3351 2822 1718 -- 1341 1018 

 

Thermal Properties 

 

Thermal properties of the TPS powders were investigated by TGA and DTGA (Figure 5 and 

Table 4). The threshold decomposition temperature (defined as the onset of degradation; see for 

example 294 °C for S.D in Table 4) indicates the highest processing temperature that can be used. 

The analysis of TGA data is however not always straight forward and the results cannot be directly 

converted into absolute features of the material under study [34]. However different sections can be 

allocated based on DTGA minima. For S.D, similar results were obtained as used in previous 

chapters 3&4. 

Thermal analyses showed that the weight loss profile for all samples was similar (Figure 5). 

First loss of water and other volatiles occurred up to 110°C (section a). Subsequently, 

decomposition due to the presence of plasticizer is observed (section b1), while the main 

degradation zone for starch is situated in section b2. Section c indicates the propagation zone, 

leading to carbonaceous residues [17, 45]. The addition of plasticizer molecules caused a decrease 

in the decomposition temperature and an extra peak in the DTGA curve appeared (section b1, Figure 

5). For malic acid this decomposition temperature Tdec decreased with an increase in the malic acid 

quantity which suggests more homogeneous blending and interaction of starch and malic acid or 

even covalent chemical interaction (vide infra). 
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Figure 5 TGA and DTGA-curves of solution spray dried amorphous powder samples. 
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Co-plasticized formulations depend on the type of plasticizer used. MA.U.PS showed the 

lowest Tdec and MA.MD.PS the highest, i.e. 156°C and 260°C, respectively. This clearly proves the 

different nature of urea as plasticizer and the variation in interaction as a function of the chemical 

structure of the additive. The poor plasticization characteristic of maltodextrin was already 

discussed in a previous chapter 3. 

The largest fraction of the starch-plasticizer formulations decomposes at the temperature 

defined as Tdec,b2 (chapter 3). It was found that the addition of plasticizer decreased this temperature, 

but did not give any clear relation with the quantity of plasticizer except for malic acid plasticized 

samples,  i.e. with an increase in the quantity of malic acid the Tdec,b2 decreased. This again shows 

that the interaction of malic acid and starch differs from the interaction of starch and the other 

additives.  

The results discussed so far lead to the conclusion that malic acid differs from classic 

plasticizers such as urea, formamide or glycerol. The acid seems to blend more homogenously with 

the starch matrix and forms molecular blends with specific thermal degradation characteristics. 

Similar effects have been shown for citric acid [12, 42] and it recently has been claimed that malic 

acid treated starch granules are non-swelling because of the formation of cross-links between the 

two components [46]. To better understand the role of malic acid in the studied formulations, the 

acid has also been submitted to the TGA and DTGA analysis. The analysis clearly showed that 

malic acid started to decompose at 160-170 °C with a peak decomposition temperature at 235°C. 

Comparing these data with the results shown in Figure 5, clearly suggests that malic acid and starch 

form a separate phase or even new chemical compositions during the mixing and drying operation. 

 

Differential scanning calorimetry 

 

DCS measurements on the samples showed that asparagine indeed acts as a plasticizer for 

starch as it reduces the glass transition temperature. Asparagine contains evenly distributed polar 

functional groups that interact with starch. Isoleucine tends to phase separate from starch (vide 

supra) and malic acid apparently homogenizes with starch without leading to an identifiable glass 

transition point.  

The homogenisation effect observed for formulations containing malic acid is also found for 

the systems with mixtures of malic acid and urea, glycerol or maltodextrin.  Although glass 

transition temperatures might be expected for urea and glycerol formulations, none of the samples 

showed a glass transition point. The typical b1 decomposition temperatures nevertheless did appear 

for the secondary additives (See Figure 5). Because malic acid in these formulations again leads to a 

reduction in the b2 decomposition temperature (i.e. homogenises with the starch matrix) and the 

secondary b1 decomposition signals do exist, it must be concluded that the contents of urea and 

glycerol were too low to register a true plasticizer effect [47].   

 

Retrogradation and moisture uptake 

 

Film retrogradation, measured by X-ray diffraction, was studied over a period of 56 days at 

various humidity conditions i.e. RH0%, 50% and 100% (Figure 6). The U.S line corresponds to the 

degree of crystallinity present in the reference feedstock material. As water influences the 

rearrangement of amorphous starch chains [3, 4], relative weight changes during storage were also 

recorded. All films showed an increase in the final crystallinity levels and relative weights in the 
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order RH100% > RH50% > RH0% (Figure 6). The most important changes in crystallinity and 

moisture absorption are found at RH100% although also some peculiar observations made at RH0% 

and RH50% will be discussed.  

At RH0% all films maintained similar crystallinity levels and remained brittle (Figure 6) due to 

the absence of water. Even a small weight decrease was found for all films, attributed to film 

moisture loss at RH0% to the desiccant. The plasticizer content showed hardly any influence on re-

crystallization over time. Of all the formulations, 30I.PS showed the highest crystallinity which may 

be attributed to the crystallinity of isoleucine itself (see X-ray diffraction section). 

 At 50% relative humidity the films increased in weight over time, and finally reached an 

equilibrium plateau. However, this increase in moisture absorption has little effect on the extent of 

retrogradation.  Asparagine plasticized samples exhibited an increase in degree of crystallinity over 

time, attributed mainly to asparagine crystals. With increasing asparagine quantities the degree of 

crystallinity increased. Diffraction peaks of asparagine and isoleucine were in the area 2θ= 12°-31° 

(Figure 4). Consequently, the overall degree of crystallinity in isoleucine and asparagine plasticized 

samples was influenced by isoleucine and asparagine crystallization, respectively. Isoleucine and 

asparagine plasticized samples remained brittle upon storage. Malic acid and mixed plasticized 

samples showed no significant increase in crystallinity at RH50% over time. 

 

 
 

Figure 6 Degree of crystallinity of films after 56 days of storage at different humidity levels. 

 

Malic acid and mixed plasticized samples showed little retrogradation and the films 

remained flexible. Again low moisture uptake after 56 days at RH50% limited chain movement and 

crystallization (chapter 3&4). Malic acid plasticized or co-plasticized films stored at RH50% for 56 

days led to a weight increase of only 10% to 13%. Hence, no notable differences were found upon 

addition of glycerol, urea, or maltodextrin combined with malic acid. Films stored at 50% humidity 

became flexible due to some moisture absorption and water acting as a plasticizer. However 

20MA.PS was still brittle after 56 days, which could be because of the low quantity of malic acid 

present. 

 



Malic acid as plasticizer for TPS starch? 

109 | P a g e  
 

 
 

Figure 7 Water sorption performance at 100% RH for 30% plasticizer contents fitted using Peleg model (X7 

and X56 are the degree of crystallinity at day 7 and 56, respectively). 

 

The moisture absorption data recorded at 100%RH are very indicative for the special behaviour 

of malic acid in the studied formulations (vide supra TGA analysis). Figure 7 presents an overview 

of the data for the 30%w single formulations including the crystallinity data at day 7 and day 56 

(including SD as a reference). The data for SD, isoleucine and asparagine could all be fitted to the 

Peleg absorption model. The 30MA data however only followed the Peleg fit for the initial moisture 

absorption of two weeks; after that period a more complex fitting model had to be applied. The 

reason that the Peleg curve fit no longer applies is probably due to the fact that moisture absorption 

no longer approaches the equilibrium state determined by the otherwise crystalline structure of a 

starch matrix. Even in the formulation containing 30Urea (See previous chapter 4), it has been 

shown that after a certain period of moisture absorption, retrogradation expels water (and possibly 

urea) to lead to an equilibrium situation. The fact that the malic acid formulation does not lead to 

equilibrium is probably due to very strong malic acid starch interaction or possibly irreversible 

grafting of malic onto the starch backbone. Further evidence for the peculiar behaviour of malic 

acid is shown in Figures 8 and 9 in which the data for malic acid at different concentrations and for 

plasticizer combinations are fitted. Apart from the maltodextrin reference sample in Figure 9, all 

data had to be fitted using a modification of the Peleg model.  
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Figure 8 Water sorption performance at 100% RH for various malic acid plasticized formulations fitted using 

Peleg model (X7 and X56 are the degree of crystallinity at day 7 and 56, respectively). 

 

Figure 8 illustrates the results of duplicate experiments with malic acid concentrations. All 

cases indicate little retrogradation and, as expected, high moisture absorption. It is remarkable 

though to note that the absorption/MA-concentration relationship seems to contain a maximum 

because there is an increase in absorption from 20%MA to 30%MA while the curve for 40%MA is 

lower than the one for 30%MA. The explanation for this phenomenon must be found in the specific 

interaction of malic acid and starch. Recent literature [16, 46] suggests that malic acid is, like citric 

acid, capable of covalent bonding onto starch or cross-linking through the formation of intermediate 

intra-molecular anhydrides.  If that indeed is the case, the 40%MA sample might be considered to 

be more cross-linked and therefore less capable to absorb moisture. FT-IR analysis of the samples 

(as discussed before) was not conclusive about this proposition; TGA data mainly suggested some 

strong interactions between the components of the formulation. Further experimentation to prove 

the suggested cross-linking is currently on-going. 

Figure 9 provides further evidence for the strong malic acid – starch interaction. The moisture 

absorption and the retrogradation data shown again point to the dominant interaction of malic acid. 

Compared to earlier work with glycerol, urea and maltodextrin (Chapter 2 and 3) the retrogradation 

of the current formulations seems to be inhibited by the presence of malic acid.  

Storing the films at RH100% (Figure 7) indeed created significant differences in appearance 

because of excessive moisture uptake for some of the samples. Asparagine plasticized samples 

became soft; whereas isoleucine plasticized samples remained brittle. Isoleucine actually exuded 

from the matrix and after 14 days isoleucine crystals were visible on the surface of the films. As a 

result, 30I.PS films completely disintegrated after 56 days of storage at RH100%, which can be 

attributed to super saturation of isoleucine and the recrystallization of isoleucine and starch (Figure 

10). 
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Figure 9 Water sorption performance at 100% RH for malic acid plasticized and co-plasticized formulations 

fitted using Peleg model (X7 and X56 are the degree of crystallinity at day 7 and 56, respectively). 

 

The degree of crystallinity of asparagine plasticized TPS films increased with asparagine 

concentration hence, asparagine crystallization contributed to a higher overall degree of crystallinity 

of the formulation. Malic acid and co-plasticized films remained flexible and maintained structural 

integrity during the 56 day test period. MA containing films displayed the largest relative weight 

increase; the highest for the urea containing combination and the lowest for MA.MD.PS. This large 

weight increase can be attributed to their amorphous character [48]. Furthermore, malic acid 

prevented extensive retrogradation of starch for at least 56 days at RH100%. Even the addition of 

15% of malic acid in the 15:15 glycerol and urea mixtures was sufficient to postpone starch 

retrogradation for 56 days. On the other hand, MA.MD.PS plasticized samples showed 

retrogradation at 100%RH. This was attributed to poor plasticizer quality of maltodextrin (chapter 

3). Malic acid was thought to have the most effect on restricting retrogradation, since malic acid 

plasticized samples (30MA.PS) extended retrogradation to a greater extend as compared to 30% 

glycerol, urea, or maltrodextrin as discussed in previous chapters 3&4. Strong hydrogen bonding 

between starch and malic acid and possibly some cross-linking gave rise to limited retrogradation.  

