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Abstract 

 
Hydroxypropyl starch derivatives were prepared from pigeon pea starch (NPPS) which is an 

unconventional starch source. Functional parameters and characterization of both native and modified 
starches were carried out. The starch granules appeared oval or elliptical in shape with sizes ranging 
from 7 − 40 μm in width and 10 − 30 μm in length. Hydroxypropylation did not alter the shape of the 
starch granules in a pronounced way. Generally, the x-ray diffractograms of both native and 
hydroxypropyl derivatives showed the “C” pattern. However, slight reductions were observed in the 
intensity of starches after modification. At all temperatures studied (30 – 90 OC), swelling and solubility 
of hydroxypropylated starches were higher than the NPPS. Progressive increases in swelling capacity 
and solubility were observed as the MS increased among the hydroxypropylated starches. 
Hydroxypropylation reduced starch paste turbidity on storage. Also, studies showed that syneresis 
reduced after hydroxypropylation. In addition, syneresis reduced as the MS of the hydroxypropyl 
starches increased. The results indicate that pasting temperature and peak temperature reduced after 
modification but peak viscosity increased in hydroxypropylated starch derivatives compared with the 
native starch. Setback reduced in hydroxypropylated starches compared with the native starch. Enthalpy 
of gelatinization and percentage retrogradation reduced after hydroxypropylation and progressive 
reductions were observed as the MS increased among the starch derivatives. Hydroxypropylation 
increased enzymatic digestibility. 
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Introduction 
 
In recent years, the demand for polysaccharide derivatives for diverse applications has increased 
tremendously. A number of factors responsible for these increases include: (1) There are cheap sources 
for polysaccharides world wide, particularly starch and cellulose (2) polysaccharides are compatible 
with many other materials in the production processes, particularly food as hydrocolloids and (3) 
polysaccharides are non-toxic and biodegradable. Globally, intensive efforts are channeled towards 
producing polysaccharide derivatives of different kinds for diverse applications in different industries. 
Starch, which is one of the cheapest among the polysaccharides, has received considerable attention 
which has been reported in the literature (Lawal et al., 2007). It is important to modify starch because 
using it in the native form often comes with problems such as instability at the extremes of certain 
conditions such as pH, temperature and shear during processing. In addition, retrogradation occurs 
particularly in food applications.  Chemical modification of starch concerns reaction of the hydroxyl 
groups on the anhydroglucose (AGU) unit and these have been used to produce starch derivatives based 
on acetylation (Lawal and Adebowale, 2005), hydroxypropylation (Lawal, 2008; Lawal et al., 2008), 

succinylation (Lawal 2004), carboxymethylation (Lawal et al., 2007; Lawal, et al., 2008) and oxidation 
(Lawal, 2004; Lawal et al., 2005). 
Hydroxypropylation of starch is achieved by etherification process with propylene oxide as the 
etherifying reagent. This process causes the introduction of hydroxypropyl groups onto the polymeric 
chain of starch. The highly strained three-membered epoxide ring of propylene oxide accounts for its 
reactive nature. Bond angle in the ring average is 60o and this makes it a very reactive molecule (Pal, 
Singhal and Kulkarni, 2000). During hydroxypropylation, activation is achieved by using alkaline 
reagents as catalysts to facilitate the formation of nucleophilic starch-O- alkoxide. This is followed by 
the reaction of the starch-O- alkoxide with the propylene oxide, leading to a bimolecular substitution to 
produce hydroxypropyl starch. The molar substitution (MS) is used to measure the number of propylene 
oxide moles substituted on an anydroglucose unit (AGU).  
Hydroxypropylation of starches impart extended shelf-life, freeze-thaw stability and cold storage 
stability to starch-based food products. Hydroxypropylation prevents retrogradation, resulting in more 
fluid paste with improved paste clarity. This modification also imparts desired textural properties to the 
product (Tuschoff, 1986). In addition, enzymatic digestibility of starches improves after 
hydroxypropylation (Liu et al., 1999). 
Hydroxypropylation has been reported for starches from various sources such as rice (Islam and Azemi, 
1997; Seow and Thevamalar, 1993; Yeh and Yeh, 1993), maize (Azemi and Wootton, 1994; Wootton 
and Haryadi, 1992; Gray and BeMiller, 2005) potato (Lammers et al., 1993; Perera et al., 1997; Perera 
and Hoover, 1998; Vorwerg et al., 2004) wheat  (Wootton and Haryadi, 1992; Wootton and Mahdar, 
1993) and amaranth (Pal et al., 2002). To meet the challenges of the ever-increasing demand for starch 
and starch derivatives, it becomes reasonable to investigate starch derivatives based on starches from 
under-utilized sources. This becomes imperative because major sources of starch used presently for 



 3

both industrial and domestic applications are also used as staple foods. Such sources of starch include 
maize, potato and cassava particularly in the tropics. 
In the present investigation, pigeon pea was used as the source of starch for hydroxypropylation. 
Pigeon-pea is a woody perennial legume crop belonging to the family Fabaceae. It is cultivated 
throughout the world in both tropical and sub-tropical regions. In Nigeria and India, it is used both as a 
food and as cover crop. Pigeon pea contains between 57.3 g/100g carbohydrate, 19.2 g/100g protein, 
1.5 g/100g fat and 8.1g/100g fiber (Purseglove, 1968). The rich carbohydrate content of pigeon pea 
makes it a reasonable source of starch. Less research work has been carried out on pigeon pea starch. 
The author is not aware of any previous investigation concerning hydroxypropyl derivative of pigeon 
pea starch.  
The aim of this work was to investigate the functional parameters of native and hydroxypropylated 
pigeon pea starch. It is hoped that relevant information would be used for food and non-food 
applications of the starches. 
 

