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C
hemical methods are the most common routes for modification of starch. In this

study, cross-linked wheat starch was produced using phosphoryl chloride as a

cross-linking agent and its physico-chemical properties were studied. The cross-

linked starch had a cross-linking degree of 3.86 × 10-5. In SEM micrographs, some blis-

ter-like spots were observed on the cross-linked starch granules. The results also

showed that the water solubility, water absorption, and intrinsic viscosity (determined

by U-tube) of the cross-linked starch were reduced compared to native starch. The

crystalline pattern and the degree of crystallinity (as determined by wide angle X-ray

diffractometer) of native and cross-linked starches were similar. Determination of the

thermal properties of the samples using differential scanning calorimetry (DSC)

revealed that the gelatinization peak temperature and the gelatinization enthalpy of the

cross-linked starch increased compared to those of native starch. Determination of the

pasting properties of the cross-linked starch using rapid visco-analyzer (RVA) showed

that it had lower peak, breakdown, and final viscosities compared to those of native

starch. Moreover, the cross-linked wheat starch showed more stable peak viscosity

during heating. The results of this study suggest that the cross-linked wheat starch has

the potential use in food production systems such as production of jam, baby food,

soups, and salad dressing in which the increase in viscosity as a result of elevating

temperature is not desirable, anymore. 

INTRODUCTION

Starch is an abundant natural car-

bohydrate which is widely used in

industry as thickener, colloidal sta-

bilizer, gelling, bulking, and water

retention agents in food and non-

food products [1,2]. These proper-

ties can be improved or enhanced

by starch modifications which are

achieved by changing its molecular

structure. It is generally achieved

by chemical, physical, enzymatic,

and genetic methods or their com-

binations [3,4,5]. The last method

which has recently become popular

is called a “dual modification”.

Amongst different techniques for

starch modification, chemical

methods are the most common

techniques [5,6]. 

Chemical modification involves

the introduction of functional

groups into the starch molecules,

resulting in marked changes in

starch physico-chemical properties.
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Such modification strongly changes gelatinization,

pasting, and retrogradation behaviour of starch

[5,7]. 

Cross-linked starch is an example of chemically

modified starches. Chemical modification is intended

to facilitate intra- and intermolecular bonds at random

locations in the starch granules for their stabilization

[6,8]. Pastes of cross-linked starch are more resistant

to shear and acidic conditions. Cross-linking is gener-

ally performed by treatment of granular starch with

multifunctional reagents capable of forming either

ether or ester inter-molecular linkages between the

hydroxyl groups of starch molecules. The main

reagents used for cross-linking are sodium

trimetaphosphate, mono-sodium phosphate, sodium

tripolyphosphate, phosphoryl chloride (POCl3), a

mixture of adipic acid, acetic anhydride, and vinyl

chloride [6,7]. 

The type of cross-liking agent determines the

changes in functional properties of a treated starch,

because the molecular structures of the cross-linked

starch systems produced by different cross-linking

agents are different [7-9]. Therefore, based on the

reagent used for cross-linking, the final product is

generally divided into three types: the first type is a

mono-starch phosphate which is produced by esterifi-

cation of starch with ortho-phosphoric acid, sodium

or potassium ortho-phosphate, or sodium tripolyphos-

phate. The second type is a di-starch phosphate which

is produced with sodium trimetaphosphate or phos-

phorous oxychloride. The third type of cross-linked

starch is a phosphated di-starch phosphate which is

produced by combined treatments of mono-starch

phosphate and di-starch phosphate [9-11].

POCl3 is commonly used to produce starch esters.

The reaction is typically run at high pH (appro-

ximately 11) with or without salts (usually sodium

chloride and sodium sulphate). The reaction as shown

in Scheme I is complete within 1 h at room tempera-

ture. The di-starch phosphate, which is generally pro-

duced, has improved viscosity and process tolerance

compared to the native starch [5].

The source of starch and conditions and methods

used for its modification have great influence on the

properties of the final product [6,9,10]. Therefore,

choosing the correct type of modified starch based on

its properties is of great importance. In many coun-

tries (such as Iran and many European countries)

wheat starch is the most common type of starch

which can be further modified to produce different

kinds of modified starches. On the other hand, POCl3
is a common cross-linking agent used for preparing a

cross-linked starch. Therefore, the main aim of the

current research was to study some important physi-

co-chemical characteristics of cross-linked wheat

starch produced using POCl3 as the cross-linking

agent. The results may be useful in finding new appli-

cations for this type of cross-linked wheat starch in

food and non-food productions.