The degree of crystallinity of the co-plasticized samples was comparable to 30MA.PS except 

for the maltodextrin formulation (Figure 6). Moisture sorption for MA.G.PS and MA.U.PS was 

extensive and contributed to large portions of the films remaining amorphous [48]. MA.U.PS 

showed a higher increase in relative weight as compared to MA.G.PS. MA.MD.PS showed lowest 

relative weight and highest degree of crystallinity as compared to all malic acid formulations. This 

was attributed to the incorporation of urea which showed a higher relative weight increase as 

compared to glycerol at RH100% (chapter 4). Furthermore, MA.U.PS exhibited more hydrophilic 

end-groups because of more urea molecules being present as compared to glycerol and 

maltodextrin. These polar groups at the end of the molecule are also expected to be more accessible 

to water and therefore increase moisture uptake. MA.U.PS showed gelification after 14 days. This 

indicated that malic acid increased the structural integrity by reacting with starch. According to a 
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previous chapter 4, 30U.PS showed gelification already after 3 days at RH100% and 131% weight 

increase. 

 

 
Figure 10 X-ray patterns of pure isoleucine, pure asparagine and plasticized films at RH 100% on day 56. 

 

Suppression of retrogradation in the malic acid plasticized and co-plasticized samples was attributed 

to partial esterification and cross-linking. The un-reacted malic acid acted as a plasticizer, while the 

groups introduced on the starch chains acted as defects in the crystal structures of starch. 

 Malic acid shows structural resemblance with citric acid. Citric acid is proven to be a 

crystallization inhibitor for starch, because of esterification and strong hydrogen bonding 

interactions with starch [12, 43]. Different plasticizer amounts of malic acid displayed no significant 

differences in retrogradation after 56 days at RH100%. Research of Yu et al. (2005) showed that 

citric acid quantities of 3 weight% were enough for suppressing starch re-crystallization for 70 days 

at 100% relative humidity [12]. Hence, it is plausible that 20% of malic acid was more than enough 

for preventing retrogradation within 56 days at RH100%. 
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Table 4.  

Degree of crystallinity, relative weight, thermal properties and mechanical properties of TPS films. 
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Mechanical Properties 

 

One of the most important parameters to evaluate polymer films is mechanical strength, 

especially for those used as packaging materials [5]. The mechanical behaviour of 30% plasticized 

and co-plasticized TPS films were assessed after equilibration in 100%RH for 1 day (Figure 11). 

Due to the brittle nature, starch S.D could not be tested. 

Flexibility of the created TPS films increased in the order isoleucine < asparagine < malic < 

MA.MD.PS < MA.G.PS < MA.U.PS. Increasing hydrogen bond capabilities per molecule reduced 

crystallinity and tensile strength, but increased strain. More hydrogen bonding functionalities 

increased the capabilities of the plasticizer to disrupt starch inter- and intra-molecular hydrogen 

bonds and to absorb moisture. Hereby starch chain mobility and thus flexibility was improved. 

Isoleucine plasticized samples were relatively strong but brittle due to increased film crystallinity.  

 

 
 

Figure 11 Mechanical properties of the TPS films. 

 

The results of co-plasticized formulations were comparable; they showed high elongation at 

break, low tensile strength and low moduli. It indicated that malic acid influenced esterification and 

urea, glycerol, and maltodextrin interfered with the remaining starch-starch hydrogen bonds. Hence, 

strain was limited by starch cross-links. Un-reacted plasticizer molecules act as plasticizers, 

increasing strain to a maximum of 160% for MA.G.PS. The strain at break increased when 

compared to our previous chapter 4: 30G.PS, 30U.PS and 30MA.PS. This was attributed to glycerol 

and urea being effective plasticizers for starch, disturbing starch inter- and intra-molecular hydrogen 

bonds. The MA.MD.PS co-plasticized sample showed lower elongation but same strength compared 

to urea and glycerol co-plasticized samples. This could be due to crystallinity and poor plasticizer 

nature of maltodextrin itself. In a previous chapter 3, malto-oligosaccharides of different molecular 

weights, i.e. dextrose equivalents (DE) were studied to investigate the effect as plasticizer or 

processing aid. The study proved the poor plasticizer characteristics of maltodextrin with poor 
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interaction between starch and maltodextrin. The samples showed no Tg and high rate of 

retrogradation. 

In addition, malic acid plasticized samples showed increased structural integrity upon storage 

explaining the increased strain. Disproportionate changes in tensile properties of citric-acid and 

glycerol co-plasticized starch films is reported in another research [12], similar to results reported in 

the present study. It was thought that, in this study, the co-plasticizer (glycerol, urea, and 

maltodextrin) effectively disrupts hydrogen bond interactions between starches, whereas malic acid 

gives rise to partial esterification/cross linking of starch, thus limiting strain to around 135%. 

 

Conclusion 

 

The effect of some selected plasticizers i.e. isoleucine, asparagine, malic acid and combinations 

of malic acid with glycerol, urea, and maltodextrin on the retrogradation of amorphous TPS films 

was studied. Plasticizers with similar molecular weights but different hydrogen bond forming units 

were chosen to investigate the ability to inhibit retrogradation of starch. 

 Freshly prepared powder and film samples of asparagine and all malic acid (including co-

plasticized) plasticized starch formulations were amorphous. All malic acid containing films were 

transparent, whereas asparagine plasticized films were slightly mat. Isoleucine plasticized starch 

powder and films exhibited crystal structures attributed to isoleucine and were non-transparent.  

Retrogradation was suppressed for the malic acid and co-plasticized samples for 56 days at all 

relative humidity levels. No significant difference in retrogradation was observed for any of the 

formulations except the MA.MD.PS sample. It showed maximum retrogradation i.e. 12% , whereas 

others remained below 7.5%. Apparently 15% w of malic acid in the formulation is sufficient to 

suppress retrogradation at RH100% for 56 days. Grafting and or cross- linking and strong hydrogen 

bonding between starch and malic acid is considered to prevent the normally observed behaviour of 

starch plasticizer mixtures.  

Isoleucine showed poor interactions with starch and segregated during spray drying, limiting 

the plasticizing effect of isoleucine. 30I.PS films stored at RH100% kept their structural integrity 

for only 28 days, whereas all other samples maintained their structure for at-least 56 days. 

Asparagine plasticized samples showed retrogradation at 50% and 100% relative humidity. In terms 

of thermal and mechanical performance, the tested additives seem to follow the heuristics known for 

starch plasticizers. No Tg is recorded for any of the plasticizers except for the asparagine plasticized 

formulation. All films are stable up to 160 °C, crystallinity and retrogradation behaviour is 

correlated with strength and strain is related to the extent of moisture absorption.  
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Abstract  

 

Following previous studies showing that malic acid is a potential plasticiser for starch, this 

study aims to explore ultraviolet (UV) cross-linking as a tool to steer the mechanical properties of 

thermoplastic starch (TPS) based films. Cross-linked amorphous thermoplastic starch (TPS) films 

were prepared through UV irradiation of compression molded films made from spray dried 

amorphous powder. Sodium benzoate (SB) was used as photosensitiser. The influence on the 

performance of TPS powders of malic and citric acid plasticizers and their combination with 

glycerol was evaluated. Amorphous TPS films were obtained, irrespective of the plasticizer or 

combination used. Under dry conditions (RH0%) all samples maintained their amorphous nature 

while at RH50% and RH100% retro-gradation was suppressed for all starch films. It is shown that 

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

concentration of the glycerol in combination with citric and malic acid. High levels of carboxylic 

acid plasticizer in the formulations gave a more effective interaction of starch with plasticizers and 

better thermal stability. UV irradiation had no effect on the degree of crystallinity, improved the 

mechanical properties and decreased the solubility and degree of swelling. Furthermore, the use of 

photosensitiser further increased the mechanical strength and decreased the solubility and degree 

of swelling. Citric acid plasticized and co-plasticized films showed slightly better mechanical 

properties before and after UV irradiation treatment compared to malic acid, but citric acid 

formulations appeared to be very moisture sensitive prior to cross-linking. 

 

Introduction 

 

In recent years, there has been growing interest in the development of bio-based and 

biodegradable products to reduce the environmental impact of plastic waste. Thermoplastic starch 

(TPS) is a candidate and is biodegradable, renewable, and low cost.  One of the first applications 

in the plastics market is the use of  extruded foamed loose fills, to replace non-degradable 

petrochemical-based products [1, 2]. However, from a product design point of view, there are a 

number of challenges that seriously limit the development of new applications and need to be 

addressed before thermoplastic starch based films can actually replace current materials. In 

particular, the hydrophilic nature and poor mechanical properties of TPS seriously limit new 

product innovations [2]. Reduced shelf-life and loss of mechanical properties results from water 

absorption which depends on the relative humidity (RH) and initiates retrogradation of TPS 

products [3].  

Numerous studies have been carried out in an attempt to overcome the hydrophilic nature and 

to improve the mechanical properties and shelf life of thermoplastic starch [1]. In a previous 

chapter 2, spray drying of starch/maltodextrin formulations was evaluated as a potential 

technology for the production of moisture-free amorphous TPS formulations. It was found that 

variation of the amylose to amylopectin ratio had little effect on the properties of samples dried 

from solution. Most properties, such as moisture contents, crystallinity, particle size distribution, 

viscosity and powder flow properties were similar for all solution dried TPS blends. Subsequently, 

amorphous TPS films were  produced containing natural plasticizers, i.e. urea and glycerol, and it 

was found that low molecular weight plasticizers mix better and inhibited retrogradation. 

However, reduced retrogradation resulted in loss of mechanical properties: reduced tensile 
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strength and increased strain with moisture absorption (chapter 3&4). The effective mixing 

followed by drying and film production resulted in film performance different from films 

produced by classic extrusion technology or solvent casting. The difference in behaviour can be 

explained by more intimate mixing of the ingredients and a reduced role of moisture in the spray-

dried amorphous systems. Urea as a low molecular weight plasticizer, showed to be a more 

effective plasticizer than glycerol, i.e. delivered a lower Tg, a lower degree of retrogradation and a 

higher elongation (chapter 4). In chapter 5, malic acid was identified as a strong retrogradation 

agent as it inhibited recrystallization of starch over the full range of relative humidity levels i.e. 

50% and 100% RH. Malic acid was also found to inhibit the retrogradation of mixed formulations 

containing the acid and urea, glycerol or maltodextrin. This study again showed that reduced 

retrogradation leads to high moisture absorption and high strain at break with loss of tensile 

strengths. 

On the basis of these studies, the hypothesis was developed that improved TPS based films 

could be produced if the low retrogradation performance could be combined with low moisture 

absorption. Radiation processing and chemical derivatization has been proposed to produce water-

resistant material. Therefore starches were formulated with carboxylic acids and cross-linking by 

UV irradiation was considered as a potential technique to improve the performance of the films. In 

literature, the mechanical properties and dissolution of such cross-linked starch blends showed 

significant improvement compared to non-cross-linked films [4-6]. Radiation processing is 

claimed to introduce covalent cross-linking of polymer molecules and is used to improve the 

properties of polymer products [7].  