Materials and Methods 
 
Materials 
Pigeon pea seeds were obtained at International Institute of Tropical Agriculture IITA (Ibadan), Nigeria. 
Propylene oxide, NaOH, Na2SO4 (all analytical grade) were obtained from Merck Schuchardt Germany. 
All other reagents used in this work were analytical grade. 

 
Isolation and purification of pigeon pea starch  
Pigeon pea (1 kg) was soaked in distilled water (4 L) and the pH was adjusted to 8.0 using solution of 
NaOH (1 mol/L) at 4 oC for 12 h. Coats of the seeds were removed by manual abrasion. The dehulled 
seeds were pulverised for 30 min using warring blend (Braun Multimix de luxe MX40, type 2291). The 
slurry obtained following blending was re-suspended in distilled water (5 L) and the pH was adjusted to 
8.0, using NaOH solution (0.5 mol/L). While keeping the pH at 8.0–8.5, the mixture was stirred 
manually for 30 min. The suspension obtained was screened using 75 mm sieve and centrifuged for 30 
min at 10,000g (Type GLC-1 Ivan Sovall Inc., USA). The starch obtained (Analysis: yield of starch, 
22.5 g/100g; moisture, 8.2 g/100g; ash, 0.7 g/100g; fat, 0.5g/100g; crude fibre, 0.8 g/100g; protein, 2.5 
g/100g; carbohydrate, 87.3 g/100g; pH, 7.9) was washed twice before drying in the oven for 48 h at 50 
oC. The native pigeon pea starch obtained (NPPS) was stored in polythene bag until use.  
 

Preparation of hydroxypropyl starch 
Pigeon pea starch (100g, dry basis) was weighed inside 500 mL screw cap jars and distilled water (150 
mL) was added, followed by the addition of 15 g of Na2SO4. The slurry was stirred with magnetic 
stirrer for 40 min and the pH was adjusted to 11 with NaOH (1 mol/L). Propylene oxide (10, 20, 30 and 
40 mL) was added and the suspension was stirred with magnetic stirrer thoroughly with jars closed. The 
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reaction was maintained at 35 oC for 24 h. The starch suspensions were neutralized with dilute HCl (0.1 
mol/L). The slurry was centrifuged for 15 min at 10,000 rpm. The starch cakes obtained were washed 
with distilled water until its sulphate content was negative with BaCl2. The hydroxypropylated starches 
were dried in the oven to ~10 g/100g moisture content. They were labeled PPHP10, PPHP20, PPHP30, 
and PPHP40 according to the amount of propylene oxide added to the reaction mixture 10, 20, 30 and 
40 mL respectively. 
 

Determination of molar substitution  
The joint FAO/WHO Expert Committee on Food Additives method (2001) was used for the 
determination of the hydroxypropyl groups. Starch samples (100 mg, dry basis) were weighed into a 
100-mL volumetric flask and sulphuric acid (25 mL; 0.5 mol/L) was added. The mixture was digested 
in a boiling water bath until a clear solution was obtained. The resulting clear solution was cooled and it 
was made up to 100 mL with distilled water. The solution (1 mL) was pipetted into 25 mL graduated 
test tubes, immersed in cold water and 8 mL of concentrated sulphuric acid was added drop wise to the 
tube. After thorough shaking, the tubes were placed in boiling water bath for 20 min. The tubes were 
allowed to cool down and they were placed in ice bath until the solution chilled. Ninhydrin reagent (3 
g/100mL ninhydrin in 5 g/100mL  Na2S2O5, 0.6 mL) was added and the tubes were shaken well before 
placing in 25 oC water bath for 1 h. The solutions were then made up to 25 mL with concentrated 
sulphuric acid and thoroughly mixed. It was transferred to 1-cm cells, and after 10 min, the absorbance 
was measured at 590 nm. The starch blank was used as reference. A calibration curve was prepared 
with an aliquot (1 mL) of standard aqueous solutions, containing 10, 20, 30, 40 and 50 μg of propylene 
glycol per mL.  The propylene glycol concentration in the starch was calculated from the standard curve, 
converted to equivalent hydroxypropyl groups from each molar solution using the following equation: 
 
MS = 162W/100M – (M – 1) W 
MS = Molar substitution 
W = Equivalent hydroxypropyl group in 100 mg of starch 
M = Molecular weight of C3H6O  

 
Wide angle X-ray diffractometry 
The X-ray diffraction patterns of NPPS (moisture content, 8.2 g/100g) and the hydroxypropyl starches 
(moisture content ~ 10.0g/100g) were recorded with X´Pert pro X-ray diffractometer equipped with 
X´celerator as detector (Panalytical, Kassel, Germany). The diffractograms were registered at Bragg 
angle (2Ө) = 5 – 60o .The operating conditions were: target voltage 40 kV, target current 100 mA, aging 
time 5 min; scan speed 2.000_ min; step time 4.55, divergence slit width 1.00; scatter slit width 1.00 
and receiving slit width 0.6. 
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Granule morphology 
Starch granule morphology was examined with a Leo 1550 ultra scanning electron microscope. The 
samples were mounted on studs, sputter-coated with gold (Balzers, SCD-040; Norderstedt, Germany) 
and examined under the scanning electron microscope. 

