
J. Fuchs1*, M. Feldmann1 , C. Aßmann1 , W. Vorwerg2 , H.-P. Heim1

1 Institute of Material Engineering, Polymer Engineering, University of Kassel, Kassel, Germany
2Fraunhofer Institute for Applied Polymer Research, Potsdam, Germany

Cross-Linked Hydrophobic Starch Granules
in Blends with PLA

The majority of native starch is used in the food sector and in

the paper industry. Only a small amount is used in polymer

engineering. One reason for the reluctance of the plastics pro-

cessing industry to use starch as a filling material in polymer

blends is the unsatisfactory mechanical behavior of starch

when combined with thermoplastics. Another reason is the hy-

drophilicity of starch. In order to make these materials cap-

able of competing, an amelioration of the mechanical proper-

ties is compulsory. By means of modifying the native starch

and optimizing the compounding process, it is possible to im-

prove the performance of starch blends, and, thus, increase

the number of application areas of these materials. For this

reason, native starch was modified with a cross-linking agent

using a laboratory mixer. Subsequently, the modified starch

and poly(lactic acid) were compounded using a co-rotating

twin screw extruder. Cross-linking of the native starch in the

laboratory mixer resulted in an increase in the mechanical

strength of the starch blends. In addition, the blends with

cross-linked starch displayed lower moisture absorption lev-

els than blends with native starch as a filling material.

1 Introduction

In the last 30 years, thermoplastic starch and native starch have

been used for compounding starch blends (Bin-Dahman et al.,

2015; Lai et al., 2006; Roy et al., 2011; Schwach and Avérous,

2004; Yu et al., 2006). In contrast to the processing of native

starch as a filling material, thermoplastic starch is made during

the compounding process by adding water and plasticizers to

induce chemical destructuring in addition to thermomechanical

destructuring (Avérous and Halley, 2009; Feldmann and

Fuchs, 2015; Huneault and Li, 2012). However, the largest pro-

portion of native starch is still used in the food sector and in the

paper industry (Chen et al., 2010; Ellis et al., 1998). Only a

small portion is used in polymer engineering for short-dated

products, like \loose-fills". Reasons for the reluctant utiliza-

tion are the hydrophilic properties of starch as well as the insuf-

ficient mechanical properties of starch blends (Avérous and

Halley, 2009; Fink et al., 2009; Mathew and Dufresne, 2002;

Nabar et al., 2006; Zerroukhi et al., 2012).

Several methods exist for the improvement of the properties

of native starch (Hu et al., 2016; Lawal et al., 2015; Sujka

et al., 2015). Chemical Modification, ultrasonic and micro-

wave treatment, ball milling, oxidation, enzymatic hydrolysis,

annealing, and gamma irradiation are just some options for

adapting the properties of starch to the requirements of its

application areas (Radosta et al., 2016; Salimi et al., 2016; Shi

et al., 2015; Sujka et al., 2015; Yang et al., 2015). Another

option for utilizing native or thermoplastic starch is to blend it

with hydrophobic plastics, like polyolefins, or with bioplastics,

like poly(lactic acid) (PLA) (Beg et al., 2016; Lai et al., 2015;

Mittal et al., 2015; Sangeetha et al., 2016). Starch blends with

PLA contain hydrophilic starch and hydrolysis-sensitive PLA.

There are several provisions that must be adhered to before

and during the processing of these materials. For instance,

pre-drying the starch prior to compounding it on a twin screw

extruder is important to prevent possible hydrolysis of the

PLA from being induced by the water contained in the moist

starch (Liu et al., 2010; Wang et al., 2007; Yu et al., 2011).

During the drying process, the selected temperature has a very

great significance since the moisture content can be minimized

only by sufficiently high temperatures and not by a prolonged

drying time (Kovács and Tabi, 2011).

The mechanical properties of starch blends with PLA vary

on a wide range depending on the starch/PLA type and content,

the moisture content of the starch prior to compounding, the

moisture content of the blend during examination, etc.

(Huneault and Li, 2012; Sangeetha et al., 2016; Yu et al.,

2006). Due to their partially insufficient mechanical properties

and the moisture-sensitive behavior of starch blends with PLA,

these materials face a low level of acceptance in the plastics

processing industry for use in medium-term or even long-term

products.