EXPERIMENTAL

Materials

Pure wheat starch was purchased from Fars-Glucosin

Co., Shiraz, Iran. Other chemicals including POCl3,

NaOH, HCl, NaHSO4, ammonium vanadate, ammo-

nium molybdate, ethanol, zinc acetate, nitric acid and

KOH were analytical grades and obtained from

Merck, Germany. 

Methods

Production of Cross-linked Wheat Starch 
Wheat starch was cross-linked using POCl3 as a

cross-linking agent according to the method

described by Woo et al. [12]. In this method, 100 g
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Scheme I. Chemical reaction for POCl3 cross-linking of starch. St = Starch [5].



(d.w.b.) of wheat starch was suspended in 140 mL of

distilled water containing 2 g NaHSO4 and the pH

was adjusted to 11 ± 0.1 using  NaOH 1N. Then 0.1g

POCl3 was added to the mixture while stirring for 1 h

to start the reaction (Scheme I). The reaction was 

terminated by adjusting the pH to 5.5 using HCl 1N.

The suspension was washed with distilled water and

centrifuged several times for 10 min at 15000 g and

was dried in an oven at 40ºC. 

The number of cross-linking sites produced in the

sample was determined according to Seker et al. [9].

According to this method the powdered sample was

washed twice with separate portions of an ethanol and

water mixture (50 w/w%) to remove soluble phos-

phates before being dried. For phosphorus analysis,

10 g sample in a dish was treated with 10 mL of zinc

acetate solution (10 w/w%) and the mixture was dried

in a steam bath and hot plate. The dried material was

heated in a muffle furnace at 550ºC for 2 h. After

cooling, the dish was moisturized with 3 mL of nitric

acid solution (29 w/w%), evaporated to dryness in a

steam bath and hot plate, and returned to the muffle

furnace at 550ºC for 30 min. After cooling, the dish

was washed with 10 mL of nitric acid solution 

(29 w/w%) and 15 mL of water. This solution was

heated to boiling temperature and held for 10 min to

boil. After cooling, it was filtered, and the filtrate was

diluted to obtain an aliquot containing less than 

2.5 mg of phosphorus. Then, 10 mL of nitric acid 

(29 w/w%), 10 mL of ammonium vanadate 

(0.25 w/w%), and 10 mL ammonium molybdate 

(5 w/w%) were added to the aliquot. After mixing and

standing for 10 min, the absorbance was measured

with a Beckman spectrometer (Model DU-640

Instrument, Fullerton, CA) at 460 nm. Phosphorus

content was determined from a calibration curve 

prepared with known amounts of phosphorus against

their corresponding absorbance. Using eqns (1) and

(2), the degree of cross-linking was determined:

Amount of phosphorous from cross-linkages =

phosphorous content of each sample – phosphorous content

of native starch (1)

Degree of cross-linking =

[(No. of moles of phosphorous in 1g starch) / (No. of moles 

of glucose units in 1g starch)] × 2 (2)

Microscopic Structure of Starch

To study the microscopic structure of the starch sam-

ples, a Cambridge scanning electron microscope

(SEM) (Model 5526, UK) was used. To prepare the

samples, a tiny amount of each sample was sputter

coated with gold/palladium. Finally the samples were

transferred to the microscope where they were

observed at 20 kV.

Intrinsic Viscosity

Intrinsic viscosity is an indication of molecular struc-

ture in terms of size, shape and molecular weight of

macromolecules fully solubilized in dilute solutions

[13]. To determine the intrinsic viscosity of the 

samples, solutions of 6 mg/mL starch in 1 M KOH

were prepared according to Anastasiades et al. [14].

To examine that each starch sample was fully solubi-

lized in KOH, the light transmittance of each solution

was measured at 640 nm against the blank (1M KOH)

and the percentage of transmittance was determined

[15,16]. 

The intrinsic viscosity was determined using a 

U-tube viscometer with the inside diameter of 0.5 mm

at (20°C ± 0.1) the relative, reduced, and 

intrinsic viscosities were determined using the eqns

(3)-(5), respectively [13]. 

(3)  

where ηrel is relative viscosity, t and t0 are the times

required for the sample and solvent (KOH 1M) to

pass through the U-tube, respectively. Values of ρ and

ρ0 are the densities of sample solution and solvent,

respectively, and determined by exact weighing of 

1 mL of the solution and the solvent using a sensitive

laboratory balance [17].  

Then, reduced viscosity was determined according

to eqn (4): 

(4)

where ηred is the reduced viscosity and C is the 

concentration of the sample. 