Citric acid (CA) and malic acid (MA) are inexpensive and non-toxic chemicals. It has been 

reported that citric acid [8] and malic acid (chapter 5) can form strong hydrogen bond interactions 

with starch and improve its thermal and water stability, and inhibit retrogradation. However, 

incorporating both citric [8] and malic acid (chapter 5) substantially reduced the tensile stress of 

the TPS films. 

As a follow-up on previous chapter with plasticised amorphous starch, a study has been 

carried out to investigate surface cross-linking of thermoplastic starch films. Sodium benzoate is 

used as the photosensitiser, as it is known to be photolysed by UV irradiation. UV light excites 

and decomposes the photosensitiser to produce radicals upon irradiation and leads to macro-

radical combination and cross-linking [3, 4]. 

In this work, we investigated the effect of UV irradiations on the structural and physical 

properties of amorphous TPS films, obtained via compression molding of solution spray dried 

powder plasticized by carboxylic acids (malic or citric acid), and carboxylic acids in combination 

with glycerol. Special emphasis was placed on retrogradation and mechanical properties of films. 

In addition to changes in crystallinity over time, molecular interaction and thermal properties of 

spray dried powder were studied and analyzed by FTIR analysis, differential scanning calorimetry 

(DSC) and thermal gravimetric analysis, respectively. Water uptake at different humidity levels, 

retrogradation, and mechanical properties of thermoplastic starch films will also be discussed. 
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Figure 1 Plasticizers used for the preparation of TPS powder and films. 

 

Experimental 

 

Materials 

 

Oxidized amylopectin from potato starch (Perfecta-film X-85, moisture content 15% w) was a 

gift from AVEBE (The Netherlands). Analytical grade glycerol, citric acid and DL-malic acid 

(99%) were purchased from Sigma-Aldrich. All these materials were used as received without 

further purification. Codes used for powders and films are depicted in Table 1. The digits in the 

codes indicate the weight percentage of plasticizer used relative to starch weight. 

 

Preparation of TPS-powder 

 

TPS powder was prepared as follows. An aqueous solution of starch was prepared by heating 

15% (w/w) of dry oxidized starch with different plasticizer contents. Different combinations and 

ratios (w/w to dry starch) of plasticizer were added in aqueous starch solution and heated to 95°C 

for 25 minutes applying a stirring rate of 600 RPM to prepare homogeneous solutions. The 

obtained solutions were fed to a Buchi mini spray drier B-191 equipped with a 0.7 mm nozzle. 

The procedure used to produce amorphous powder was the same as described in previous chapters 

3&4. 

 

Preparation of TPS-films 

 

TPS films (Ø10 mm x 0.5 mm) were produced by compression molding the TPS powder, 

using a Fontijne Holland Table Press TH400. Samples were compressed at 25 bar for 5 minutes. 

The molding temperature for all samples was 140°C. 
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Table 1 

Material codes and corresponding description 

Code Description (w/w of starch) 

U.S Feedstock material 

S.D Spray dried starch 

30G.PS 30% glycerol plasticized starch 

30MA.PS 30% malic acid plasticized starch 

25G.5MA.PS 25% glycerol, 5% malic acid plasticized starch 

20G.10MA.PS 20% glycerol, 10% malic acid plasticized starch 

30CA.PS 30% citric acid plasticized starch 

25G.5CA.PS 25% glycerol, 5% citric acid plasticized starch 

20G.10CA.PS 20% glycerol, 10% citric acid plasticized starch 

PS.UV.RH50 Plasticized starch; ultra violet (UV) irradiated at 50% Relative 

Humidity 

PS.UV.RH100 Plasticized starch; ultra violet (UV) irradiated at 100% Relative 

Humidity 

PS.UV.SB.RH50 Plasticized starch soaked in sodium benzoate (SB) before ultra violet 

(UV) irradiated at 50% Relative Humidity 

PS.UV.SB.RH100 Plasticized starch soaked in sodium benzoate (SB) before ultra violet 

(UV) irradiation treated at 100% Relative Humidity 

SB Soaked in sodium benzoate 

UV Ultra Violet  irradiated 

 

Surface photo cross-linking 

 

TPS films (Ø10 mm x 0.5 mm) were produced as mentioned above and conditioned for 24hrs 

at two different humidity conditions i.e. RH50% and RH100%. Surface photo cross-linking was 

carried as described previously with some modifications [1]. After the initial 24hrs conditioning, 

some of the films were soaked in photosensitiser solution for 60 sec. The 1% aqueous 

photosensitiser solution was prepared by dissolving 1g sodium benzoate in distilled water. When 

the films were taken out, the excess solution on the surface was removed with paper tissue. The 

TPS films containing photosensitiser in the surface layer were again placed for 24hrs at their 

respective relative humidity conditions. After conditioning for 2 days (2*24 hrs), all films except 

sets of blanks were exposed to ultra violet irradiations at normal atmospheric condition with a 

Intelli-ray 600 watt shuttered UV flood light. The 100mW/cm
2
 (320-390 nm) was evenly 

distributed in the chamber. TPS films were put at the distance of 15.5 cm from the top of the 
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chamber and kept under continues UV irradiations for 20 min at an intensity of 100%. After UV 

exposure, all the films were again conditioned for one more day at 50% RH. After 24hrs the 

tensile tests were performed for all samples.  

 

X-Ray Diffraction (XRD) 

 

The crystalline structures of the spray-dried powders and films were elucidated 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. Powders were analyzed using a sample 

holder with a sample compartment of Ø25 mm x 2.0 mm. TPS films (Ø10 mm x 0.5 mm) were 

analyzed using an adjustable sample holder. 

 

Thermal Gravimetric Analysis (TGA) 

 

Open pan TGA was performed in a Perkin Elmer TGA 7.5-10 mg. The procedure applied to 

study the weight change in relation to temperature and decomposition temperature (Tdec) was as 

described in previous work (chapter 3&4). 

 

Differential Scanning Calorimetry (DSC) 

 

The glass transition temperature (Tg) of the samples was determined 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) 

 

Fourier transform infrared analyses were performed to investigate any structural changes in 

the starch chain due to interaction between plasticizer and starch molecules. The procedure as 

described in previous work (chapter 4&5) was used. 

 

Scanning Electron Microscopy (SEM) 

 

A Jeol 6320F Scanning Electron Microscope was used for morphological characterization. 

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. 

 

Retrogradation and Moisture Uptake 

 

Retrogradation of TPS films (Ø10 mm x 0.5 mm) was measured under different relative 

humidity conditions: 0%RH (dried silica), 50%RH (35.64% CaCl2 solution) and 100%RH 
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(distilled water). The samples were prepared and analyzed by using the same method applied in 

previous chapters 3&4. 

The degree of crystallinity was determined using the method described by Wang et al. [9]. 

The procedure used for integration and calculation of crystallinity was as explained in previous 

chapters 3&4. To study moisture uptake the films, stored at 0%, 50% and 100% relative humidity 

(RH), were gravimetrically analyzed. Measurements were performed 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 [10]. 

 

%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 film weight 

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

(Equation 2; for 30G.PS, 25G.5CA.PS and 20G.10CA.PS formulations) and a polynomial 

modification of the Peleg model (Equation 3; for MA, CA and MA-co-plasticized samples) [11]. 

 

     

(Eq. 2) 

 

 

   (Eq. 3) 

 

 

Where Mt is the moisture contents 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) [12]. 

The Peleg parameters [11], k1 and k2 are shown in Table 2. 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 [12]. 

The regression coefficients were found to be very high in most cases (R
2
 > 0.99). The linear Peleg 

model (Equation 2) was not suited to fit the moisture absorption of the MA, CA and the MA co-

plasticized formulations. 
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Table 2 

Regression constants (k1, k2, c0, c1, and c2) and regression coefficients (R
2
) for sorption curve 

equations (2 & 3) of TPS films at 100%RH. 

Sample M0 k1 k2 c0 c1 c2 R2
 

S.D 5.2 4.2*10-2 1.5*10-2 --- --- --- 0.99 

30G.PS 1.3 2.7*10-3 1* 10-2 --- --- --- 0.99 

30MA.PS 1 --- --- 2.6*10-2 6.3*10-3 -6.4*10-5 --- 

25G.5MA.PS 1 --- --- 9.3*10-3 3.3*10-3 -2.8*10-5  

20G.10MA.PS 1.9 --- --- 1.1*10-2 2.3*10-3 -9.8*10-6 --- 

30CA.PS 2 --- --- 6.6*10-3 1.3*10-2 -3.8*10-4 --- 

25G.5CA.PS 1.3 5.2*10-3 2.9*10-3 --- --- --- 0.99 

20G.10CA.PS 0.9 1.3*10-2 2.9*10-3 --- --- --- 0.99 

 

Mechanical Testing 

 

The mechanical properties include the tensile strength (TS) and percentage elongation at 

break (%E). Five or more specimens were tested using an Instron 4301 tensile tester in accordance 

with ASTM D1708. The crosshead speed used was 10 mm/min. The samples were conditioned at 

two different relative humidity levels, i.e. RH50% and 100% RH at 25 °C for 24hr and the 

thickness and width of the samples were measured before testing. The same  method was used for 

UV cross-linked TPS films.  

 

Solubility and swelling behaviour 

 

The Swelling behaviour (SB) and solubility (S) of films were measured by the method 

described by Yun et al. (2008) [13]. Dried TPS films were immersed in distilled water at room 

temperature (25 °C) for 24 hr. Moisture on the surface of the films was removed after the 

equilibrium was achieved (24 hr). The weight of the films was measured and swelling behaviour 

(SB) in TPS blend film was calculated as:  

 

0

0

W

WW
SB e

                          (Eq. 4) 

Where We is the weight of the TPS film after 24 hrs, and W0 is the first dry weight of TPS 

film.  

The swollen TPS films were dried again for 24 hrs at 60 °C, and its solubility (S) was 

calculated by the following equation: 

 

d

d

W

WW
S 0

                          (Eq. 5) 

Where W0 is the first day weight of TPS films, and Wd is the dry weight of swollen TPS film. 
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Results and Discussion 

 

In chapter 4&5, amorphous TPS films were produced via compression molding of solution 

spray dried plasticized starch powder. Urea, and malic acid inhibited retrogradation of starch but 

the mechanical properties were poor.  

In this study, carboxylic acids are used as plasticizer with the aim to interact with starch 

through hydrogen bonding or, potentially, esterification [1, 4, 14], and cross-linking by UV 

irradiation is anticipated to increase the strength of TPS films. The selected plasticizers contain 

multiple hydroxyl and carboxylic structures which are expected to interact with starch by 

hydrogen bonding or even esterification through the intermediate formation of acid anhydrides 

that can react with the hydroxyl groups on starch. Such an esterification could improve the water 

resistance and limit moisture absorption. Narendra et al. (2010) [4] discussed the importance of 

citric acid as cross-linking agent to improve starch film properties, but also mentioned the 

significance of the amount of plasticizer in the formulation and the proper combination with co-

agents for plasticization and cross-linking of TPS films. In this work, we used malic and citric acid 

in different combination with glycerol to observe and investigate the importance of the amount 

and combination of plasticizer in TPS films. In previous chapter 5, malic acid plasticized films 

showed signs of cross-linking but nevertheless showed loss of strength due to excessive moisture 

absorption. So, it is expected that UV irradiation will help to improve the mechanical strength of 

TPS films without affecting the degree of crystallinity of films.   