In order to expand the areas of application, several research

projects focused on improving the properties of starch blends

with PLA. Options for modifying the blends include using

additives like maleic anhydride (Zhang and Sun, 2004) or

poly(ethylene glycol) (Jacobsen and Fritz, 1996). In the past,

another reagent for the modification of cross-linked native

starch was epichlorohydrin (Kartha and Srivastava, 1985;

Kuniak and Marchessault, 1972). Owing to its very high toxi-

city, cross-linking starch using epichlorohydrin is a matter of

REGULAR CONTRIBUTED ARTICLES

Intern. Polymer Processing XXXIII (2018) 1 � Carl Hanser Verlag, Munich 89

* Mail address: Johannes Fuchs, Institute of Material Engineering,
Polymer Engineering, University of Kassel, Moenchebergstrasse 3,
34125 Kassel, Germany
E-mail: j.fuchs@uni-kassel.de



J. Fuchs et al.: Cross-Linked Hydrophobic Starch Granules in Blends with PLA

marginal interest today, even though the improvement of the

mechanical properties was promising while using this reagent.

Additional disadvantages of using epichlorohydrin during the

modification of starch are the preliminary work needed and

the duration of the cross-linking reaction.

In this study, the surface of native potato starch granules was

modified with the mildly toxic cross-linking agent glycidyl

ether and a suitable catalyst. After cross-linking the starch

using a laboratory mixer, the modified starch and poly(lactic

acid) were compounded using a co-rotating twin screw extrud-

er. Subsequently, the starch-filled PLA blends were processed

into samples in an injection molding machine. The influence

of the cross-linking process on the impact strength, tensile

properties and moisture absorption was investigated. The aim

of the analyses was to enhance the compatibility between

starch and PLA to improve the mechanical properties and to

reduce the moisture absorption, and, in turn, to expand the

areas of application of starch blends with PLA.

2 Materials and Methods

2.1 Materials

PLA (Ingeo Biopolymer 3052D, CAS 9051-89-2) was ob-

tained from NatureWorks LLC, Minnetonka, USA, and was

used as the plastic matrix for the starch blends. Predominantly

corn starch was used as raw material for the synthesis of PLA.

The PLA has had a D-Lactide content of 4.3%, a MFI of

56,5 g/10 min (5 kg/200 8C) and a molecular weight of

1,39E+05 g/mol. Native potato starch (Superior, CAS 9005-

25-8) was obtained from Emsland-Stärke GmbH, Emlichheim,

Germany, and was used as the filling material. The com-

position of the starch was 0,34% ash, 0,078% phosphorus,

0,08% protein and 22% amylose. The glycidyl ether 1.4-bis

[(2.3-epoxypropoxy)methyl]cyclohexane (Polypox R 11, CAS

14228-73-0) from the Dow Chemical Company, Midland,

USA, was used as cross-linking agent. Imidazole (Glyoxalin,

1,3-Diaza-2,4-cyclopentadien, CAS 288-32-4) from Carl Roth

GmbH + Co. KG, Karlsruhe, Germany, was used as catalyzer

in the laboratory mixer during the cross-linking process.

2.2 Starch Preparation

The native potato starch was pre-dried in a convection oven

(Heraeus Function Line) at 105 8C for at least 24 h until a

moisture content below 1 wt% was achieved prior to beginning

the cross-linking process in the laboratory mixer (model FML

10, Zeppelin Systems, Kassel, Germany). The moisture content

was measured using a moisture measuring device (model MA

100, Sartorius, Goettingen, Germany).

2.3 Modification in the Laboratory Mixer

A laboratory mixer was loaded with the pre-dried starch. The

starch was heated to defined temperatures (140 8C, 160 8C,

180 8C, 200 8C, 220 8C) by means of friction (3600 min–1).

After reaching the particular temperatures, the mixer was

paused and a mixture of cross-linking agent and catalyzer was

added using a syringe. A total of 1 wt% of cross-linking agent

was used in the mixer in relation to the starch amount. The

amount of catalyzer was 4 wt% relating to the amount of

cross-linking agent. After adding the components, the labora-

tory mixer was started again (1800 min–1) for 5 min. After-

ward, the modified starch was extracted and stored in hermeti-

cally sealed bags in order to once again be stored in an

airproof container to prevent moisture absorption prior to the

compounding process.