 
Determination of swelling capacity 
Free swelling capacities (FSC) of the NPPS and the hydroxypropyl starches were determined using the 
teabag method (Lawal et al., 2007). Starch (0.4 g, dry basis) was weighed and packed inside teabag 
(TeaGschwendner, Meckenheim, Germany). It was soaked inside distilled deionised water in double 
jacketed glass bottle (300 mL) connected to a thermostat in which the water was circulated at specific 
temperature. The temperature range for the study was 30 – 90 oC. After 1h, the sample was removed 
from water and it was allowed to drain for 5 min to ensure uniformity. The swollen starch inside the 
teabag was weighed. The weight of empty teabag and amount of water absorbed by the empty teabag 
were predetermined. The FSC was determined as follows: 
 
                  WSS 
FSC    =      
                  WCS 

 
WSS     =   W4 − W2 − W1 

 
                                   W3 × Mt 
WCS     =   W3 − 
                                      100 

 
Wcs     =   Corrected weight of starch 
Wss     =   Weight of swollen starch 
Mt          =   g/100mL moisture content of the starch 
W1     =   Weight of dry teabag 
W2     =   Weight of water absorbed by empty teabag 
W3     =   Weight of starch taken 
W4     =   Total weight after swelling 
 

Turbidity and paste clarity 
Turbidity of the NPPS and the hydroxypropylated starches were determined with 2 g/100mL gelatinised 
starch solution using HACH 2100 AN Turbidimeter (HACH Company, Colorado, USA). Gelatinization 
of starches was carried out by heating starch solutions at 100 o C for 1 h. To monitor starch 
retrogradation, gelatinized starch samples were stored for varying number of days (1-30 days) in a 
refrigerator (4 OC). The turbidimeter uses a Tungsten filament lamp as a light source and the values 
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were recorded as NTU (Nephelometric Turbidity Unit). Triplicate determinations of the experiments 
were carried out and the mean values were reported. 

 
Freeze-thaw stability 
Freeze-thaw stability of gelatinized starch was measured by using the method of Kaur et al. (2004) with 
some modifications. Aqueous suspension of starch (5 g/100g) was heated at 95 oC under constant 
agitation for 1 h. The paste was weighed (exactly 20 g each) into previously weighed polypropylene 
centrifuge tubes, and was capped tightly. It was centrifuged at 1000 rpm for 10 min to remove free 
water. The free water (supernatant) was decanted and the tubes containing starch paste were subjected 
to freeze-thaw cycles, followed by centrifugation at 4000 rpm for 30 min. Alternate freezing and 
thawing was performed by freezing for 24 h at −18 oC and thawing for 4 h at 30 oC. Eight freeze thaw 
cycles were performed. The percentage of water separated after each freeze-thaw cycles was measured. 
The weight of water was taken and the extent of syneresis was expressed as the percentage of water 
separated: 
 

                 Water separated (g) × 100 
Syneresis (%)       =  

                 Total weight of sample (g) 

 

Pasting properties 
The pasting properties of native and modified starches were determined with a rapid visco-analyser 
model 3-D (RVA) (New Port Scientific Pty Ltd., WARRIEWOOD, Australia). Starch (1.5g, dry basis) 
was dispersed in 25mL distilled water. A programmed heating and cooling cycle was employed at 
constant shear rate, where the sample was held at 50 ◦C for 1 min, heated to 95 ◦C in 7.5 min and then 
held at 95 ◦C for 5 min. It was subsequently cooled to 50 ◦C within 3 min and then held at 50 ◦C for 2 
min. 

 
Differential scanning calorimetry and retrogradation studies 
Gelatinization and retrogradation of starches were measured using a DSC 821e (Mettler Toledo, 
Germany). The device was calibrated with indium (Tm= 156.6 oC), cyclopentane (Tm = –93.9 oC) and 
water (Tm = 0.0 oC). 5.0 μL distilled water was added to starch (2.0 mg, dry basis) in DSC pans (ME–
26763). It was sealed, reweighed and kept at 30±2 o C for 24 h to ensure equilibration of the starch 
sample and water. The samples were scanned from 30 o C to 130 o C at 10o C/min using empty pans as 
reference. The heated pans were then cooled immediately and kept at 4 o C inside a refrigerator for 24h, 
following which they were kept for two or four days at 30±2 oC, to make complete storage days of three 
and five respectively.  At the end of these periods of storage, the samples were scanned under the same 
condition with the first scanning. Onset temperature (To), peak temperature (Tp), endset temperature (Te) 
and enthalpy (ΔH, J/g) for gelatinization and retrogradation were determined. The enthalpy (ΔH) was 
estimated by integrating the area between the thermogram and the base line under the peak.  
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α-amylase enzymatic digestibility 
Starch (1g, dry basis) was mixed with KHPO4/K2PO4 buffer (40 mL, 0.2 mol/L, pH 6.9) in a test tube. 
The mixture was heated in a temperature regulated water bath at 90 oC for 40 min. It was cooled to 25 
oC and 320 units of Bacillus licheniformis α-amylase (2 units/ mg, Fluka) were added. Five replicate 
preparations were made for each sample, in order to monitor enzymatic digestibility with time. The 
tubes were placed in water bath and they were incubated at 30 oC between 10-26 h. H2SO4 (1.0 
g/100mL, 5 mL) was added to stop the enzymatic digestion. Samples were then centrifuged at 11000 
rpm for 15 min. The residue was washed with ethanol (50 mL, 85 g/100mL) and it was centrifuged 
again. The resulting residue was scooped out, oven dried at 100 oC to a constant weight. In each case, a 
blank starch without enzymatic hydrolysis was included to correct for initial concentration of soluble 
sugars. Starch digestibility was expressed as percent weight loss after α-amylase digestion. 
 