 

Crystallinity of freshly prepared TPS powder and films 

 

The X-ray diffraction patterns of TPS powder and films processed with different plasticizers 

are shown in Figure 2. All spray dried powders were amorphous (Figure 2a). Results were in line 

with previous work (chapter 3, 4&5). The B- and V-type crystalline peaks at 2θ=15°, 17.5°,  19.6°, 

21.3° and 23.6° in U.S were completely absent after solution spray drying (Figure 2a) [15, 16]. 

Short drying times attained in spray drying disabled association of starch chains into crystal 

lattices (chapter 2&3).  

 XRD analysis demonstrated that results of TPS films based on spray-dried material were in 

line with previous chapters 3&4, and completely amorphous (i.e. S.D and formulated analogues) 

with or without plasticizer (Figure 2b). 

Freshly prepared plasticized and co-plasticized samples were transparent, irrespective of the 

amount of plasticizer used, except S.D samples, which were slightly mat. TPS films exhibited no 

B-type crystallinity (Figure 2b). As explained in previous chapters (chapter 3, 4&5), this 

phenomenon 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. Hence, compression molding did not affect the amorphous character of the samples. 

Neither was the crystallinity affected by combining malic acid and citric acid with glycerol in 

different ratios. Furthermore compression molding did not lead to retrogradation or the return of 

starch crystallinity as described in previous chapter 2. 

Narendra et al. (2010) showed cross-linking effects of citric acid in starch films by improved 

tensile strength, thermal stability and decreased dissolution of starch films in water and formic 
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acid. The plasticized non-cross-linked solution casted films showed crystallinity, with two 

prominent peaks of typical corn starch at about 17° and 22° [4]. 

 

 
Figure 2 XRD spectra of (a) Freshly spray dried powder, (b) freshly prepared films by compression molding 

 

Rui Shi et al. (2008) prepared solvent casted starch/polyvinyl alcohol (PVA) films at 140 °C, 

plasticized with glycerol and citric acid with varying concentrations [14]. The wide-angle XRD 

patterns of the films were recorded and showed that most of the peaks in blends were present as 

for native materials. The presence of citric acid decreased the intensity of the peak at 19.3° as 

compared to native sample and inhibits the crystallinity, but could not create amorphous blends. 

Prepared films with all combination of glycerol and citric acid had prominent starch and PVA 

crystalline peaks.  

X-ray diffraction analysis in previous chapters proved that the amorphous nature of TPS 

powder and films was obtained by true TPS solution spray-drying technology independent of 

plasticizer amount and combination. 

 

Thermal Properties 

 

Thermal properties of the TPS powders were investigated by TGA and DTGA (Figure 3 and 

Table 4). The analysis of TGA data is however not straightforward, therefore different (rough) 

sections were allocated based on DTGA minima, as done in previous chapters 4&5. 

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 235 °C. 

Overall the curves were characterized by weight loss sections at different temperature ranges 

depending on the plasticizer used, as reported in previous work (chapter 4&5). 30MA.PS showed 

a maximum  Tdec of 232 °C, whereas 30G.PS showed lowest  Tdec of 190 °C. 30CA.PS had Tdec of 

227 °C. This was ascribed to strong hydrogen bonding capability of carboxylic acids as compared 

to the glycerol plasticized sample, and possibly some esterification between the carboxylic acid 

group of the plasticizer and starch hydroxyl units (chapter 5). 30MA.PS showed better thermal 

stability as compared to 30CA.PS. X-ray diffraction analysis also proved the better stability of 

malic acid plasticized films as compared to citric acid with a lower rate of retrogradation. In co-
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plasticized samples a fourth peak can been observed. This peak was attributed to the second 

plasticizer. Glycerol and carboxylic acids were used as co-plasticizers, so it could be associated to 

the cross-linked component [14]. The addition of plasticizer molecules caused a decrease in the 

decomposition temperature and an extra peak in the DTGA curve appeared (section b1 & b2 in 

Figure 3). The addition of malic acid and citric acid reduced the rate of weight loss and increased 

the residual weight. So the increased thermal stability of the TPS films may be explained by strong 

hydrogen bonding and potentially covalent bonding  (esterification and cross-linking) by malic 

and citric acid . The varying amount of carboxylic acid plasticizer had an effect on the stability of 

formulations. The thermal stability increased with an increase in carboxylic acid component in the 

co-plasticizer combination. 20G.10MA.PS had higher thermal stability i.e. 190 °C, as compared to 

25G.5MA.PS i.e. 182 °C. Similarly, 20G.10CA.PS has higher thermal stability as compared to 

25G.5CA.PS. In all co-plasticized TPS blends, b1 was observed at 178 °C, that represents the 

decomposition of glycerol in the blend and the second peak i.e. b2, that was representing the 

amount of carboxylic acid in the blend, varies according to type and amount of co-plasticizer.  

 It can be seen that the rate of weight loss and the residual weight percentage of 

20G.10MA.PS and 20G.10CA.PS were higher than those of 25G.5MA.PS and 25G.5CA.PS, 

respectively, but lower than those of 30MA.PS and 30CA.PS. This may be, because the cross-

linking was prevented in the presence of glycerol or occurred to a lesser extent. Compared with 

only carboxylic acid containing formulations, a part of malic or citric acid may have reacted with 

the glycerol, so the cross-linking degree decreased and the thermal stability of 20G.10MA.PS also 

decreased. With increase in glycerol contents, the thermal stability decreased. It seemed that the 

addition of carboxylic acid plasticizer enhanced the carbonization. FTIR, solubility and swelling 

analysis all explains the better stability and hydrogen bond interaction of carboxylic acid 

plasticized formulations as compared to glycerol formulated ones. According to Rui Shi et al. 

(2008), this phenomenon can be attributed to the cross-linking degree and the hydrogen bonds 

which increased as the carboxylic concentration increased [14].  

Previous work (chapter 5) also showed a correlation of malic acid plasticized TPS blends 

with the thermal decomposition temperature. This explained the effective and better nature of 

carboxylic acid plasticizers as compared to hydroxyl ones. Rui Shi et al. (2008) prepared solvent 

casted starch/polyvinyl alcohol (PVA) films at 140 °C, plasticized with glycerol and citric acid 

with varying concentrations [14]. TGA analysis showed the better thermal stability of PVA/starch 

blends in the presence of citric acid plasticizer and illustrated a linear relationship for citric acid 

contents in co-plasticized formulations with glycerol to do cross-linking with starch molecule and 

increased the thermal stability. 
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Figure 3 TGA and DTGA-curves of solution spray dried amorphous powder samples. 

 

Glass transition temperature (Tg) 

 

DSC analysis showed a Tg for all glycerol plasticized or co-plasticized formulations i.e. 

around 133 ±3 °C, except 20G.10CA.PS. (Table 4). For S.D the strong inter- and intra-molecular 

hydrogen bonding between starch chains limited chain movement and this was the reason for the 
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absence of a Tg [17]. In 30G.PS and all co-plasticized formulations except 20G.10CA.PS, the 

plasticizer disrupted hydrogen bonds between starch molecules reducing the Tg.  

 

FT-IR analyses  

 

FT-IR analyses were performed to study the interaction between used plasticizers and starch. 

As explained in previous chapters 4&5, a red shift will occur upon hydrogen bond interactions for 

starch stretching vibrations of O-H, C-O and C=O. Characteristic absorption bands of the TPS 

samples are depicted in Table 3.  

Feedstock (U.S) data will be used to describe the important absorption bands for all 

plasticized TPS samples. The U.S spectrum showed a broad band at 3262 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 bounded hydroxyl groups [18, 19].  

The peak at 2922cm
-1

 corresponded to C-H stretching from CH2. The bands at 1339 cm
-1

 were 

assigned to C-H bending [20]. The absorption peaks at 1149 cm
-1

 and 1076 cm
-1

 were attributed to 

stretching vibrations of C-O in C-OH groups [21, 22]. Absorption at 996 cm
-1

 describes the C-O 

stretching in C-O-C groups [1, 19]. 

Spectra of U.S and S.D were compared and it can be seen that the interactions with O-H, C-

O-H and C-O-C changed. As described in literature [23, 24], these changes were indicative of a 

reduction in crystallinity and water content. The peak at 1019 cm
-1

 became more visible, 

indicating decreased crystallinity [24]. Finally, the peak at 3288 cm
-1

, for O-H stretching, was 

higher as compared to U.S. This showed that the spray dried sample has a decreased molecular 

order as compared to the feedstock material. A decreased molecular order resulted in fewer 

hydrogen bonding between the starch chains in S.D (chapter 3).  

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

cm
-1

 was clearly visible for all spray-dried samples, indicating low crystallinity (see chapter 4&5). 

All spectra showed shifts in the fingerprint section of starch, indicating interaction between starch 

and plasticizers. Comparing the spectra of citric acid and malic acid plasticized samples, a red 

shift was visible upon increasing carboxylic acid concentration in co-plasticized TPS films. The 

peak around 3310 cm
-1

 is assigned to the stretching vibration of hydroxyl groups. We noticed that 

the absorption value at 3310 cm
-1 

increased with carboxylic groups concentration. The absorption 

value increased in the order of 30CA.PS > 20G.10CA.PS > 25G.5CA.PS. A similar order was 

observed in case of malic acid. This could be explained by two facts: 1) the number of the 

hydroxyl and carboxyl groups increased as the CA and MA concentration increased, 2) when citric 

acid and malic acid used in combination with glycerol, a part of carboxylic acids were reacted 

with glycerol, so few hydrogen bonds were produced [14]. 
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Table 3 

FT-IR absorption bands of the studied samples. 

Samples 

Wavelength [cm
-1

] 

3310-3270 2922-2921 1722-1711 1361 1019-1017 994 

U.S 3262 2922 -- 1339 -- 996 

S.D 3288 2918 -- 1356 1017 999 

30G.PS 3203 2901 -- 1370 1017 996 

30MA.PS 3303 2902 1716 1394 1018 999 

25G.5MA.PS 3270 2924 1717 1369 1015 994 

20G.10MA.PS 3273 2926 1716 1368 1017 997 

30CA.PS 3311 2902 1715 1394 1018 998 

25G.5CA.PS 3273 2927 1717 1364 1015 994 

20G.10CA.PS 3298 2928 1714 1334 1016 996 

 

 Carboxylic acid plasticized TPS blends showed additional absorption bands at 1711-1722 cm
-

1 
(Table 2). Peaks in this range 1721-1750 cm

-1 
are ascribed to esterification of starch and carboxyl 

groups of plasticizer [14]. This peak was absent in G.PS, U.S and native starch. The height of the 

peak may be related to the degree of esterification (not shown here). The height of peak increased 

with increasing the carboxylic acid concentration, i.e. 30MA.PS had highest peak height, whereas 

25G.5MA.PS had lowest. A similar sequence was observed for citric acid plasticized and co-

plasticized blends (Table 3). This could be explained by the reaction of citric or malic acid with 

glycerol to obtain some glycerol esters [14]. 