2.4 Compounding

The blends were compounded with a ZSE 18 HPe (Leistritz,

Nuremberg, Germany) co-rotating twin screw extruder that

had a screw diameter of 18 mm and a processing length of

40D. Prior to compounding, the PLA was dried (60 8C) using

an air dryer system (model TR-Dry-Jet Easy 15, Toro Systems,

Igensdorf, Germany) until a moisture content of 0.1 wt% re-

mained. The starch (50 wt%) and the PLA (50 wt%) were fed

into the barrel of the extruder using a gravimetric dosing sys-

tem. The rotation speed of the screws of the extruder equaled

200 min–1. The polymer strand was cooled down on a dis-

charge conveyer and was granulated using a strand granulator

(model SGS 25-E, Scheer, Korntal-Muenchingen, Germany).

In addition to the blends with modified starch (MST), a blend

with native starch (ST) was compounded for reference pur-

poses (Table 1). A screw configuration that included kneading

and mixing elements was used (Fig. 1). The adjusted tempera-

tures for the compounding process ranged from 170 to 200 8C

(Fig. 1). The average melt temperature, which was measured

with a sensory element in the extrusion die (200 8C), was

204 8C. The throughput was 2.5 kg/h on average. The moisture
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Notation Starch content PLA content Max. temperature

in mixer

50ST/50PLA 50 wt% native starch 50 wt% PLA –

50MST(140 8C)/50PLA 50 wt% modified starch 50 wt% PLA 140 8C

50MST(160 8C)/50PLA 50 wt% modified starch 50 wt% PLA 160 8C

50MST(180 8C)/50PLA 50 wt% modified starch 50 wt% PLA 180 8C

50MST(200 8C)/50PLA 50 wt% modified starch 50 wt% PLA 200 8C

50MST(220 8C)/50PLA 50 wt% modified starch 50 wt% PLA 220 8C

Table 1. Compounded starch blends



contents of the starch blends after compounding were below

0.1 wt%.

2.5 Injection Molding

To prevent moisture from influencing the results, the starch

blends were dried in an air dryer system (60 8C) for 24 h as a

precaution prior to injection molding. Subsequently, test speci-

mens were assembled according to DIN EN ISO 527-1A for

the mechanical and analytical investigations using an injection

molding machine (Allrounder 270 S, Arburg, Loßburg, Ger-

many) with a screw diameter of 25 mm and a clamping force

of 350 kN. A hot runner needle valve nozzle was used to pre-

vent the sprue from tearing in the runner. The cycle time was

approximately 50 s, including a cooling time of 25 s. In addi-

tion to the starch blends, specimens made of pure PLA were as-

sembled for reference purposes. The process temperatures are

shown in Table 2. After assembly, the specimens were stored

in an airproof container to prevent possible moisture absorp-

tion.

2.6 Characterization

The starch blends were investigated while in a dry state and at

room temperature.

2.6.1 Thermogravimetric Analysis of Starch

The thermal stability of the native starch when exposed to dif-

ferent temperatures (140 8C, 160 8C, 180 8C, 200 8C, 220 8C)

was investigated using a TGA-Module Q 500 (TA Instruments,

New Castle, USA) to evaluate the maximum temperatures for

the cross-linking process in a synthetic air atmosphere. Prior

to beginning the testing cycle, the native starch samples were

heated to 100 8C at a heating rate of 10 K/min to pre-dry them.

This temperature was sustained for 90 min, as was a constant

weight. Then, the starches were heated further at a heating rate

of 8.5 K/min until their specific temperatures were reached

(140 8C, 160 8C, 180 8C, 200 8C, 220 8C) in order to evaluate

the degradation of the materials. A heating rate of 8.5 K/min

was used because it corresponds well to the heating rate the

materials are exposed to during the modification process in

the laboratory mixer.