Results and Discussion 
 
Molar substitution 
Molar substitution increased as the volume of propylene oxide added to the reaction mixture increased 
(Table 1). When other parameters were kept constant, increasing concentration of propylene oxide 
enhanced the contact of the starch molecules with the etherifying agent. This observation is consistent 
with increases in the MS of hydroxypropyl finger millet starch as the volume of propylene oxide added 
to the reaction mixture increased (Lawal, 2008). Also, this observation agrees with increases in MS with 
corresponding increases in volume of propylene oxide in the hydroxypropylation of canna and maize 
starches (Chuenkamol et al., 2007). The highest  MS reported here is 0.17 and that is within the limit 
allowed for the use of hydroxypropylated starch in food applications by the FDA (US Food and Drug 
Administration) (Dias et al., 1997), which stipulates that hydroxypropyl group should not be more than 
7.0 g/100 g  i.e. MS = 0.2  

 
Scanning electron microscopy (SEM) and granule morphology 
The SEM images of native and hydroxypropylated pigeon pea starches are presented in Figs. 1 and 2 
respectively. The starch granules appeared oval or elliptical in shape width sizes ranging from 7 − 40 
μm in width and 10 − 30 μm in length (Averages of 40 measurements were taken). The native starch 
granules appeared smooth with very minimal damage; this suggests that the method of extraction and 
drying did not cause significant damage to the starch. In previous investigations on legume starches, 
oval and round shapes were reported for mucuna bean starches with sizes ranging from 12-22 and 14-
31 μm for width and length respectively (Adebowale and Lawal, 2003). Oval, concave and round 
shapes were reported for bambarra starch with shapes in the range of 18-36 μm and 20-26 μm for with 
and length respectively (Adebowale and Lawal, 2002). In addition, oval and round shape with 
heterogeneous sizes for width, 12–30 and 12–34 mm for length were reported for Jack bean starch 
(Lawal and Adebowale, 2005). 
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Hydroxypropylation did not alter the shape of the starch granules in a pronounced way. However traces 
of degradation were observed on some starch granules after modification. Changes in appearance of 
starch granules after hydroxypropylation have been reported for potato starches (Kim et al., 1992) and 
cassava starch (Jyothi et al., 2007). Also, no change in surface and shape characteristics of the granules 
was reported for canna starches in a previous work (Chuenkamol et al. 2007). The different 
observations in this regard are due to different levels of modification, preparation methods and the 
morphologies of different starches used for the hydroxypropylation process.  
 

Wide-Angle X-ray diffractometry 
The X-ray diffractograms of native pigeon pea hydroxypropylated pigeon pea starches are presented in 
Fig. 3. The diffractograms follow the expected “C” pattern characteristic of legume starches. Prominent 
peaks were centered on 2θ = 15o, 17o and 23o. It has been reported that the ‘C’ crystalline polymorphs 
of starches is not a true crystalline polymorph but mixtures of ‘A’ and ‘B’ polymorphs observed in  
cereals and tuber starches respectively (Gernat et al., 1990).  Both ‘A’ and ‘B’ type starches are based 
on the parallel stranded double helices, in which the double helices are closely packed in the ‘A’ type 
starch but loosely packed in the ‘B’ type starch. It has been shown that starches with amylopectin of 
short chain length (<20 residues) exhibit ‘A’ type of crystallinity, whereas those with amylopectin of 
longer average chain length show the ‘B’ pattern. (Hizukuri, 1986; Hizukuri et al., 1983). 
In the present investigation, a doublet was observed around 2θ = 17O and 18O for the native starch 
whereas this was not observed in the hydroxypropylated derivative. In addition slight decreases were 
observed in the intensities around 2θ = 15O and 23O. Contrarily, slight increase in x-ray intensity was 
reported for canna starch after hydroxypropylation (Chuenkamol et al., 2007). The justification for low 
alteration of the diffraction pattern after hydroxypropylation could be the low level of modification 
employed in the present investigation. Also, it may be reasonable to suggest that modification process 
affected the amorphous component of the starch granules being more accessible to the reagents and 
consequently, the crystalline region is preserved.  
 

Swelling capacity 
Swelling in both NPPS and the hydroxypropylated derivatives are temperature dependent (Fig. 4). 
Within the range studied (30 – 90 OC), swelling capacity increased as the temperature increased. At all 
temperatures, the swelling of hydroxypropylated starches were higher than the NPPS. Progressive 
increases in swelling capacity were observed as the MS increased among the hydroxypropylated 
starches. It is reasonable that temperature increase facilitated the absorption of water by the starch 
granules particularly in the amorphous starch regions. Following hydroxypropylation, water absorption 
was enhanced as a result of the introduction of hydroxypropyl groups on the starch molecules. The 
bulky hydroxyl groups cause inter- and intramolecular repulsion thereby allowing water within the 
starch granules. The increases in swelling after hydroxypropylation could be utilized in starch 
applications such as food thickening and preparation of hydrogels.  
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Starch solubility 
Solubilities of NPPS and hydroxypropylated starches were temperature dependent. (Fig. 5) Solubility 
also increased as the level of modification increased among the hydroxypropylated starches. Increase in 
water absorption after hydroxypropylation enhanced leaching of amylose mainly from the amorphous 
region of the starches. In addition, inter- and intra molecular hydrogen bonds in the starch chains were 
disrupted, the granular structure of the starches were weakened and the motional freedom of starch 
chains increased as the temperature increased. This facilitated increases in solubility of the starch as 
observed. 

 
Starch turbidity and paste clarity 
When starch pastes of NPPS and the hydroxypropylated derivatives were stored for various days, the 
results obtained (Table 2) showed that starch turbidity increased as the storage duration increased. 
However, increases in the turbidity of the native starch were more pronounced compared with the 
turbidity of the modified starches. It was also observed that starch turbidity reduced as the level of 
starch modification increased. After 30 days of storage, 4.0 NTU (Nephelometric turbidity unit) was 
observed in PPHP40 compared with 693 NTU in NPPS. Paste clarity is valued in starch applications 
such as food additives because it enhances consumer acceptability of the product, particularly those 
products that could stay on shelf for a long time. Examples of such products are jellies, sausages, and 
fruit pastes. It is reasonable that inter- and intramolecular repulsion among the bulky hydroxypropyl 
groups are responsible for the enhanced paste clarity after modification. In previous work, it was also 
reported that carboxymethylation of starch improved starch paste clarity (Lawal et al., 2007). Similarly, 
light transmittance of potato starch, corn amaranth and cassava starches increased after 
hydroxypropylation. (Pal et al., 2002; Kaur et al., 2004; Jyothi et al., 2007). 