 It has been reported that a decrease in crystallinity has no effect on the absorption band at 

1077 cm
-1

 but the one at 1022 cm
-1 

is sensitive to change in crystallinity and increases with 

decreasing crystallinity [25]. The same phenomenon was observed here. All the plasticized TPS 

blends were amorphous (as reported in XRD analysis) and had higher band value at 1017 cm
-1 

as 

compared to U.S. All the plasticized starches showed two peaks at 1017 cm
-1 

and 996 cm
-1

. The 

COH bending vibration at 996 cm
-1 

is sensitive to water contents and involves water-starch 

interaction. The height ratio between these two peaks at 1017 and 996 cm
-1 

decreased with 

decreasing carboxylic acid concentrations in plasticizer. 30MA.PS and 30CA.PS had highest ratio 

between these two peaks, whereas 25G.5MA.PS and 25G.5CA.PS had the lowest.  

 

Powder morphology 

 

Surface morphology of TPS powder granules was examined by using SEM. Figure 4 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 published in previous chapters 4&5. U.S. 

material exhibited spherical and round shaped particles of irregular sizes. The surface of particles 

was homogeneous, smooth and regular.  
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 Solution spray-dried TPS samples showed significantly different morphologies. Morphology 

was similar to previous chapters 3&4. Particles were spherical in nature however they contained 

dents, which are typical for spray dried powders [23, 24]. The degree of shrinkage was determined 

by the drying sequence [26, 27]. 

As explained in our previous chapters (3&4), the surface of the droplet is first covered by the 

formation of a ‘skin’ during spray drying, 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 4). There was no noticeable difference in 

morphology between the samples. Hence, the difference in plasticizer combinations and nature did 

not lead to visible differences in morphology. 

 

 
Figure 4 SEM micrographs of all spray dried TPS powder. 

 

Retrogradation and moisture uptake 

 

 Film retrogradation was studied at various humidity conditions i.e. RH0%, 50% and 100% 

for 56 days by X-ray diffraction (Figure 4) (chapter 4&5). The U.S line corresponds to the degree 

of crystallinity present in the feedstock material. 
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The rearrangement of amorphous starch chains was influenced by moisture content [18, 28]. 

Therefore relative weight changes during storage were also reported. All films showed an increase 

in final crystallinity levels and relative weight in the order RH100% > RH50% > RH0% (Figure 5, 

6, 7 and 8). All films maintained similar crystallinity levels at RH0% (Figure 5). The starch 

retrogradation was prevented due to absence of water. Plasticizer content showed no influence on 

re-crystallization over time.  

 

 
 

Figure 5 (a) Degree of crystallinity of films after 56 days of storage at different humidity levels, 30CA.PS 

was disintegrated after 28days at 100%RH. Therefore reported results of 30CA.PS were for day 28. 

 

At 50% relative humidity, the relative weight of film increased over time, and finally reached 

a plateau when in equilibrium with the environment. 30MA.PS and S.D had showed maximum 

resistance to retrogradation. 30CA.PS also inhibited retrogradation at RH50% but lower than 

30MA.PS. These three samples showed no significant increase in crystallinity at RH50% over 

time. All the films except S.D. stored at 50% humidity became flexible due to moisture sorption 

and water acting as a plasticizer. The co-plasticized formulations of malic and citric acids with 

glycerol showed retrogradation with some increase in relative weight due to moisture uptake. This 

increase in crystallinity was attributed to the hygroscopic nature of glycerol. As described in 

previous chapter, first the amorphous starch matrix absorbs the water, leading to an increase in 

weight (chapter 4). The free volume in the polymeric matrix increased due to further increases in 

water contents. Certain starch-starch hydrogen bond interactions are being replaced by starch-

water interactions, creating a more open network and due to further increase of the water content 

the samples become rubbery. In this regime structural rearrangements occur, causing re-

crystallization. Crystallization causes a weight loss [29], which was also observed in this study 

(not shown here for brevity).  
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Figure 6 Sorption curves at 100%RH for 30% plasticized formulations (X7 and X56: the degree of 

crystallinity at day 7 and 56, respectively. 30CA.PS films disintegrated after 28 days). 

 

All the co-plasticized samples and 30G.PS had a similar rate of retrogradation after 56 days, 

storing at RH50%.  In our previous chapter, (1:1) glycerol and urea co-plasticized with malic acid 

showed resistance to retrogradation and had low degree of crystallinity after 56 days at RH50% 

(chapter 5). Hence, it showed that the rate of retrogradation depends on the concentration of 

hygroscopic plasticizer (glycerol) present as co-plasticizer. In this work, glycerol contents were 

higher as compared to malic and citric acids contents, so the rate of retrogradation was also 

significantly higher  as compared to previous chapter. 

The moisture absorption data recorded at 100%RH are very indicative for the special 

behaviour of malic acid compared to citric acid formulations as also shown in previous the chapter 

5. Figure 6 presents an overview of the data for the 30%w single formulations including the 

crystallinity data at day 7 and day 56 (including S.D as a reference). The data of S.D and 30 G.PS 

were fitted to the Peleg absorption model. The 30MA.PS and 30CA.PS data however only 

followed the Peleg fit for the initial moisture absorption for two weeks; after that period a more 

complex fitting model had to be applied. The interesting behaviour of malic acid is explained in 

the previous work (chapter 5). 30CA.PS disintegrates after 28 days and had maximum moisture 

absorption, leading to the highest rate of retrogradation except S.D (Figure 5&6). 30MA.PS 

suppressed starch retrogradation (Figure 5). Results showed that 30MA.PS had better shelf life 

and resistance to retrogradation as compared to 30CA.PS. The relative weight [%] of both, 

30MA.PS and 30CA.PS were the same till 21 days i.e. 170% approximately, but the degree of 

crystallinity was significantly different i.e. 4% and 17 % after 21 days, respectively. 
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Figure 7 Sorption curves at 100%RH for citric acid plasticized and co-plasticized formulations (X7 and X56 

are the degree of crystallinity at day 7 and 56, respectively. 30CA.PS formulation disintegrated after 28 

days). 

 

 Figure 7 illustrates the results of citric acid plasticized and co-plasticized formulations at 

100%RH. All the formulations had high moisture absorption except 30G.PS, and approaches the 

equilibrium state after 21 days except 30CA.PS. The data for 30G.PS and citric acid co-plasticized 

formulations were fitted to the Peleg absorption model except 30CA.PS. All the formulations 

showed significant retrogradation even after 1 week. 20G.10CA.PS showed less retrogradation 

and moisture absorption compared to 25G.5CA.PS. An increase in glycerol concentration 

enhanced the hygroscopic nature of the blend. The rate of absorption for 30CA.PS was slow 

(compared to CA co-plasticized films) for the first 21 days but then increased significantly and 

films disintegrated after 28 days. 
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Figure 8 Sorption curves at 100%RH for malic acid plasticized and co-plasticized formulations (X7 and X56 

are the degree of crystallinity at day 7 and 56, respectively). 

 

Figure 8 describes the moisture absorption data recorded for malic acid plasticized and co-

plasticized formulations. All malic acid films did not approach the equilibrium state and moisture 

adsorption data were fitted by applying the complex model (chapter 5). 30G.PS and malic acid co-

plasticized formulations had high absorption rates for the first 7 days compared to 30MA.PS. 

Malic acid co-plasticized formulations could not inhibit retrogradation due to high concentration 

of glycerol. 25G.5MA.PS and 20G.10MA.PS showed similar rate of adsorption and 

retrogradation. Glycerol limits the ability of malic acid to inhibit retrogradation. Malic acid co-

plasticized films with glycerol showed the largest relative weight increase followed by citric acid 

co-plasticized formulations. It can be attributed to their amorphous character and the hydrophilic 

nature of glycerol. Results were in line with previous chapter 5, in which the (1:1) malic acid 

glycerol formulation showed the highest relative weight increase after 56 days i.e. 600 % 

compared to 360% for 30MA.PS. 30MA.PS and citric acid co-plasticized TPS films showed 

comparable relative weight increments. Hence, citric acid in combination with glycerol resisted 

moisture uptake but could not inhibit retrogradation. 

All films became flexible and maintained structural integrity for all 56 days except 30CA.PS. 

The results showed the exceptional behaviour of  malic acid as individual plasticizer as it strongly 

inhibited retrogradation. Strong hydrogen bonding between starch and malic acid plus partial 

esterification/cross-linking may be the explanation for the remarkable retrogradation performance 

(chapter 5).  
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Table 4.  

Degree of crystallinity, relative weight, thermal properties and mechanical properties of TPS films 

(30CA.PS become jell after 21days at 100%RH, so the presented results for degree of crystallinity 

and relative weight were for 21days)  
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Mechanical Properties 

 

Mechanical behaviour of the formulated TPS films is shown in Figure 9. Due to the brittle and 

rigid nature of U.S. samples, mechanical properties for this sample could not be evaluated.  

 

 
Figure 9 Mechanical properties of the TPS films, a) at 50% RH, b) at 100% RH. 

 

Mechanical properties were determined at two different relative humidities i.e. RH50% and 

RH100%. All samples were divided into three groups i.e. 1) blank TPS films (without UV 

treatment), 2) UV treated TPS films, 3) UV treated TPS films after being soaked in sodium 

benzoate (SB) for three days. In literature [1, 3], sodium benzoate (SB) is mentioned as 

photosensitiser and showed improvement in the strength of SB soaked and UV treated TPS films 

(Figure 10). Based on these reports, sodium benzoate was incorporated as photosensitizer into the 

material to produce reactive radicals that initiate subsequent cross-linking reactions under UV 

irradiations. The results were according to our expectations, i.e. an increment in tensile strength 

after UV and UV/SB treatment. All treated TPS films showed similar patterns, the tensile strength 

increased in the order: UV irradiated after soaking in SB > UV irradiated > blank. That pattern and 

increase was more prominent at RH50% than at RH100%. 

At RH50%, the maximum increase in strength was observed for 30MA.PS for both UV 

treated soaked and non-soaked formulations. Overall, CA plasticized or co-plasticized TPS films 
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showed a higher strength compared to malic acid formulated TPS films. However, strain at break 

gave strange results and showed following trend, UV.PS.RH50% < UV.SB.PS.RH50% < PS. 

RH50%. PS.RH50% had lowest strain and strength values. Overall at RH50%, CA plasticized and 

co-plasticized TPS films showed slightly better strength for both UV treated after soaked and non-

soaked formulations. 30MA.PS had highest strength among all treated TPS films, followed by all 

CA plasticized and co-plasticized films. 