2.6.2 Differential Scanning Calorimetry

of the Crosslinking Reaction

Differential scanning calorimetric (DSC) investigations were

carried out using a DSC 1 (Mettler Toledo, Columbus, USA)

at heating rates of 4.5, 6.0, 7.5, 9.0 K/min in a temperature

range of 140 to 220 8C in a nitrogen atmosphere. Mixtures of

cross-linking agent and catalyzer (mixture ratio analogous to

ratio described in 2.3) were investigated to obtain evidence of

the temperature and time required for the cross-linking reaction

to run its course, and to evaluate the reaction kinetics. Model-

free kinetics has been used to transfer the results of the regular

DSC measurements into a diagram showing the conversion of

the reaction between cross-linking agent and catalyzer. Mod-

el-free kinetics is a suitable tool to describe chemical reactions

(Vyazovkin, 2006).

2.6.3 Scanning Electron Microscopy

The blend morphology was investigated using a scanning elec-

tron microscope (SEM) MV2300 (CamScan Electron Optics,

Beaverton, USA). Fractured (freeze-fractured surface) samples

were sputter coated with gold prior to the examination. Images

with a magnification of 250 were taken to evaluate the distribu-

tion of the starch and the bonding between the starch and the

PLA matrix.

2.6.4 Moisture Absorption

To investigate the moisture absorption, five specimens of each

starch blend and the pure PLAwere stored in a conditioning ca-

binet SC 340 MHG (Weiss, Reiskirchen, Germany) for fifteen

days (27 8C, 65% RH) according to DIN EN ISO 291. Prior to

testing and after every five days during the testing period, the

samples were weighed using a laboratory scale (Sartorius).
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Fig. 1. Screw configuration and tempera-
tures

Zone 1

8C

Zone 2

8C

Zone 3

8C

Zone 4

8C

Hot runner

8C

Mold

8C

Melt

8C

200 200 210 210 220 20 225–230

Table 2. Process temperatures used in the injection molding process
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2.6.5 Tensile Tests

Tensile tests were carried out using a testing machine (model

UPM 1446, Zwick Roell, Ulm, Germany) at a speed of 5 mm/

min according to DIN EN ISO 527. Five samples of each starch

blend and the pure PLA were tested. The tensile strength,

Young’s modulus, and the elongation-at-break were deter-

mined.

2.6.6 Impact Tests

The Charpy impact strength of the materials was measured

using an instrumented impact test pendulum (Zwick Roell).

According to DIN EN ISO 179-2, ten specimens of each blend

were investigated.

3 Results and Discussion

3.1 Thermogravimetric Analysis of Starch

The TGA thermogram of native starch when exposed to differ-

ent temperatures is shown in Fig. 2. The starch samples heated

to 200 8C and 220 8C displayed degradation during the testing

cycle. Also, a discoloration of both samples was observable.

Based on the duration of the starch modification process in

the laboratory mixer, only starch that was heated to 220 8C

should display degradation during the modification process.

The conducted investigations showed that native starch can be

processed using a wide range of temperatures and limited peri-

od of time.

3.2 Differential Scanning Calorimetry

of the Crosslinking Reaction

The DSC thermogram of the cross-linking agent and the cataly-

zer is shown in Fig. 2. The reaction proceeds considerably fas-

ter as the temperature increases. The five minute holding time

in the laboratory mixer is insufficient for an entire conversion

of the cross-linking agent to take place at 140 8C. At 200 8C

and higher, an entire conversion of the cross-linking agent oc-

curs within one minute. In order to achieve a faster conversion

of 100% of the material, either the temperature or the hold-up

time can be increased. In regards to the thermal stability, see

3.1/Fig. 2, a maximum temperature of 200 8C should be used

for the modification process in correlation with the process

parameters (heating rate, hold-up time etc.).

3.3 Scanning Electron Microscopy

The recorded micrographs are shown in Fig. 3. The blend with

native starch (Fig. 3A) displays poor adhesion between the

starch granules and the PLA matrix. Gaps between the blend

partners are clearly visible. In contrast, the blends with modi-

fied starch (Fig. 3B to F) exhibit much better adhesion between

the starch granules and the PLA matrix. The distinguishable

holes in the material (Fig. 3 B to F) are caused by an excavation

of the starch granules during fracturing. This phenomenon was

already described by Kovács and Tabi (2011), Wu (2011) and

Yu et al. (2011). Regarding the distribution of the starch gran-

ules in the PLA matrix, no significant differences between the

blends are visible regarding the used process parameters. The

distribution of the starch granules in the PLA matrix is homo-

geneous in all blends. Intact and deformed starch granules are

visible in the micrographs of all blends. The carried out investi-

gations represent proof that using the described methods and

process parameters does not lead to considerable destructuring

of the starch granules.