Then, intrinsic viscosity, [η], was determined

using the eqn (5):
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(5) 

Wide Angle X-ray Diffraction

To determine the crystalline diffraction pattern of the

starch samples, about 2 g of each sample equilibrated

at relative humidity of 75% was pressed into a sam-

ple holder. Diffractograms were recorded using an X-

ray diffractometer (Model D8 Advance, Germany).

The scattered X-ray radiation was recorded by a pro-

portional moving detector over a 4-38° (2θ) angular

range with an angular velocity of 0.05°/min. The

degree of starch crystallinity was determined using

the eqn (6). The area was calculated using the soft-

ware developed and supplied by the instrument man-

ufacturer (EVA, Version 9.0). 

(6) 

Water Solubility

The water solubility of the samples was determined

according to Leach et al. [18] with slight modifica-

tion. In this method, starch was dispersed in distilled

water (3 w/w%, starch in water) and then heated up to

95°C and held for 30 min and then it was centrifuged

at 700g for 15 min. The supernatant, containing solu-

bilized starch was collected, dried at 120°C to con-

stant weight and the residue was weighed. The starch

solubility was determined according to the eqn (7)

[18]. 

(7)

Water Absorption

To determine water absorption, samples were pre-

pared in the same method as described for determina-

tion of water solubility. However after centrifugation,

the supernatant was discarded and the pellet was

weighed. Water absorption was then calculated using

the eqn (8) [18].

(8)

Thermal Properties

A differential scanning calorimetry (DSC) (DSC-7

Perkin-Elmer, Beaconsfield, UK), calibrated with

indium and cyclohexane, was used to analyze the

modified and native starch powders. An aliquot of

each powder was mixed with distilled water

(starch/water: 1/ 3 w/w%) in a stainless steel pan and

left overnight for moisture equilibrium. High pres-

sure stainless steel pans containing starch samples

were scanned at a heating rate of 10 K.min-1, from 

-20 to 115 or 10 to 135°C.  An empty stainless steel

pan was used as reference. Pyris software (Perkin-

Elmer) was used to analyze the DSC measurements

and obtain gelatinization properties of starch samples

in excess water.

Pasting Properties 

A Rapid Visco Analyzer (RVA) (Newport Scientific

Pty. Ltd., Warriewood, Australia) equipped with 

the software (Thermocline for Windows) was used

to study the pasting properties and to measure 

the apparent viscosity of the native and 

modified samples as a function of temperature

[19,20].

An aliquot of each sample (4 g d.w.b.) was

added to 25.0 mL distilled water. The pedal blade

was placed into the canister containing the sample

and water, and the canister was then inserted into

the RVA. The stirring speed was 960 rpm for the

first 10 s and then 160 rpm for the rest of the 

experiment. To study the pasting profile of native

and cross-linked starch, samples were initially held

at 25ºC for 2 min (to study the cold-water 

viscosity), then heated to 95ºC at a constant rate of

14ºC/min, held at that temperature for 3 min, and

then cooled to 25ºC at the same rate and held for 

5 min. 

Statistical Analysis

The experiments were performed in a completely 

randomized design. All experiments were conducted

in triplicates and the mean values and standard devi-

ations were calculated. Analysis of variance

(ANOVA) was performed and the results were 

separated using the Multiple Ranges Duncan's test 

(α<0.05) using statistical software of SPSS 13

(SPSS, Inc., New Jersey, USA). 
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RESULTS AND DISCUSSION

The cross-linked starch produced in this study had a

degree of cross-linking of 3.86 × 10-5 (i.e., one 

cross-linkage for every 11600 glucose units). Under

various reaction times, different cross-linking values

were reported for modified rice starch samples in the 

range of 6 ×10-6 to 25 ×10-5 [4]. Due to the stable nature

of the cross-linkages only a small degree is required to

produce specific physico-chemical and functional 

characteristics especially in food products [6,9]. 

Microstructure of Starch Samples

The scaning electron micrographs of native and cross-

linked starches are presented in Figures 1a and 1b,

respectively. For native and cross-linked wheat

starches the typical A- (large) and B- (small) starch

granules were visible.  A majority of the granules had

smooth surface. The micrograph of cross-linked

starch shows many starch granules with different

morphologies compared to native starch granules. The

surface of these granules has some blister like spots.

Therefore, cross-linking can change the morphology

of starch granules. Morphological changes of starch

granules as a result of chemical modification have

been reported. For instance it has been reported that

hydroxypropylation and acetylation increase granule

surface area and granule porosity [21,22,23].