 
Syneresis and freeze thaw stability 
Studies showed that hydroxypropylation reduced percentage syneresis of the unmodified starch (Table 
3).  NPPS showed progressive increases in syneresis as the number of free thaw cycles increased. 
Syneresis was not observed in the hydroxypropylated starches up to the 4th cycle as indicated in 
PPHP10 and PPHP20. Studies showed that syneresis reduced as the MS of the modified starches 
increased progressively. 
Syneresis in freeze–thawed gels is attributed to the increase of molecular association between starch 
chains at reduced temperature, exuding water from the gel structure. Pronounced reduction in syneresis 
after modification could result from reduction of inter-and intrachain bonding between the starch 
molecules by the incorporated hydroxypropyl groups. The hydroxypropyl groups facilitated water 
holding capacity of starches. Therefore, limited amount of water was released during freeze- thawing. 
Similar observations have been reported for hydroxypropyl potato starches (Kaur et al., 2004) and 
finger millet starches (Lawal, 2008). 
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Pasting properties 
Pasting properties of native and hydroxypropylated starches are presented in Table 4. The results 
indicate that pasting temperature and peak temperature reduced after modification. Further increases in 
the level of modification reduced the pasting temperature progressively. However, peak viscosity 
increased in hydroxypropylated starch derivatives compared with the native starch. The decrease in 
pasting temperature of the starch after modification is as a result of the weakening of the starch granules 
during the modification process. Weakening means disruption of the inter- and intramolecular bonding 
such as hydrogen bond existing within the macromolecules and structural reorganization of mainly the 
amorphous component and part of the crystalline region particularly under strong alkaline reaction 
medium used in the preparation of the hydroxypropyl starches. This position can be justified by the 
result of the breakdown (Table 4). The breakdown in visco-amylography is a measure of the structural 
disintegration of starch during cooking and results here clearly indicate increases in breakdown after 
hydroxypropylation. Setback value is a measure of retrogradation. The setback value which is a 
measure of the retrogradation reduced after hydroxypropylation. This is a result of the prevention of 
structural realignment of the starch molecules after gelatinization. The bulky hydroxypropyl groups 
prevented formation of hydrogen bonding among the starch molecules thus minimizing retrogradation. 
In previous works, reduction of setback after hydroxypropylation has been reported for hydroxypropyl 
starches of wheat, potato and waxy maize starches (Gunaratne and Hoover, 2002). 

 
Thermal Properties 
Differential scanning calorimetry was used to investigate differences among the native starch and the 
hydroxypropylated derivative for processes that occur during the gelatinization as well as the tendency 
for the gelatinized starch to recrystallize after storage for 3 and 5 days. The result of the finding as 
presented in Table 5 shows that enthalpy of gelatinization reduced after hydroxypropylation and 
progressive reductions were observed as the MS increased among the starch derivatives. Also, when 
starch pastes were stored for 3 and 5 days, the tendency for recrystallization was smaller in the 
hydroxypropylated starch derivatives compared with native starches. Percentage retrogradation after 5 
days (R5) in NPPS was 61.2 compared with 21.0 observed in PPHP40. These results consolidate the 
claim that hydroxypropyl groups prevented starch recrystallization. Within the scope studied here, i.e. 
the range MS 0.06 – 0.17, the pronounced reduction in retrogradation after hydroxypropylation would 
enhance the applications of the starch derivatives in products where starch could be used as food 
additive. Particularly it may be reasonable in products such as bread where staling is attributed to 
retrogradation processes. 

 
Enzymatic digestibility 
The result of the investigation on enzymatic digestibility is presented in Fig. 6. The percentage of 
enzyme digestible starch increased after hydroxypropylation. In both hydroxypropylated starch as well 
as the native starch, percentage of the enzyme digestible starch increased with time of contact with the 
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enzyme and digestibility increased as the level of modification increased. Hydroxypropylation enhances 
water absorption by the starch granules and this would facilitate the digestion process by the α-amylase. 
In addition, water retention would also increase as a result of the weakening of the starch granules 
which has been explained earlier. These developments probably make the starch more prone to the 
attack of the enzyme. These observations are in close agreement with increase in starch digestibility of 
maize starches after hydroxypropylation (Liu et al., 1999). In food application, efficient digestion of 
starch is paramount for its effective nutrient utilization. Therefore at levels permitted by responsible 
food regulation agencies, hydroxypropyl pigeon pea starches could be relevant as food supplements. 
 

Conclusion 
 
Hydroxypropyl derivatives of an under-utilized starch that has good potentials for both domestic and 
industrial applications was prepared in this investigation. Relevant functional parameters and 
characterizations which would provide important information for its utilization were carried out and 
examples of practical applications were mentioned in the text. The starch hydroxypropyl derivatives 
were prepared with the intention of restricting the molar substitution to fall within the level allowed by 
appropriate regulation agencies so that the product could be relevant for food applications, 
pharmaceuticals as well as adhesives industries. Generally, the results obtained here indicate that 
hydroxypropyl pigeon pea starch has very good functional parameters that could be utilized and thereby 
position this under-utilized starch resource for good starch market globally. Since each starch is unique 
in its own characteristics, then it is reasonable to report the potentials of a relatively new and good 
starch resource which has the potentials of global acceptance and this is underscored in this work. 
 

Acknowledgments 
The author is grateful to the Alexander von Humboldt Foundation of Germany for the award of a 
postdoctoral fellowship. This work was done within the framework of the Abdus Salam International 
Centre for Theoretical Physics Trieste, Italy. The donation of pigeon pea seeds by the International 
Institute for Tropical Agriculture, Ibadan is acknowledged with thanks. 
 