3.4 Moisture Absorption

The results of the moisture absorption investigation shown in

Fig. 4 verify the expected lower moisture absorption level of

pure PLA compared to the starch blends. All materials reached

their highest level of moisture absorption within the first five

days of the testing cycle. The blends with modified starch, ex-

cept for 50MST(140 8C)/50PLA (possibly uncompleted reac-

tion, see 3.2/Fig. 2), displayed lower moisture absorption lev-

els than the blend that contained native starch (50ST/50PLA).

However, the moisture absorption level dropped as the process

temperature increased during the modification process in the

laboratory mixer. This behavior indicates the occurrence of
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Fig. 2. TGA thermogram of the thermal stability of native starch at dif-
ferent temperatures (top) and DSC thermogram of the cross-linking re-
action between the cross-linking agent and catalyzer (bottom)



a successful cross-linking reaction starting at 160 8C and conti-

nuing thereafter. One of the reasons 50ST/50PLA achieved the

highest moisture absorption level in comparison to the remain-

ing blends is the poor binding of the starch granules to the PLA

matrix (see Fig. 3). Obviously, the gaps between the blend

partners offer the moisture extensive space for permeation.

This behavior was also observed by Ke and Sun (2001).

3.5 Mechanical Properties of Starch/PLA Blends

The tensile strength and elongation-at-break results measured

during tensile tests are displayed in Fig. 5. 50ST/50PLA

(42 MPa) shows a significantly lower tensile strength (*22%)

than pure PLA (54 MPa), whereas the blends with modified

starch exhibit equal or even superior tensile strengths compared

to pure PLA, which is a surprising result considering that the

starch portion in the blend amounted to 50 wt%. The elonga-

tion-at-break of pure PLA was the highest value of all investi-

gated materials. All blends with modified starch, including

50MST(140 8C)/50PLA, display higher levels of elongation-at-

break (*25%) compared to the blend containing native starch

(50ST/50PLA). Yet, the blends with modified starch show

clearly more brittle behavior than pure PLA. The results ob-

tained for the tensile strength and elongation-at-break indicate

a successful cross-linking process for the modified starches.

However, this behavior did not occur for all blends with modi-

fied starch during the moisture absorption investigation.

Young’s modulus and the impact strength of the starch

blends and the pure PLA are displayed in Fig. 6. Based on the

elongation-at-break, pure PLA shows the highest impact

strength (15 kJ/m2) of all of the investigated materials. In con-
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A) B) C)

D) E) F)

Fig. 3. Distribution of the starch and the embedding between the starch and the PLA matrix: 50ST/50PLA (A), 50MST(140 8C)/50PLA (B),
50MST(160 8C)/50PLA (C), 50MST(180 8C)/50PLA (D), 50MST (200 8C)/50PLA (E), 50MST(220 8C)/50PLA (F)

Fig. 4. Moisture absorption levels of the starch blends and the pure
PLA during the fifteen-day testing cycle
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trast, the blend with native starch 50ST/50PLA (5 kJ/m2) dis-

plays the lowest impact strength. All blends with modified

starch show impact strengths that are 21 to 44% higher than

that of the blend with native starch. The blend 50MST

(200 8C)/50PLA (8.7 kJ/m2) displays the highest measured im-

pact strength of the blends with modified starch. As was ex-

pected, the starch blends (approx. 4400 MPa) have signifi-

cantly higher Young’s moduli (*30%) compared to pure

PLA (3000 MPa) (Thakore et al., 1999). There were no signif-

icant differences between the blends with modified starch and

the blend with native starch in regards to Young’s modulus.

4 Summary and Conclusions

The investigations were performed to evaluate the influence of

the hydrophobic cross-linked potato starch in the compounding

process with PLA in a co-rotating twin screw extruder. The

compatibility between the starch and the PLA was significantly

improved.