Moreover Figure 1 shows that the larger granules 

(A-types) had more spots compared to smaller ones

(B-types). Similarly, Hung et al. reported that A-gran-

ules are affected more than B-granules by cross-

linking agents [23]. It has been shown that the granule

structure is significantly altered when the reaction is

carried out with a higher concentration of chemical

reagent [8,24]. The source of starch may also affect

the morphological properties due to chemical modifi-

cation. For example no morphological changes were

observed when potato starch was cross-linked by

POCl3 [22,25] while some spots were observed on

cross-linked banana starch [8]. 

Intrinsic Viscosity of Starch Samples 

Intrinsic viscosity is an indication of the molecular

characteristics of macromolecules in solution. For

ideal solutions of monodisperse macromolecules, it is

possible to determine the molecular weight, size, and 

Figure 1. Scanning electromicrograms of: (a) native  and

(b) cross-linked wheat starch. Each bar on the graphs is 

20 μm. The arrows indicate the blister-like spots on starch 

granules.

shape. However, since starch solutions are regarded as

non-ideal and extremely polydisperse, the determina-

tion of such values are not possible from intrinsic vis-

cosity data. The only information which can be

obtained is the relative values of molecular structure

[13]. Determination of intrinsic viscosity of the sam-

ples (Table 1) showed that cross-linked starch has

lower intrinsic viscosity than native starch. This can

be due to the reduction in the distance between the

starch molecules and formation of more compact

structure (i.e., lower hydrodynamic volume) as a

result of cross-linking. Such molecules may have

lower intrinsic viscosity since they have less friction

with the solvent and other molecules in the solution.

Therefore, the intrinsic viscosity data show that the

cross-linked starch may have more compact structure

compared to native starch. 

Physico-chemical Properties of Phosphoryl Chloride ...Majzoobi M et al.

Iranian Polymer Journal / Volume 18 Number 6 (2009) 495

(a)

(b)

 

 



Crystalline Structure 

The X-ray diffraction patterns of native and cross-

linked starch systems are presented in Figure 2. The

typical A-pattern which is normally observed for

native cereal starch can be observed for native wheat

starch. This is due to the presence of a semi-

crystalline structure of amylopectin inside the 

granules [2,5].

The degree of crystallinity of native wheat starch

was 37.08% (Table 1). Crystallinity values of 36%

and 39% were reported for wheat starch by Morrison

et al. [26] and Cooke et al. [27], respectively. It has

been documented that starch morphology of different

wheat cultivars shows different level of crystallinity.

For cross-linked starch, the crystalline pattern was

similar to that of native starch (A-pattern). Therefore,

cross-linking did not change the crystalline pattern of

starch. A degree of crystallinity of 34.78% was 

determined for cross-linked starch which is not 

significantly different from that of native starch

(Table 1). It can be concluded that cross-linking has

not changed the crystalline structure of starch inside

Figure 2. X-ray diffraction patterns of: (a) native and (b)

cross-linked wheat starch samples.

the granules. Moreover, cross-linking may occur

mainly on amorphous regions on the granules which

are readily available to cross-linking agents.

According to Jane et al. (1992) amylopectin 

molecules may rather be affected by cross-linking

agents than amylose molecules [28]. 

Determination of Water Solubility and Absorption

Indices 

Table 1 shows that cross-linked starch has signifi-

cantly lower water solubility and absorption indices 

compared to native starch. Hirsch et al., Gunarantne et

al., and Mirmoghtadaei et al. also reported a reduction

in solubility and swelling of various cross-linked

starch systems [29,10,30]. They have indicated that

the resistance of a cross-linked starch towards 

solubility and swelling increases by increasing the

concentration of cross-linking agent. Kaur et al. 

indicated that the cross-linkages may reduce the

movement of starch molecules, causing reduction in

water solubility and water absorption of cross-linked

starch [25].

Thermal Properties

Table 2 shows the thermal properties of the native and

cross-linked starches. The results show that the cross-

linked starch has slightly higher onset (To) and peak

(Tp) temperatures compared to its native counterpart.

The gelatinization enthalpy (ΔH) of native starch

obtained in this study is slightly lower than the report-

ed ΔH values for wheat starch [2]. After cross-linking

of the native starch, the ΔH value has increased signif-

icantly compared to the native starch. Similar thermal

properties for cross-linked wheat starch were also

reported by Choi et al. [22]. They indicated that the
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Table 1. Some physicochemical properties of native and cross-linked wheat starch

as determined by U-tube viscometry and X-ray diffraction, respectively*.

