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a  b  s  t  r  a  c  t

Crosslinked  porous  starch  samples  were  produced  by first  crosslinking  corn  starch  with  sodium
trimetaphosphate  (STMP)  and  then  partially  hydrolyzing  it with  a mixture  of  �-amylase  and  glu-
coamylase.  The  granule  morphology,  porosity,  swelling  power,  adsorption  capacity,  crystalline  nature,
molecular  structure,  melting  and viscometric  properties  of these  starch  samples  were  measured  and  ana-
lyzed.  The  results  showed  that  the  porous  starch  which  was  crosslinked  with  6% (w/w)  STMP  (ScPS-6)
eywords:
orous starch
ross-linking
welling
dsorption kinetics
iscosity

possessed  remarkable  superiority  in terms  of  thermal  and  shear  resistance  among  all  the  starch  sam-
ples tested.  The  ScPS-6  also had  the  highest  porosity  and  largest  average  pore  diameter  values.  The
swelling  power  of  crosslinked  porous  starch  was  56.3%  lower  than  that  of  uncrosslinked  porous  starch.
First order  reaction  kinetics  equation  was  found  to excellently  (R2 ≥  0.99,  average  error  =  6.03%)  predict
the experimental  adsorption  kinetics  data  of  methylene  blue  for the  crosslinked  porous  starch  samples.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Starch is an abundant, biodegradable and renewable biopoly-
er  which is immensely important as food as well as industrial

ngredient (Szabo-Revesz, Szepes, Ulrich, Farkas, & Kovacs, 2007).
tarch contributes greatly to the textural properties of many food
roducts and it is commonly used in food and other industrial appli-
ations as a thickener, a stabilizer, a gelling agent, a bulking agent
nd water retaining agent (Svegmark & Hermansson, 1993; Singh,
aur, & McCarthy, 2007). However, starch has intrinsic disadvan-

ages such as very weak resistance against shear and heat, very
igh susceptibility to thermal decomposition and high tendency
o undergo retrogradation (Singh et al., 2007; Jobling, 2004; Raina,
ingh, Bawa, & Saxena, 2007; Peng et al., 2011a,b; Yan & Zhengbiao,
012). Starch has the potential for much greater application in
ood and other industries if the above mentioned intrinsic disad-
antages are technologically overcome. The physical and chemical
haracteristics of starch can be modified to overcome its inherent
imitations and to improve its functionality (Chen, Zhang, & Chen,
011; Chen, Huang, Tang, Chen, & Zhang, 2011; Hermansson &

vegmark, 1996).

The modification of starch can be carried out by using a
umber of physical and chemical methods or the judicious

∗ Corresponding author. Tel.: +86 10 62737351; fax: +86 10 62737351.
E-mail address: dongli@cau.edu.cn (D. Li).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.12.028
combination of these methods. Physical modification is achieved
by using hydrothermal processing (gelatinization). The chemi-
cal treatments involve the introduction of suitable functional
groups into the starch molecule using derivatization reactions
such as etherification, esterification, crosslinking and grafting or
decomposition reactions such as acid or enzymatic hydrolysis and
oxidation (Loacutepez, Zaritzky, & Garciacutea, 2010; Wurzburg,
1986; Singh et al., 2007). Chemical modification is commonly
used for improving the properties of starch in order to meet
the requirements of specific applications (Han & BeMiller, 2008).
One of the most commonly used ways to modify starch is the
crosslinking, which is intended to add intra- and inter-molecular
bonds at random locations of a starch molecule (Acquarone &
Rao, 2003). Sodium trimetaphosphate (STMP), sodium tripolyphos-
phate (STPP), epichlorohydrin (EPCH), phosphoryl chloride (POCl3),
a mixture of adipic acid and acetic anhydride, and vinyl chlo-
ride are some of the common crosslinking agents currently used
to crosslink with starch (Wattanchant, Muhammad, Hashim, &
Rahman, 2003; Woo  & Seib, 1997; Wu & Seib, 1990; Yook, Pek,
& Park, 1993). Epichlorohydrin (EPCH) has been reported as a com-
mon  crosslinker used to modify starch (Yu & Liu, 1994; Hamdi,
Ponchel, & Duchêne, 1998; Atyabi, Manoochehri, Moghadam, &
Dinarvand, 2006; Zhou et al., 2006). However, EPCH is known to