At RH100% (Figure 9b), mechanical properties showed a similar trend, the tensile strength 

increased after UV treatment and soaking in SB for both malic and citric acid plasticized and co-

plasticized samples. The increment followed the order: UV.SB.PS.RH100%> UV.PS.RH100% > 

blank. Citric acid plasticized and co-plasticized formulations showed better tensile strength 

compared to malic acid formulated TPS films. Only 25G.5MA.PS UV treated soaked and non-

soaked in SB had equal strength as that of citric acid plasticized and co-plasticized TPS films. The 

strain at break followed the same trend as that at RH50%. A decrease was observed in the order: 

UV.PS.RH100% < UV.SB.PS.RH100% < blank. 

 

 

Figure 10 Mechanism involved in sodium benzoate sensitized film [1, 3]. 

 

Samples conditioned at RH50% showed higher values for tensile strength for both malic acid 

and citric acid  plasticized and co-plasticized TPS films than at RH100%. Comparing the data 

found at RH50% and Rh100% shows that progressive moisture absorption lowers the mechanical 

properties with changes in both tensile strength and elongation. Tensile strengths reduces by 

moisture although moisture promotes retrogradation. The final mechanical properties for the 

blends are determined by the balance between crystallinity and moisture contents. 
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Degree of crystallinity of ultra-violet irradiation treated samples 

 

To see whether UV cross-linking has an effect on starch crystallinity, two formulations 

(25G.5MA.PS and 25G.5CA.PS) were evaluated at different time intervals by XRD. The X-ray 

diffraction patterns of cross-linked and non-cross-linked TPS films are shown (Figure 11) for day 

0 and day 7 for non-cross-linked (as blank) and day 4 for cross-linked. Analysis showed that the 

crystallinity of TPS films did not change because of SB/UV or UV irradiation at both relative 

humidities i.e. 50% and 100%. The degrees of crystallinity after cross-linking of both films i.e. 

25G.5MA.PS and 25G.5CA.PS were between the crystallinity observed at day 7 and day 0. From 

the data shown in Figure 11, it is concluded that UV irradiation has no effect on recrystallization. 

 

 
 

Figure 11 XRD spectra of (a) 25G.5MA.PS cross-linked film at RH50%, (b) 25G.5MA.PS cross-linked film 

at RH100%, (c) 25G.5CA.PS cross-linked film at RH50%, (d) 25G.5CA.PS cross-linked film at RH100% 

 

Literature also showed no effect of cross-linking on degree of crystallinity and peak position 

[4, 7]. Nawapat et al. (2011) prepared photo-cross-linked rice starch-based biodegradable films by 

solution casting and reported UV treatment of starch did not alter the crystalline structure of starch 

or its gelatinization enthalpy [7].  
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Solubility and swelling behavior 

 

Solubility (S) and degree of swelling (DS) of cross-linked 25G.5MA.PS and 25G.5CA.PS 

films were measured and are shown in Figure 12. The results were in line with literature [30, 31]. 

Cross-linking led to a reduction in  the solubility and the degree of swelling of both TPS films. 

The bonding between the starch chains became stronger due to cross-linking, causing an increase 

in the resistance of the TPS films to swell. Cross-linking reinforced the structure of the starch 

films and restricted the mobility of starch chains in the amorphous region, which limits water 

solubility and absorption into the cross-linked starch [31]. 

 

 
Figure 12 Degree of swelling and solubility at RH50% and RH100% of: (a) 25G.5MA.PS cross-linked film, 

(b) 25G.5CA.PS cross-linked film 

 

 The DS and S of cross-linked films at RH50% were lower than at RH100%. SB soaked films 

showed lower value of DS and S in both cases, i.e. malic acid co-plasticized and citric acid co-

plasticized. These results were in line with the mechanical property data. SB soaked and RH50% 

conditioned films had better strength than non-soaked films and RH100% conditioned films, 

respectively. Citric acid co-plasticized films showed similar results. 25G.5CA.PS showed lower 

solubility and DS compared to 25G.5MA.PS cross-linked films at both relative humidities. Citric 

acid had higher number of carboxyl groups i.e. three, compared to malic acid i.e. two, so it was 

expected that CA co-plasticized films do stronger cross-linking and inhibited the movement of 

starch chains and resisted the water solubility and absorption after cross-linking compared to MA 

co-plasticized films. 
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Conclusion 

 

Malic acid and citric acid plasticized and glycerol co-plasticized TPS films were surface 

cross-linked by soaking the films in a sodium benzoate aqueous solution and exposing them to UV 

irradiation. Totally amorphous films were produced by solution spray drying technology 

independent of plasticizer and varying combinations. CA and MA plasticized TPS blends had 

better thermal stability and hydrogen bonding interaction with starch compared to co-plasticized 

and glycerol plasticized blends. DSC analysis showed Tg values for all co-plasticized formulations 

except 20G.10CA.PS. 30MA.PS and 30CA.PS showed no Tg which may be attributed to cross-

linking.  

UV cross-linking improved the strength of films. When films were soaked in sodium benzoate 

solution the cross-linking of the films was more efficient. Cross-linking indeed decreased the 

degree of swelling and the solubility of films. Cross-linked films conditioned at RH50% had better 

strength and a lower degree of swelling compared to those conditioned at RH100%. CA 

plasticized and co-plasticized cross-linked films showed slightly higher strength and lower 

swelling compared to MA cross-linked plasticized and co-plasticized films. Decrease in solubility 

and degree of swelling was in order of i.e. PS.UV.SB > PS.UV. > PS. UV irradiation and SB 

soaking did not affect the amorphous nature of TPS films.  

 

Adding up all the observed results (combining chapters 2-6), it is concluded that carboxylic 

acids act different than common plasticizers like glycerol or urea. Carboxylic acids clearly show 

more intensive interaction and malic acid in particular, reduces retrogradation significantly. 

However, lack of retrogradation also is correlated with high moisture absorption and other 

pathways have to be developed to reduce the effect of moisture in order to achieve and maintain 

better mechanical properties. 
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Summary 

 

Starch is a natural polymer and one of the potential candidates for future biodegradable 

polymer products. In 2008, the worldwide production of starch is estimated to be around 66 million 

tons. It is a versatile and useful polymer not only because it is low cost and natural, but also because 

the physiochemical properties of starch can be altered through chemical or enzymatic modification. 

Starch is insoluble in cold water, but is very hygroscopic and binds water reversibly. Heating starch 

in protic media leads to loss of hydrogen bonding in the interior of the starch granule and it will start 

to gelatinize. Starch mainly consists of two different polymers: amylose and amylopectin. Amylose 

is a predominantly linear chain of D-glucose units linked together by α-1,4 bonds. Amylopectin 

consists of short chains of, on the average 20 to 30 α-1,4 linked D-glucose units which are branched 

by α-1,6 bonds. Physically, most native starches have a crystallinity of about 20-40%. The main 

crystalline components in granular starch are the short-branched chains in amylopectin. 

Native starch has a limited range of application, due to a number of unfavorable properties like 

uncontrolled viscosity, tendency for retrogradation, insolubility in cold water, and a pronounced 

brittleness of processed materials. Modification of native starches is often done to improve the 

product properties and thus to enhance their application range. Modification alters the starch 

structure and affects the hydrogen bonding in a controllable manner and thus will enhance and 

extend its application. Well known starch modifications are cross-linking, stabilization, conversions 

i.e., acid hydrolysis, oxidation, Dextrinisation and enzymatic hydrolysis, lipophilic substitution, 

pregelatinisation and esterification. Starch can be processed into thermoplastic material only in the 

presence of plasticizers (water, glycerol, glycerin, sorbitol, etc.) and under the action of temperature 

and shear. During the last decade, numerous studies have been done to produce and evaluate 

thermoplastic starch (TPS). 

TPS containing only water as plasticizer has little value in practical applications because of 

poor mechanical properties. Additional plasticizer is necessary besides water, such as polyols like 

glycol or glycerol, urea, formamide, acetamide, or citric acid. All have been studied as additional 

plasticizers to achieve process-ability below the starch degradation temperature and to make starch 

flexible. The main role of plasticizer is to lower the glass transition temperature (Tg), and to 

improve the flexibility and processibility of polymers. The preparation/processing conditions and 

the mechanical and thermal properties of the final material vary with the type and quantity of 

plasticizer employed. The plasticizer interacts through hydrogen bonding with starch chains at high 

temperature and during storage at room temperature. The interaction increases at higher 

temperatures, probably due to H-bond formation. 

Various techniques are used for the production of bio-plastic out of starch. Common traditional 

plastic processing techniques are used, such as: extrusion, casting, injection molding, and 

compression molding. In general, all the above mentioned TPS systems are made in the presence of 

water-plasticizer combinations. The plasticizers used are mostly hydrophilic. Moreover, extrusion 

process cannot be performed without addition of water. Combinations of plasticizers and water lead 

to retrogradation through the recombination of amylose and amylopectin and the crystallization 

process is even promoted by water, which results in changing the final product properties. To 

overcome this “disturbing” influence of water but maintaining plasticizer activity during the 

manufacturing process another thermal processing route may be needed to obtain “dry” amorphous 

starch-plasticizer blends. For this reason spray drying TPS blends from starch water dispersions and 

solutions has been investigated.  
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Spray drying processes applied to starch solutions/dispersions for TPS blends remained 

underdeveloped while this technology is considered as an important way to produce amorphous 

materials, or, in particular for native starches, to manufacture small particles. The objectives of this 

thesis are to study the product, property, processing relationship of thermoplastic starch films 

produced via compression molding of spray dried powder, and to obtain amorphous starches with 

the potential to be used as biodegradable bio-plastics. Different plasticizers were used to study the 

properties of TPS blends. Special attention was given to retrogradation behavior and the degree of 

crystallinity of films at different humidity conditions. 

The properties of solution and dispersion dried TPS samples of maize starch with different 

amylose to amylopectin ratios were systematically studied before and after spray-drying (Chapter 

2). Gelatinized starch solutions were made in an autoclave reactor followed by spray drying of both 

dispersions and solutions. The obtained starch powders were characterized before and after the 

drying process. Constant equipment settings and drying conditions were used for spray drying. The 

amylose to amylopectin ratio did not have any effect on the evaluated properties for solution dried 

samples. Moisture contents, crystallinity, particle size distribution, viscosity and flow properties 

were similar for all solution dried TPS materials. All samples were amorphous in nature with low 

average particle sizes, low moisture contents and viscosities, and the molecular weight distribution 

did not have an effect on these properties. On the other hand, samples obtained from dispersions 

remained crystalline and particle size distributions and viscosities increased in line with the 

composition of the formulations. While the morphologies of solution dried samples were irregular 

and shriveled, dispersion dried materials still resembled the original native material structures. Flow 

indicators based on bulk and tap density measurements of all the processed powder samples pointed 

to quite poor powder flow characteristics.  

The solution spray drying (SSD) of starch plasticizer blends produced amorphous powder with 

low moisture contents and particle size distributions. This obtained amorphous TPS powder was 

applied to produce thin films. The results are described in detail in Chapter 3. 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. Oxidized potato starch was taken as feed. 