. The basic principle of hydrophobic crosslinking hydrophi-

lic polymer blend components before compounding could

be proven in the development of bioplastics.

. Pure PLA, a starch blend with native starch (50 wt%), and

blends with modified starch (50 wt%), which were cross-

linked while exposed to different temperatures, were stud-

ied.

. The thermogravimetric analysis showed the thermal stabil-

ity of native potato starch at different temperatures.

. The results from differential scanning calorimetry illustrated

the correlation between the time and temperature required

for the cross-linking reaction of the native starch.

. It was shown that the blends with modified starch, which

were cross-linked at 160 8C and higher, have lower moist-

ure absorption levels compared to the blend with native

starch.

. The blends with modified starch displayed equal or even

higher tensile strengths than pure PLA, whereas the blend

with native starch showed significantly lower properties.

. The elongation-at-break and impact strength of blends with

modified starch were enhanced in comparison to the blend

with native starch.

. As expected, the Young’s modulus of all starch blends

were higher than that of pure PLA.

References

Avérous, L., Halley, P. J., \Biocomposites Based on Plasticized
Starch", Biofuels, Bioprod. Biorefin., 3, 329–343 (2009),
DOI:10.1002/bbb.135

Beg, M. D. H., Kormin, S., Bijarimi, M. and Zaman, Haydar U., \Pre-
paration and Characterization of Low-Density Polyethylene/Ther-
moplastic Starch Composites", Adv. Polym. Technol., 35, n/a-n/a
(2016), DOI:10.1002/adv.21521

Bin-Dahman, O. A., Jose, J. and Al-Harthi, M. A., \Compatibility of
Poly(acrylic acid)/starch blends", Starch-Stärke, 67, 1061–1069
(2015), DOI:10.1002/star.201500011

Chen, C.-J., Shen, Y.-C. and Yeh, A.-I., \Physico-Chemical Character-
istics of Media-Milled Corn Starch", J. Agric. Food Chem., 58,
9083–9091 (2010), PMid:20681547; DOI:10.1021/jf1020945

Ellis, R. P., Cochrane, M. P., Dale, M. F. B., Duffus, C. M., Lynn, A.,
Morrison, I. M., Prentice, R. D. M., Swanston, J. S. and Tiller,
S. A., \Starch Production and Industrial Use", J. Sci. Food Agric.,
77, 289–311 (1998),
DOI:10.1002/(SICI)1097-0010(199807)77:3<289::AID-
JSFA38>3.0.CO;2-D

Feldmann, M., Fuchs, J., \Chapter 5 Injection Molding of Bio-Based
Plastics, Polymers, and Composites", in Specialized Injection
Molding Techniques, Heim, H.-P. (Ed.), Elsevier, Oxford, p. 211–
237 (2015)

Fink, H.-P., Ebeling, H. and Vorwerg, W., \Technologien der Cellu-
lose- und Stärkeverarbeitung\, Chem. Ing. Tech., 81, 1757–1766
(2009), DOI:10.1002/cite.200900082

Hu, H., Liu, W., Shi, J., Huang, Z., Zhang, Y., Huang, A., Yang, M.,
Qin, X. and Shen, F., \Structure and Functional Properties of
Octenyl Succinic Anhydride Modified Starch Prepared ba a Non-
Conventional Technology", Starch-Stärke, 68, 151–159 (2016),
DOI:10.1002/star.201500195

Huneault, M. A., Li, H., \Preparation and Properties of Extruded Ther-
moplastic Starch/Polymer Blends", J. Appl. Polym. Sci., 126, E96–
E108 (2012), DOI:10.1002/app.36724

Jacobsen, S., Fritz, H. G., \Filling of Poly(lactic acid) with Native
Starch", Polym. Eng. Sci., 36, 2799–2804 (1996),
DOI:10.1002/pen.10680

94 Intern. Polymer Processing XXXIII (2018) 1

Fig. 5. Tensile strength and elongation-at-break values of the starch
blends and pure PLA

Fig. 6. Charpy impact strength and Young’s modulus of the starch
blends and pure PLA



Kartha, K. P. R., Srivastava, H. C., \Reaction of Epichlorhydrin with
Carbohydrate Polymers. Part II. Starch Reaction Mechanism and
Physicochemical Properties of Modified Starch", Starch-Stärke,
37, 297–306 (1985), DOI:10.1002/star.19850370905