Starch properties Native wheat starch Cross-linked wheat starch

Intrinsic viscosity (mL/g)

Crystallinity (%)

Water solubility (%)

Water absorption (%)

186.32a ± 10.00

37.08a ± 1.50

13.60a ± 0.04

8.13a ± 0.12

163.23b ± 5.00

34.78a ± 2.32

11.17b ± 0.95

7.90b ± 0.40

(*) Values in the table are the averages of three replicates ± 1 SD. Different letters in each row

show statistical difference between the samples (α<0.05).

 



extent of the changes depends on the botanic source

of starch, concentration, and type of cross-linking

reagent and the reaction condition. It has been report-

ed that cross-linking with POCl3 has no significant

effect on To and Tp values of cross-linked oat starch,

while it significantly increased its Tc and ΔH values

[28]. The increase in the gelatinization temperature

and ΔH values could be an indication of formation of

short-ordered structure of starch molecules inside the

granules.   

Pasting Properties 

Figure 3 shows the RVA patterns of the native and

cross-linked starches. The native starch shows a peak

viscosity of 2087 cP at a peak time of 9.73 min. The

cross-linked starch shows a peak viscosity of 1924 cP

at a peak time of 10.47 min. This may indicate that

native starch can increase the viscosity faster and to a

higher extent compared to the cross-linked starch.

Moreover, the cross-linked starch remained longer in

its peak viscosity (2.50 min) than the native starch

(1.26 min). On the other hand, the cross-linked starch

had more stable peak viscosity during heating than

the native one. 

Figure 3. The RVA profiles of: (a) native and (b) cross-

linked wheat starch samples.

Comparison of the breakdown values of the 

samples showed that native starch has higher 

viscosity at holding strength (1904 cP) compared to

cross-linked  starch (1760 cP). The native starch has

higher breakdown (203 cP) than that of the 

cross-linked starch (176 cP). This may indicate that

the cross-linked starch has lower viscosity loss during

heating at 95ºC compared to the native starch.

Furthermore, native starch also has higher final 

viscosity (4810 cP)  compared to cross-linked starch

(3840 cP). Similar RVA patterns have been reported

of normal and cross-linked maize starch systems

[29,30]. The molecules of cross-linked starch may

have less mobility as a result of cross-linking. The

presence of cross-linkages may also reduce 

interactions of starch molecules with water 

molecules. Therefore cross-linked starch shows lower

viscosity values at different time-temperature 

conditions compared to the native starch. Similarly, it

has been reported that cross-linking can increase the

granular resistance against temperature and heating

time [6,30]. This means that the general changes

caused by heating of starch over a period of time (i.e.,

gelatinization with increasing viscosity and pasting)

occur to lesser extent for cross-linked starch 

compared to the native starch.  

CONCLUSION

From the results obtained in this study it can be con-

cluded that POCl3, as a cross-linking agent, can bring

about several changes in the physico-chemical prop-

erties of wheat starch as a result of molecular

changes. The cross-linking agent, acting as a bridge,

can reduce the distance between starch molecules

without changing the crystalline pattern or the degree

of crystallinity. Cross-linking may change the confor-
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Starch sample To (ºC) Tp (ºC) Tc (ºC) ΔH (J/g)

Native starch

Cross-linked starch

55.62a ± 0.04

56.18b ± 0.16

58.50a ± 0.50

59.53b ± 0.03

69.19a ± 0.22

69.44a ± 0.34

5.16a ± 0.50

7.77b ± 0.67

Table 2. Thermal properties of native and cross-linked starch samples as determined by DSC*. 

(*) Values in the table are the averages of three replicates ± 1 SD. Different letters in each column show statistical difference

between the samples (α<0.05).

 



mation of starch molecules by making them more

compact compared to those of the native starch.

Gelatinization peak temperature and energy are

increased by cross-linking. Cross-linking also creates

some blister-like spots on the surface of the starch

granules. From the RVA data it can be concluded that

cross-linked starch is more resistant to viscosity

increase at higher temperatures. The cross-linked

starch also remains stable in its maximum viscosity at

high temperature, whereas the native starch is 

unstable and it loses its maximum viscosity quickly at

high temperature. Therefore, cross-linked starch can

be used in food production systems during which the

increase in viscosity as a result of high temperature is

not desirable. For instance, it can be used in soups,

jams, conserved sauces, bakery and dairy products as

viscosifier and texturizer agents. 
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