TPS films were obtained by compression molding at 140 °C of SSD powders formulated with 

different types of maltodextrine, using a Fontijne Holland Table Press TH400. The meso-scale 

properties did not show any molecular interaction. Product yield, the amorphous nature of powder 

and films, morphology and mechanical properties were similar for all three additives with different 

molecular weights. All plasticized samples showed brittle characteristics. Because of the relatively 

high molecular sizes, these oligosaccharides were less capable of disrupting hydrogen bonds 

between starch molecules. This results in more brittle film properties. The powder recovery of all 

formulated samples were high and were between 70.3% (± 4) to 74.9% (± 3.5), for low to higher 

molecular weight plasticizer, respectively. X-ray diffraction showed that all freshly prepared 

powders and films were amorphous. The morphology of all powder samples was similar and the 

degree of shrinkage was high. 

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

of the additives. Thermo-gravimetric analysis showed maltose plasticized (low molecular weight 

plasticizer) starch had a maximum weight loss of 16.9%, whereas maltodextrin with the highest 

molecular weight showed a weight loss of 9.7%. FTIR 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. The O-H stretching vibration decreased from 3310 cm
-1

 (spray 

dried non-plasticized starch) to 3270 cm
-1

 (maltose plasticized) with decreasing maltodextrine 
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molecular weight. Hence, smaller molecules gave rise to increased interactions with starch. 

Retrogradation was studied by storing the starch films at three different relative humidity levels: 0% 

(dried silica), 50% (35.64% of CaCl2 solution) and 100% (distilled water). At 0%RH and 50%RH, 

no significant crystal formation was observed after 56 days. At RH100%, most of the crystallization 

occurred within the first seven days. 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 the initial wetting. The used additives delayed TPS film retrogradation and showed 

a lower degree of crystallinity as compared to the untreated and spray dried feedstock. Furthermore, 

maltodextrin with different molecular weights did not act as plasticizer for TPS films but was 

effective for spray drying and product yield. So in Chapter 4, natural plasticizers i.e. urea and 

glycerol were used as plasticizer in combination with maltodextrin to improve film properties and to 

obtain high processing yields. 

 Chapter 4 describes the processing of oxidized potato starch via compression molding of 

spray-dried starch-plasticizer formulations. Glycerol and urea were used as plasticizer, both 

separately and in combination with maltodextrins (DE =19.1). To study the role of moisture during 

the film formation process; films were also prepared by solution casting. The crystallinity of freshly 

molded films from SSD powder was significantly lower than the degree for casted films. After SSD 

all freshly prepared powder samples were amorphous; no crystalline peaks were identified. Freshly 

prepared films were also amorphous and compression molding did not lead to observable premature 

retrogradation. Films made by solution casting showed cristallinity except for the urea plasticized 

samples Urea gave better molecular mixing with effective formation of stable hydrogen bonds due 

to its low molecular weight and small molecular dimensions. Thermal gravimetric analysis (TGA) 

showed all samples were stable up to a temperature of 160°C or higher. FTIR analysis showed that 

starch interacted in hydrogen bond formation with glycerol and urea plasticizers, reducing the glass 

transition temperature to 136°C and 106°C, respectively. Co-plasticized formulations did not show 

any Tg. Glycerol-plasticized and co-plasticized films immediately started to retrogradate in the 

presence of some moisture, while urea based systems only showed slow recrystallization at the 

highest moisture exposure. In line with this behavior, urea plasticized and co-plasticized films 

exhibited a more elastic behavior, whereas glycerol based ones showed a more brittle behavior. 

Urea was found to be a more effective plasticizer than glycerol, i.e. a lower Tg, a lower degree of 

retrogradation, a lower tensile strength and a higher elongation, which can be understood by the 

smaller molecular dimensions of urea and a more intimate interaction between urea and the 

amylopectin fractions in the system. 

In Chapter 5, Plasticizers with similar molecular weight but different hydrogen bond forming 

units were used. The first part focussed on natural plasticizers possessing both amide and carboxylic 

acid groups for hydrogen bonding and in the second part, co-plasticization was tested to control the 

retrogradation and improve the mechanical properties of TPS films. Amorphous TPS powder and 

films were obtained except for isoleucine plasticized ones. Retrogradation studies showed that malic 

acid inhibited retrogradation of starch for 56 days at all relative humidity levels. Titration confirmed 

a reduction in acidity for the spray dried malic acid plasticized samples, suggesting that 

esterification occurred. Asparagine and isoleucine plasticized starch films showed retrogradation at 

RH50% and RH100%. Isoleucine showed segregation and re-crystallization during spray drying, 

giving rise to limited interactions with starch. No Tg was observed for any of the plasticizers except 

asparagine. Malic acid plasticized and co-plasticized formulations were highly flexible, whereas 

isoleucine and asparagine plasticized films were brittle. 
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The last part of this thesis deals with cross-linking of starch and plasticizers to create TPS films. 

Chapter 6 describes the results of a preliminary study on the influence of malic and citric acid / 

glycerol combinations on the performance of TPS powders, and non-cross-linked and cross-linked 

films. Sodium benzoate was used as photosensitiser and introduced into the film surfaces by soaking 

the films in aqueous photosensitiser solution. Results showed that radiation processing technology 

triggered the chemical reaction between the polymer molecules. Carboxylic acids used as plasticizer 

exhibited interaction with starch and lead to esterification, where UV irradiation helped to increase 

the strength of TPS films. Amorphous TPS films were obtained, irrespective of the plasticizer or 

combination of plasticizers used. Retrogradation was suppressed for all formulated starch films at 

RH50% and RH100%. The rate of moisture uptake, and as a consequence, the rate of retrogradation, 

depended on the concentration of the glycerol in combination with citric and malic acid. When the 

concentration of carboxylic acid plasticizer in the combination increases, the interaction of starch 

and plasticizer becomes more effective and results in better thermal stability. UV irradiation 

improved the mechanical properties, and decreased the solubility and degree of swelling. 

Photosensitiser increased the mechanical strength and decreased the solubility and degree of 

swelling, but did not affect  the degree of crystallinity. 
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Samenvatting 

 

Zetmeel is een natuurlijk polymeer en één van de mogelijke kandidaten voor bio-afbreekbare 

polymere producten. Het materiaal is in ruime mate voorhanden met een geschatte wereldwijde 

productie van 66 miljoen ton in 2008. Het is een veelzijdig polymeer; niet alleen omdat het een 

goedkoop en een natuurlijk product is, maar ook omdat de physisch-chemische eigenschappen van 

zetmeel aangepast kunnen worden door middel van chemische of enzymatische modificaties. 

Zetmeel is niet oplosbaar in koud water, maar is zeer hygroscopisch en kan water reversibel binden. 

Het opwarmen van zetmeel in protische media leidt daarom tot het opbreken van waterstof-bruggen 

binnen de zetmeel korrel waarna de zetmeel begint te verdikken. Zetmeel bestaat voornamelijk uit 

twee verschillende polymeren: amylose en amylopectine. Amylose is een overwegend lineaire keten 

van D-glucose eenheden gekoppeld via α-1,4 bindingen. Amylopectine bestaat uit korte ketens van 

gemiddeld 20 tot 30 α-1,4 gekoppelde D-glucose eenheden die vertakt zijn via α-1,6 bindingen. De 

meeste zetmelen zijn 20-40% kristallijn door met name de korte vertakte ketens in amylopectine. 

Natuurlijk zetmeel heeft een gelimiteerde reeks toepassingen. Dit omdat het een aantal 

ongewenste eigenschappen bezit zoals: een complexe rheologie, de neiging tot retrodegradatie, het 

onoplosbaar zijn in koud water, en bros gedrag van de verwerkte materialen. Modificaties van 

natuurlijke zetmelen is vaak toegepast om product eigenschappen te verbeteren en om een bredere 

toepasbaarheid te verkrijgen. Modificaties veranderen de structuur van zetmeel en beïnvloeden de 

waterstof-brug vorming op een gecontrolleerde manier. Hierdoor kan de toepasbaarheid van zetmeel 

verbeterd worden. Bekende zetmeel modificaties zijn verknoping, stabilisatie, omzetting, bijv. zuur 

hydrolyse, oxidatie, dextrinisatie en enzymatische hydrolyse, en lipofilische substitutie voor 

verdikking en esterificatie. Alleen in de aanwezigheid van weekmakers (water, glycol, glycerol, 

sorbitol, etc.) en bij hogere temperatuur en afschuifspanningen kan zetmeel verwerkt worden tot een 

thermoplastisch materiaal. Gedurende het laatste decennium zijn veel studies gedaan naar de 

productie en evaluatie van thermoplastisch zetmeel (TPS).  

TPS met alleen water als weekmaker heeft weinig waarde in praktische toepassingen gezien de 

slechte mechanische eigenschappen. Additionele weekmakers naast water zijn nodig, zoals polyolen 

(glycol of glycerol), urea, formamide, acetamide, of citroenzuur. Al deze weekmakers zijn 

bestudeerd als mogelijkheden om zetmeel onder de degradatie temperatuur te verwerken en om 

zetmeel flexibel te maken. De hoofdrol van een weekmaker is om de glas transitie temperatuur (Tg) 

te verlagen, om de flexibiliteit te verhogen en de mogelijkheid tot het verwerken van polymeren te 

verbeteren. Deze geven bij hoge temperatuur en gedurende opslag bij kamertemperatuur een 

interactie door middel van waterstof-bruggen met zetmeel ketens. De voorbereidings/verwerkings 

condities, de mechanische en thermische eigenschappen van het uiteindelijke materiaal varieëren 

met het type en de hoeveelheid weekmaker.  

Verschillende technieken worden gebruikt voor de productie van bio-plastic uit zetmeel. 

Veelgebruikte traditionele verwerkingstechnieken zoals extrusie, spuitgieten en persvormen worden 

gebruikt. In het algemeen worden bovengenoemde TPS systemen gemaakt in de aanwezigheid van 

water-weekmaker combinaties. Extrusie zonder de toevoeging van water is niet mogelijk. 

Combinaties van weekmakers en water leiden echter tot retrodegradatie door de recombinatie van 

amylose en amylopectine. Dit kristallisatie proces wordt zelfs bevorderd door water. Dit leidt tot 

veranderende eigenschappen van het uiteindelijke product. Om dit effect van water te omzeilen, 

maar de eigenschappen van andere weekmakers te behouden tijdens het fabricage proces is een 

ander thermisch verwerkingsproces nodig om “droge” amorfe zetmeel-weekmaker formuleringen te 
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maken. Hiervoor is het sproeidrogen van TPS-mengsels uit gedispergeerd en opgelost zetmeel 

onderzocht. 

Sproeidrogen toegepast op zetmeel oplossingen/dispersies voor de productie van TPS blends 

zijn onderontwikkeld terwijl sproeidrogen gezien wordt als een belangrijke methode om amorf 

materiaal te produceren. Ook kan sproeidrogen gebruikt worden voor de productie van kleine 

deeltjes uit natuurlijk zetmeel. De doelstelling van deze dissertatie is om de relatie tussen 

verwerkingstechniek en producteigenschappen te bestuderen voor thermoplastische zetmeel dat 

geproduceerd is door middel van persvormen van gesproei-droogd poeder. Het doel is om amorf 

zetmeel te maken voor de productie van bio-afbreekbaar plastic. Verschillende weekmakers werden 

gebruikt om de eigenschappen van TPS-blends te bestuderen. In het bijzonder de retrodegradatie en 

de kristalliniteitsgraad van de films werden onderzocht als functie van weekmaker type en 

luchtvochtigheid.  