 

References 
Adebowale, K.O., & Lawal, O.S. (2003). Effect of selected Hofmeister anions on functional properties 

of protein isolate prepared from lablab seeds (Lablab purpureus) Journal of the Science of Food 
and Agriculture, 83, 1541-1546.  

Adebowale, K.O., & Lawal, O.S. (2002). Effect of annealing and heat moisture conditioning on the 
physicochemical characteristics of Babarra groundnut (Voandzeia subterranean) starch. 
Nahrung/Food 46, 311-316.  



 12

Adebowale, K.O., & Lawal, O.S. (2003). Microstructure, physicochemical properties and 
retrogradation behaviour of mucuna bean (Mucuna pruriens) starch on heat moisture treatment. 
Food Hydrocolloids, 17, 265-272.  

Azemi, B.M.N.M., & Wootton, M. (1994). Distribution of partial digestion products of hydroxypropyl 
derivatives of maize and high amylose maize starches.  Starch/Starke, 46, 440–443.  

Chuenkamol, B., Puttanlek, C., Rungsardthong, V., & Uttapap, D. (2007). Characterization of the low-
substituted hydroxypropylated cannna starch. Food Hydrocolloids, 21, 1123–1132.  

Dias, F.F., Tekchandani H.K., & Mehta D. (1997). Modified starches and their use by food industries. 
Indian Food Industry, 16, 33–39.  

Gernat, C., Radosta, S., Damaschun, G., & Schierbaum, F., (1990). Supramolecular structure of 
Legume starches reveald by X-ray scattering. Starch/Starke, 42, 175–178. 

Gray, J.A., &  BeMiller, J.N., (2005). Influence of reaction conditions on the location of reactions in 
waxy maize starch granules reacted with a propylene oxide analog at low substitution levels. 
Carbohydrate Polymer, 60, 147–162. 

Gunaratne, A., & Hoover, R., (2002). Effect of heat–moisture treatment on the structure and 
physicochemical properties of tuber and root starches,  Carbohydrate Polymer, 49,  425–437.  

Hizukuri, S., Kanebo, T & Takeda, Y., (1983). Measurement of the chain length of amylopectin and its 
relevance of the origin of crystalline polymorphism of starch granules. Biochimica et 
Biophysical Acta, 760, 188–191. 

Hizukuri, S., (1986). Polymodal distribution of the chain lengths of amylopectin and its significance. 
Carbohydrate. Research, 147, 342–347.  

Islam, N., & Azemi, B.M.N.M. (1997). Rheological properties of calcium treated hydroxypropyl rice 
starches.  Starch/Starke, 49, 136–141.  

Joint FAO/WHO Expert committee on Food Additives In Compedium of food additive specifications. 
Hydroxypropyl starch, INS No. 1440. FAO Food and Nutrition paper, 52, Add. 9. Geneva. 2001. 

Jyothi, A.N., Moorthy, S.N., & Rajasekharan, K.N. (2007). Studies on the synthesis and hydroxypropyl 
derivatives of cassava (Manihot esculenta Crantz) starch Journal of the Science of Food and 
Agriculture, 87, 1964 –1972. 

Kaur, L, Singh, N., & Singh, J. (2004). Factors influencing the properties of hydroxypropylated potato 
starches, Carbohydrate Polymer, 55, 211–223.  

Kim, H.R., Hermansson, A.M., & Eriksson, C.E. (1992). Structural characteristics of hydroxypropyl 
potato starch granules depending on their molar substitution Starch/Starke, 44, 111–116.  

Lammers, G Stanhuis, E.J, & Beenackers, A.A.C.M. (1993). Kinetics of the hydroxypropylation of 
potato starch in aqueous solution. Starch/Starke, 45, 227–232.  

Lawal, O.S & Adebowale, K.O. (2005). Physicochemical characteristics and thermal properties of 
chemically modified jack bean (Canavalia ensiformis) starch Carbohydrate Polymer, 60, 331-341.  



 13

Lawal, O.S, Adebowale, K.O, Ogunsanwo, B.M, Barba, L.L & Ilo, E. (2005). Oxidised and acid 
thinned derivatives of hybrid maize: functional characteristics, wide-angle X-ray diffractometry 
and thermal properties, International Journal of Biological Macromolecules, 35, 71-79. 

Lawal, O.S. (2004). Composition, physicochemical properties and retrogradation characteristics of 
native, oxidized, acetylated and acid-thinned new cocoyam (Xanthosoma sagittifolium) starch 
Food Chemistry, 87, 205-218.  

Lawal, O.S., Lechner, M.D., & Kulicke, W.M. (2008). Single and multi-step carboxymethylation of 
water yam (Dioscorea alata) starch: Synthesis and characterization. International Journal of 
Biological Macromolecules. In press. 

Lawal, O.S., Lechner, M.D., Hartmann, B., & Kulicke, W.M. (2007). Carboxymethyl cocoyam starch: 
synthesis characterization and influence of reaction parameters. Starch/Starke, 59, 224-233. 

Lawal, O.S., Ogundiran, O.O., Adesogan, E.K., Ogunsanwo, B.M., & Sosanwo, O.A. (2008). Effect of 
Hydroxypropylation on the Properties of White Yam (Dioscorea rotundata) Starch, Starch/Starke, 
In press. 

Lawal, O.S., (2008). Starch hydroxyalkylation: Physicochemical properties and enzymatic digestibility 
of native and hydroxypropylated finger millet (Eleusine coracana) starch. Food hydrocolloids. In 
press. 

Lawal, O.S., (2004). Succinyl and acetyl starch derivatives of a hybrid maize: Physicochemical 
characteristics and retrogradation properties monitored by differential scanning calorimetry 
Carbohydrate  Research, 339, 2673-2682.  