Ke, T., Sun, X., \Effects of Moisture Content and Heat Treatment on
the Physical Properties of Starch and Poly(lactic acid) Blends", J.
Appl. Polym. Sci., 81, 3069–3082 (2001), DOI:10.1002/app.1758

Kovács, J. G., T. Tabi, \Examination of Starch Preprocess Drying and
Water Absorption of Injection-Molded Starch-Filled Poly(lactic
acid) Products", Polym. Eng. Sci., 51, 843–850 (2011),
DOI:10.1002/pen.21900

Kuniak, L., Marchessault, R. H., \Study of the Crosslinking Reaction
between Epichlorohydrin and Starch", Starch-Stärke, 24, 110–116
(1972), DOI:10.1002/star.19720240404

Lai, S.-M., Don, T.-M. and Huang, Y.-C., \Preparation and Properties
of Biodegradable Thermoplastic Starch/Poly(hydroxy butyrate)
Blends", J. Appl. Polym. Sci., 100, 2371–2379 (2006),
DOI:10.1002/app.23085

Lai, S.-M., Sun, W.-W. and Don, T.-M., \Preparation and Characteri-
zation of Biodegradable Polymer Blends from Poly(3-hydroxybuty-
rate)/Poly(vinyl acetate)-Modified Corn Starch", Polym. Eng. Sci.,
55, 1321–1329 (2015), DOI:10.1002/pen.24071

Lawal, M. V., Odeniyi, M. A. and Itiola, O. A., \Material and Rheo-
logical Properties of Native, Acetylated, and Pregelatinized Forms
of Corn, Cassava, and Sweet Potato Starches", Starch-Stärke, 67,
964–975 (2015), DOI:10.1002/star.201500044

Liu, X., Khor, S., Petinakis, E., Yu, L., Simon, G., Dean, K. and Bate-
man, S., \Effects of Hydrophilic Fillers on the Thermal Degra-
dation of Poly(lactic acid)", Thermochim. Acta, 509, 147–151
(2010), DOI:10.1016/j.tca.2010.06.015

Mathew, A. P., Dufresne, A., \Plasticized Waxy Maize Starch: Effect
of Polyols and Relative Humidity on Material Properties", Bioma-
cromolecules, 3, 1101–1108 (2002), PMid:12217059;
DOI:10.1021/bm020065p

Mittal, V., Akhtar, T. and Matsko, N., \Mechanical, Thermal, Rheolo-
gical and Morphological Properties of Binary and Ternary Blends
of PLA, TPS and PCL", Macromol. Mater. Eng., 300, 423–435
(2015), DOI:10.1002/mame.201400332

Nabar, Y. U., Draybuck, D. and Narayan, R., \Physicomechanical and
Hydrophobic Properties of Starch Foams Extruded with Different
Biodegradable Polymers" J. Appl. Polym. Sci., 102, 58–68 (2006),
DOI:10.1002/app.22127

Radosta, S., Kiessler, B., Vorwerg, W. and Brenner, T., \Molecular
Composition of Surface Sizing Starch Prepared Using Oxidation,
Enzymatic Hydrolysis and Ultrasonic Treatment Methods",
Starch-Stärke, 68, 541–548 (2016), DOI:10.1002/star.201500314

Roy, S. B., Ramaraj, B., Shit, S. C. and Nayak, S. K., \Polypropylene
and Potato Starch Biocomposites: Physicomechanical And Thermal
Properties", J. Appl. Polym. Sci., 120, 3078–3086 (2011),
DOI:10.1002/app.33486

Salimi, K., Topuzogullari, M., Dincer, S., Aydin, H. M. and Piskin, E.,
\Microwave-assisted Green Approach for Graft Copolymerization
of l-Lactic Acid onto Starch", J. Appl. Polym. Sci., 133, n/a-n/a
(2016), DOI:10.1002/app.42937

Sangeetha, V. H., Deka, H., Varghese, T. O. and Nayak, S. K., \State
of the Art and Future Prospectives of Poly(lactic acid) Based
Blends and Composites", Polym. Compos., (2016),
DOI:10.1002/pc.23906