De eigenschappen van TPS monsters gebaseerd op opgelost en gedispergeerd maïszetmeel met 

verschillende amylose-amylopectine (Am/Ap) verhoudingen werden systematisch onderzocht voor 

en na het sproeidrogen (Hoofdstuk 2). Zetmeel oplossingen werden in een autoklaaf reactor 

gemaakt en vervolgens werden zowel dispersies als oplossingen sproeigedroogd. De verkregen 

zetmeel poeders zijn gekarakteriseerd zowel voor als na het drogen. De condities gebruikt voor het 

drogen door middel van sproeidrogen zijn constant gehouden. De verhouding tussen amylose en 

amylopectine had geen invloed op de geëvalueerde eigenschappen voor monsters gemaakt uit 

oplossingen. Vochtgehalte, kristalliniteit, deeltjesgrootte verdeling, viscositeit en stromings 

eigenschappen waren vergelijkbaar voor alle oplossings gedroogde TPS materialen. Alle monsters 

waren amorf met een lage gemiddelde deeltjesgrootte, lage vochtgehaltes en viscositeiten, en de 

Am/Ap verhouding had geen invloed op deze eigenschappen. Anderszijds, monsters verkregen uit 

dispersies zijn kristallijn gebleven en de deeltjesgrootte verdelingen en viscositeiten varieerden in 

lijn met de compositie van de formuleringen. De morfologie van oplossings gedroogde monsters 

was onregelmatig en de deeltjes vertoonden significante krimp, terwijl de morfologie van de 

dispersie gedroogde monsters gelijk bleef aan de originele structuur van de natuurlijke materialen. 

Stromings indicatoren op basis van bulk- en klopdichtheid metingen van alle verwerkte poeder 

monsters suggereren moeizaam stromingsgedrag. Echter, het sproeidrogen van waterige oplossingen 

(SSD) van zetmeel-weekmaker mengsels produceert amorf poeder met lage vochtgehaltes en 

deeltjesgrootte verdelingen.  

Het verkregen amorf TPS poeder werd gebruikt om dunne films te maken. De resultaten zijn in 

detaille beschreven in Hoofdstuk 3. Het doel van het werk was om de invloed van de molecuul 

gewicht van malto-oligosaccharide, d.w.z. dextrose equivalenten (DE), op het gedrag van de 

poeders en films te bestuderen. Geoxideerd aardappelzetmeel werd als start material gebruikt. TPS 

films werden gemaakt door middel van persvormen (geperst met een Fontijne Holland Table Press 

TH400) bij 140 °C van SSD poeders die geformuleerd waren met drie verschillende types 

maltodextrine. De meso-schaal eigenschappen lieten geen moleculaire interacties zien. De 

opbrengst van het product, het amorfe karakter van poeder en film, en de morfologie en 

mechanische eigenschappen waren vergelijkbaar voor alle drie additieven met verschillende 

molecuulgewichten. Alle monsters waren bros en weinig flexibel. De oligosachariden waren 

kennelijk niet in staat om de waterstof bruggen tussen de zetmeel ketens te verstoren. Dit kan 

verklaard worden door de relatieve hoge molecuul dimensies van de oligosaccharides. Dit leidt tot 

meer brosse film eigenschappen. De poeder opbrengsten van alle geformuleerde monsters waren 

hoog met waardes tussen 70.3% (±4) en 74.9% (±3.5), voor laag en hoog molecuul gewicht 
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weekmakers. Röntgendiffractie liet zien dat alle net voorbereide poeders en films amorf waren. De 

morfologie van alle poeders waren vergelijkbaar en de graad van inkrimping was hoog. 

 De geobserveerde data bevatte verschillen op nano-schaal veroorzaakt door de spreiding in de 

molecuul gewichten van de additieven. Thermogravimetrische analyse (TGA) liet zien dat zetmeel 

gecombineerd met maltose (lage molecuul gewicht weekmaker) als weekmaker had een maximaal 

gewichtsverlies van 16.9%, terwijl zetmeel met hoogmoleculair maltodextrine een maximaal 

gewichtsverlies van 9.7% liet zien. Fourier transform infrarood (FTIR) spectra voor de 

geformuleerde monsters waren in lijn met literatuur en een absorptie bij 1019 cm
-1

 was duidelijk 

zichtbaar voor alle sproeigedroogde monsters.  Dit is indicatief voor monsters met een lage 

kristalliniteitsgraad. De O-H strekvibraties namen af met een afname van het molecuulgewicht van 

de maltodextrine; de vibratie nam af van 3310 voor sproeigedroogd zetmeel zonder weekmaker naar 

3270 cm
-1

 voor zetmeel met maltose als weekmaker. Met andere woorden, kleinere moleculen 

hebben meer interacties met zetmeel. Retrodegradatie werd onderzocht door de zetmeel films te 

bewaren bij drie verschillende relatieve luchtvochtigheidsniveau ’s.  Bij 0 en 50% RH was er geen 

significante kristal formatie zichtbaar na 56 dagen. Bij 100% RH waren de meeste van de kristallen 

al gevormd binnen 7 dagen. Dit is in lijn met de vochtopname dat voornamelijk binnen de eerste 

zeven dagen plaatsvond en duidt op grote moleculaire herschikkingen in combinatie met 

aanvankelijke bevochtiging. De gebruikte additieven vertragen TPS film retrodegradatie en laten 

een lagere kristillaniteitsgraad zien in vergelijking tot niet behandelde en sproeigedroogde 

grondstof. Bovendien fungeerde maltodextrine met verschillende molecuul gewichten niet als 

weekmaker voor TPS films maar was wel effectief voor het sproeidrogen en de opbrengst van het 

product. In Hoofdstuk 4 werden natuurlijke weekmakers, te weten urea en glycerol, gebruikt in 

combinatie met maltodextrine om de film eigenschappen te verbeteren en om hoge verwerkings 

opbrengsten te krijgen. 

 Hoofdstuk 4 beschrijft de verwerking van geoxideerd aardappelzetmeel via persvormen van 

sproeigedroogde zetmeel-weekmaker formuleringen. Glycerol en urea zijn als weekmakers 

gebruikt, beide apart en in combinatie met maltodextrines (DE=19.1). Om de rol van vocht tijdens 

de film formatie process te bestuderen waren ook films geproduceerd door middel van het indrogen 

van een oplossing. De kristalliniteit van vers gevormde films van SSD poeder was significant lager 

dan voor de ingedroogde films. Alle verse poeder monsters waren amorf; er konden geen kristallijne 

pieken geïdentificeerd worden. Vers bereidde films waren ook amorf en persvormen leidde niet tot 

voortijdige retrodegradatie. Films gemaakt door indroging toonden kristalliniteit behalve monsters 

met urea als weekmaker. Urea gaf betere moleculaire menging met effectieve formatie van stabiele 

waterstof bruggen omdat het molecuulgewicht lager is en de moleculaire dimensies klein. TGA 

toonde aan dat alle monsters stabiel waren tot 160 °C of hoger. FTIR analyse liet zien dat zetmeel 

door middel van waterstof-bruggen interacteerde met glycerol en urea, en zodoende werd de Tg 

verlaagd naar 136 en 106 °C. Met glycerol gemaakte films begonnen direct te retrodegraderen in 

aanwezigheid van weinig vocht, terwijl op urea gebaseerde systemen alleen bij blootstelling aan 

hoge vochtgehaltes begonnen te rekristalliseren. Films met urea en met weekmakers tonen een meer 

elastische gedrag, terwijl op glycerol gebaseerde films meer broos waren. Urea was effectiever als 

weekmaker in vergelijking tot glycerol, te weten een lagere Tg, een lagere kristalliniteitsgraad, een 

lagere treksterkte en een hogere rek, dat te verklaren valt met de kleinere moleculaire dimensies van 

urea en een hogere mate van interactie tussen urea en de amylopectine fracties in het system. 

In Hoofdstuk 5 werden weekmakers met vergelijkbare molecuulgewichten maar verschillende 

waterstof-brug vormende functies gebruikt. Het eerste deel is gericht op natuurlijke weekmakers 

met amide en carbonzuur groepen voor het vormen van waterstof bruggen. In de tweede deel werd 
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getest of weekmakers de retrodegradatie kunnen controleren en of de mechanische eigenschappen 

van de TPS films verbeterd konden worden. Amorfe TPS films konden gemaakt worden behalve 

wanneer isoleucine als weekmaker werd gebruikt. Retrodegradatie studies toonden aan dat 

appelzuur de retrodegradatie verhindert voor 56 dagen bij alle relatieve luchtvochtigheids graden. 

Titratie bevestigde een verlaging in de zuurgraad van de met appelzuur sproeigedroogde monsters. 

Dit suggereert dat esterificatie is opgetreden. Zetmeel films met aspargine en isoleucine als 

weekmakers toonden retrodegradatie bij RH50% en RH100%. Isoleucine segregeerde en 

kristalliseerde tijdens het sproeidrogen, en hierdoor was de interactie met zetmeel gelimiteerd. 

Alleen asparagine toonde een Tg. Formuleringen met appelzuur en met appelzuur/weekmaker 

combinaties waren zeer flexibel, terwijl formuleringen met isoleucine en asparagine broos waren. 

De laatste deel van deze dissertatie behandelt de verknoping van zetmeel in combinatie met het 

gebruik van weekmaker om TPS films te maken. Hoofdstuk 6 beschrijft de resultaten van een 

voorstudie naar de invloed van appelzuur en citroenzuur / glycerol combinaties op de prestatie van 

TPS poeders en niet of wel vernette films. Natriumbenzoaat werd als UV sensitizer gebruikt. 

Zetmeel films werden in een waterige natriumbenzoaat oplossing geweekt waardoor de sensitizer in 

de oppervlakte van de films diffundeerde. De resultaten toonden aan dat met behulp van 

bestralingstechnologie de vertakkingsreactie tussen de polymeer moleculen geactiveerd kon 

worden. Carbonzuren werden als weekmakers gebruikt en interacteerden met zetmeel en leidde tot 

esterificatie. De combinatie met UV bestraling verbeterde de sterkte van de TPS films. Amorf TPS 

film werden verkregen, ongeacht welke weekmaker of combinatie werd gebruikt. Retrodegradatie 

werd onderdrukt voor alle geformuleerde zetmeel films bij RH50% en RH100%. De snelheid van 

vocht opname, en dus ook de snelheid van retrodegradatie, was afhankelijk van de concentratie van 

glycerol in combinatie met citroen- en appelzuur. Verhoging van de concentratie carbonzuur in de 

combinatie, maakte de interactie tussen zetmeel en de weekmaker effectiever en leidde tot betere 

temperatuur stabiliteit. UV bestraling verbeterde de mechanische eigenschappen, verlaagde de 

oplosbaarheid en de mate van zwelling, terwijl de mate van kristalliniteit onveranderd bleef.  
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