Liu, H.J., Ramsden, L., &  Corke, H. (1999). Physical properties and enzymatic digestibility of 
hydroxypropylated ae, wx, and normal maize starches.  Carbohydrate Polymers, 40, 175–182.  

Pal, J., Singhal, R.S., & Kulkarni, P.R., (2000). A comparative account of conditions of synthesis of 
hydroxypropyl derivative from corn and amaranth starch,  Carbohydrate Polymers, 43, 155–
162. 

Pal, J., Singhal, R.S., & Kulkarni, P.R., (2002). Physicochemical properties of hydroxypropyl 
derivative from corn and amaranth starch, Carbohydrate Polymers, 48, 49–53. 

Perera, C., & Hoover, R. (1998). The reactivity of porcine pancreatic alpha amylase towards native, 
defatted and heat-moisture treated potato starches before and after hydroxypropylation.  
Starch/Starke, 50, 206–213.  

Perera, C., Hoover, R., & Martin, A.M. (1997). The effect of hydroxypropylation on the structure and 
physicochemical properties of native, defatted and heat-moisture treated potato starches. Food 
Research International, 30, 235–247.  

Purseglove, J.W, Tropical crops. Dicotyledons. Longmans Green and co. Ltd., London. 1968. 
Seow, C.C., & Thevamalar, K. (1993). Internal plasticization of granular rice starch by 

hydroxypropylation: effects of phase transitions associated with gelatinization.  Starch/Starke, 
45, 85–88. 



 14

Tuschoff, J.V. (1986). Hydroxypropylated starches, in Modified Starches: Properties and Uses (Ed. O. 
B. Wurzburg) CRC Press, Boca Raton, Fl., 90–95. 

Vorwerg, W., Dijksterhuis, J., Borghuis, J., & Kröger, A. (2004). Film properties of hydroxypropyl 
starch, Starch/Starke, 56, 297–306.  

Wootton, M., & Haryadi, X. (1992). Effect of starch type and preparation conditions on substituent 
distribution in hydroxypropyl starches.  Journal of Cereal Science, 15, 181–184. 

Wootton, M., & Mahdar, D. (1993). Properties of starches from Australian wheats. Part 3. In vitro 
digestibility and hydroxypropyl derivatives. Starch/Starke, 45 337–341. 

Yeh, A., &  Yeh, S. (1993). Some characteristics of hydroxypropylated and cross-linked rice starch.  
Cereal Chemistry, 70, 596–601.  

 
 
 
 
 
 

Table 1. Conditions of synthesis and the molar substitution of hydroxypropyl pigeon pea starches. 
 

 
 
 

 
 
 

Sample Starch 
(g) 

Na2SO4 
(g) 

Propylene 
oxide (mL) 

Temperature 
(oC) 

pH Time 
(h) 

MS 

PPHP10 100g 15g 10 35 11 24 0,06 
PPHP20 100g 15g 20 35 11 24 0,09 
PPHP30 100g 15g 30 35 11 24 0,14 
PPHP40 100g 15g 40 35 11 24 0,17 
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Table 2.  Effect of days of storage on turbidity of native and hydroxypropyl pigeon pea starch pastes. 

 

 
 

 

  

 
 

 

         
               Turbidity values are given as NTU; NTU = Nephelometric Turbidity Units. 
  Δ T, Change in turbidity = D30–D1; NPPS: Native pigeon pea starch; PPHP10–40:  
 Hyroxypropyl pigeon pea starches with MS 0.06, 0.09, 0.14 and 0.17 respectively. 
  The conditions of synthesis are given Table 1. 

 

 

Table 3. Freeze–thaw stability of native and hydroxypropyl pigeon pea starches. 

 
 

 

 

 
 

 

 

 
              NPPS: Native Pigeon Pea Starch; PPHP10–40: Hyroxypropyl Pigeon Pea starches with MS 0.06, 0.09, 0.14 and 0.17 respectively. 
              The conditions of synthesis are given Table 1. 

 

 

Sample 

 

MS 

Days of storage of starch paste       

D1 D2 D3 D4 D5 D6 D7 D30 Δ T 

NPPS   − 92 ± 2.0 103 ± 3.0 133 ± 3.0 183 ± 2.0 197 ± 3.0 212 ± 2.1 311 ± 4.0 785 ± 4.0 693 

PPHP10 0,06 19.7± 0.6 20.2± 0.4 21.7±1.3 22.1±1.5 23.2±1.2 24.2±1.0 24.5±1.0 28.1±1.2 8.4 
PPHP20 0,09 19.0± 0.4 19.2± 0.7 19.2±1.1 21.5±0.9 22.2±1.1 23.5±1.5 23.7±0.2 27.1±1.3 8.1 

PPHP30 0,14 18.1±0.5 18.8± 1.8 19.9±1.1 21.0±0.8 21.7±1.0 22.7±1.7 22.9±1.0 24.9±1.0 6.8 

PPHP40 0,17 17.5±1.6 17.5± 1.2 17.6±1.2 17.8±1.2 17.8±1.0 18.1±1.7 18.4±1.2 21.5±0.1 4.0 

 Percentage syneresisa 

Sample MS 1st Cycle 2nd Cycle 3rd Cycle 4th Cycle 5th Cycle 6th Cycle 7th Cycle 8th Cycle 

NPPS – 6.21±0.17 7.73±0.33 8.24±1.36 9.32±1.65 10.13±0.12 10.77±1.15 11.96±1.17  12.17± 1.19 

PPHP10  0,06 Nil Nil Nil 2.11±0.12 2.23±1.21 4.13±0.09 5.11±0.21  5.35±1.17 

PPHP20  0,09 Nil Nil  Nil 1.54±0.15 1.74±0.02 2.05±0.02 3.51±0.04  4.37±1.37 

PPHP30  0,14 Nil Nil Nil Nil Nil 1.51±0.06 2.12±0.05  3.16±0.51 
PPHP40  0,17 Nil Nil Nil Nil Nil 1.11±0.02 2.51±0.08  3.13±1.23 
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Table 4. Pasting properties of native and hydroxypropylated pigeon pea starches. 