Schwach, E., Avérous, L., \Starch-Based Biodegradable Blends: Mor-
phology and Interface Properties", Polym. Int., 53, 2115–2124
(2004), DOI:10.1002/pi.1636

Shi, L., Cheng, F., Zhu, P.-X. and Lin, Y., \Physicochemical Changes
of Maize Starch Treated by Ball Milling with Limited Water Con-
tent", Starch-Stärke, 67, 772–779 (2015),
DOI:10.1002/star.201500026

Sujka, M., Cie la, K. and Jamroz, J., \Structure and Selected Functional
Properties of Gamma-Irradiated Potato Starch", Starch-Stärke, 67,
1002–1010 (2015), DOI:10.1002/star.201500113

Thakore, I. M., Iyer, S., Desai, A., Lele, A. and Devi, S., \Morphology,
Thermomechanical Properties, and Biodegradability of Low Den-
sity Polyethylene/Starch Blends", J. Appl. Polym. Sci., 74, 2791–
2802 (1999), DOI:10.1002/(SICI)1097-
4628(19991213)74:12<2791::AID-APP2>3.0.CO;2-4

Vyazovkin, S., \Model-Free Kinetics: Staying Free of Multiplying En-
tities without Necessity", J. Therm. Anal. Calorim., 83, 45–
51(2006), DOI:10.1007/s10973-005-7044-6

Wang, N., Yu, J. and Ma, X., \Preparation and Characterization of
Thermoplastic Starch/PLA Blends by One-Step Reactive Extru-
sion", Polym. Int., 56, 1440–1447 (2007), DOI:10.1002/pi.2302

Wu, X. S., \Effect of Glycerin and Starch Crosslinking on Molecular
Compatibility of Biodegradable Poly(lactic acid)-Starch Compo-
sites", J. Polym. Environ., 19, 912–917 (2011),
DOI:10.1007/s10924-011-0298-0

Yang, Q., Yang, Y., Luo, Z., Xiao, Z., Ren, H., Li, D. and Yu, J., \Ef-
fects of Lecithin Addition on the Properties of Extruded Maize
Starch", J. Food Process. Preserv., 40, 20–28 (2015),
DOI:10.1111/jfpp.12579

Yu, L., Dean, K. and Li, L., \Polymer Blends and Composites from
Renewable Resources", Prog. Polym. Sci., 31, 576–602 (2006),
DOI:10.1016/j.progpolymsci.2006.03.002

Yu, L., Petinakis, E., Dean, K., Liu, H. and Yuan, Q., \Enhancing
Compatibilizer Function by Controlled Distribution in Hydropho-
bic Polylactic Acid/Hydrophilic Starch Blends", J. Appl. Polym.
Sci., 119, 2189–2195 (2011), DOI:10.1002/app.32949

Zerroukhi, A., Jeanmaire, T., Raveyre, C. and Ainser, A., \Synthesis
and Characterization of Hydrophobically Modified Starch by Ring
Opening Polymerization Using Imidazole as Catalyst", Starch-
Stärke, 64, 613–620 (2012), DOI:10.1002/star.201100154

Zhang, J.-F., Sun, X., \Mechanical Properties of Poly(lactic acid)/
Starch Composites Compatibilized by Maleic Anhydride", Bioma-
cromolecules, 5, 1446–1451 (2004), PMid:15244463;
DOI:10.1021/bm0400022

Acknowledgements

The authors would like to thank the \Fachagentur Nachwach-

sende Rohstoffe e.V. (FNR)", the \Hessen State Ministry of

Higher Education, Research and the Arts" and the \Federal

Ministry of Food and Agriculture (BMEL)" of the Federal Re-

public of Germany for their financial support for this investiga-

tion.

Date received: December 15, 2016

Date accepted: May 29, 2017

Bibliography
DOI 10.3139/217.3407
Intern. Polymer Processing
XXXIII (2018) 1; page 89–95
ª Carl Hanser Verlag GmbH & Co. KG
ISSN 0930-777X

J. Fuchs et al.: Cross-Linked Hydrophobic Starch Granules in Blends with PLA

Intern. Polymer Processing XXXIII (2018) 1 95