 

 
 

 

 

 
 

 

 
             NPPS: Native Pigeon Pea Starch; PPHP10–40: Hyroxypropyl Pigeon Pea starches with MS 0.06, 0.09, 0.14 and 0.17 respectively. 
              The conditions of synthesis are given Table 1.  Setback = Viscosity after cooling to 50oC– Viscosity after 5 min at 95oC (RVU) 
               Breakdown = Peak viscosity – Viscosity at 95oC (RVU). 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

Sample Pasting 

temperature 
(oC) 

Peak 

temperature 
(oC) 

Peak 

viscosity 
(RVU) 

Viscosity at 

95oC (RVU) 

Viscosity after 

5 min at 95oC 
(RVU) 

Viscosity after 

cooling to 50oC 
(RVU) 

Breakdown 

(RVU) 

Setback 

(RVU) 

NPPS 75.6 89.1 374 342 302 487 32 185 

PPHP10 70.5 86.4 390 254 251 373 136 122 

PPHP20 69.1 85.4 407 265 262 380 142 118 
PPHP30 67.7 84.5 430 276 275 392 154 117 

PPHP40 67.1 83.7 446 287 285 397 159 112 
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Table 5. Thermal properties associated with gelatinization and retrogradation properties of native and hydroxypropyl pigeon pea starches. 

 

Sample   1st day scan     3rd day scan      18th day scan  

 
NPPS: Native Pigeon Pea Starch; PPHP10–40: Hyroxypropyl Pigeon Pea starches with MS 0.06, 0.09, 0.14 and 0.17 respectively. 
To: Onset of gelatinization temperature; Tp: Peak of gelatinization temperature; Te: Endset of gelatinization 
Temperature; ΔH: Enthalpy of first scanning; ΔHR3: Enthalpy of retrogradation after three days of storage 
ΔHR5: Enthalpy of retrogradation after five days of storage;  
R3: Percentage retrogradation after three days of storage = (ΔHR3/ ΔH) X 100 
R5: Percentage retrogradation after five days of storage = (ΔHR5/ ΔH) X 100 
The conditions of synthesis are given Table 1. 

 
 

 To 

(oC) 

Tp 

(oC) 

Te 

(oC) 

Te–To 

(oC) 

ΔH 

(J/g) 

 To 

(oC) 

Tp 

(oC) 

Te 

(oC) 

Te–To 

(oC) 

ΔHR3 

(J/g) 

R3 

(%) 

 To 

(oC) 

Tp 

(oC) 

Te 

(oC) 

Te–To 

(oC) 

ΔHR5 

(J/g) 

R5 

(%) 

NPPS 75.7 89.6 101.1 25.4 12.4  27.9 64.1 66.2 38.3 4.2 33.8  56.4 72.3 81.6 25.2 7.6 61.2 
PPHP10 70.4 87.1 102.1 31.7 10.4  24.3 47.6 69.1 44.8 2.5 24.0  27.1 55.1 59.0 31.9 3.9 37.5 

PPHP20 70.1 87.5 106.2 36.1 9.0  21.2 43.2 69.1 47.9 1.6 17.7  23.2 54.6 62.8 39.6 2.8 31.1 

PPHP30 68.2 86.1 105.4 37.2 8.6  19.7 36.2 73.1 53.4 1.3 15.1  21.1 51.3 62.7 41.6 2.0 23.2 

PPHP40 67.5 86.4 108.1 40.6 8.1  19.1 33.5 73.4 54.3 1.2 14.8  20.0 50.2 63.9 43.9 1.7 21.0 
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Figure 1. Scanning electron micrograph of native pigeon pea starches 
Magnification × 1000. 

 

 
 

Figure 2. Scanning electron micrograph of a representative hydroxypropyl pigeon pea starch (PPHP40) 
Magnification × 1000. 
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Figure 3. Wide angle X-ray diffraction pattern of native and hydroxypropyl pigeon pea starches. NPPS: Native 
Pigeon Pea Starch; PPHP10–40: Hyroxypropyl Pigeon Pea starches with MS 0.06, 0.09, 0.14 and 0.17 respectively. 
The reaction conditions of synthesis are given Table 1. 
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Figure 4. Effect of temperature on free swelling capacities of native and hydroxypropyl pigeon pea starches. NPPS: 

Native Pigeon Pea Starch; PPHP10–40: Hyroxypropyl Pigeon Pea starches with MS 0.06, 0.09, 0.14 and 0.17 

respectively. The reaction conditions of synthesis are given Table 1. NPPS,      ; PPHP10,        ; PPHP20,       ; 

PPHP30,         ; PPHP40 
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Figure 5. Effect of temperature on solubility of native and hydroxypropyl pigeon pea starches. NPPS: Native Pigeon 

Pea Starch; PPHP10–40: Hyroxypropyl Pigeon Pea starches with MS 0.06, 0.09, 0.14 and 0.17 respectively. The 

reaction conditions of synthesis are given Table 1. NPPS,       ; PPHP10,         ; PPHP20,         ; PPHP30,       ; 

PPHP40, 
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Figure 6. Enzymatic digestibility of native and hydroxypropyl pigeon pea starches. NPPS: Native Pigeon Pea Starch; 

PPHP10–40: Hyroxypropyl Pigeon Pea starches with MS 0.06, 0.09, 0.14 and 0.17 respectively. The reaction 

conditions of synthesis are given Table 1. 

NPPS,          ; PPHP10,        ; PPHP20,         ; PPHP30,        ; PPHP40           . 