be toxic and the presence of small quantity of its residue or unre-
acted fraction can lead to toxic side effects (Li et al., 2009). More
recently, sodium trimetaphosphate (STMP) has been proposed as a
non-toxic crosslinker of starch (Li et al., 2009) because it does not

dx.doi.org/10.1016/j.carbpol.2013.12.028
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.12.028&domain=pdf
mailto:dongli@cau.edu.cn
dx.doi.org/10.1016/j.carbpol.2013.12.028
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ave adverse effects on humans (Woo  & Seib, 1997). Because of this
eason we have selected STMP as a crosslinker of starch. STMP is
eported to efficiently crosslink with semidry starch at high tem-
erature (60–70 ◦C) (Kerr & Cleveland, 1962). STMP is also reported
o efficiently crosslink with hydrated starch in starch slurry at mod-
rately high temperature (40–45 ◦C) (Singh et al., 2007).

Porous starch (PS) is a versatile, cheaper and biodegradable
dsorbent containing large number of micron-sized pores. It has
een widely used in food, pharmaceutical, agriculture, cosmetics,
ulp and paper industries (Qian, Chang, & Ma,  2011). Earlier investi-
ations have shown that enzymatic hydrolysis is a better method in
reparing porous starch (Zhang et al., 2012; Chen et al., 2011; Wu,
u, Ge, & Lv, 2011; Uthumporn, Zaidul, & Karim, 2010). However,

he enzymatic hydrolysis, if the process is not properly designed,
an easily destroy the granular structure of porous starch. When the
ranular structure is destroyed, some physical properties such as
elatinization temperature, freeze-thaw stability, tackiness and the
tability against shear are negatively impacted. In order to main-
ain the physical properties of crosslinked starch superior to those
f native starch, a proper selection of crossliker and crosslinking
ethod is essential.
In this study, starch was crosslinked by sodium trimetaphos-

hate (STMP) followed by partial enzymatic hydrolysis of starch
sing a mixed enzyme system. The crosslinked porous starch
amples were examined using a scanning electron microscope to
bserve the change in the starch granules. The effect of crosslinking
n the molecular structure of starch was assessed by using FTIR. The
hermal properties such as glass transition and melting tempera-
ures of the crosslinked porous starch granules were determined
sing a DSC. The uncrosslinked porous starch and native starch
amples were also investigated along with the crosslinked porous
tarch for comparison purpose.

. Materials and methods

.1. Materials

Corn starch was obtained from Yujing Food Co. Ltd (Henan,
hina). Sodium trimetaphosphate (STMP) was purchased from
eijing Chemical Company (Beijing, China). �-Amylase (activ-

ty = 3.7 unites/mg) and glucoamylase (activity = 100 unites/mg)
ere purchased from Aoboxing Biological Technology Co. Ltd. (Bei-

ing, China). The methylene blue was provided by Jinke Chemical
ndustry Research Institute (Tianjin, China). All of these reagents

ere of analytical grade and were used without further purification.
eionized water was used throughout the work.

.2. Preparation of STMP-crosslinked starch

STMP-crosslinked starch samples were prepared using STMP as
rosslinker according to the method of Mao, Wang, Meng, Zhang,
nd Zheng (2006). Corn starch (50 g) was added into 100 mL  dis-
illed water which contained 1 g Na2CO3 (2 g/100 g dry starch) and
.5 g NaCl (5 g/100 g dry starch). The crosslinking agent (STMP), was
issolved in the starch containing slurry varying its amount from

 g to 4 g to form four samples having four different crosslinking
egrees (2%, 4%, 6%, and 8%, w/w). Then, the mixture was stirred
sing a magnetic stirrer at 200 rpm for 80 min at 50 ◦C in a ther-
ostated water bath. Hydrochloric acid (1 M)  was used to adjust

he pH of slurry to 6.5. After the solid portion was precipitated,
he supernatant was discarded and the solid portion was  washed

ith deionized water. In this way crosslinked starch samples hav-

ng different degree of crosslinking were obtained. The crosslinking
eaction involved in the STMP-starch crosslinking is given below
Liu, 2001).
ers 103 (2014) 310– 318 311

2.3. Preparation of STMP-crosslinked porous starch (ScPS)

Starch slurry (25% w/v) containing the crosslinked starch
(described in Section 2.2 above) was prepared using 200 mL  of
sodium acetate buffer (pH = 4.6). This slurry was stirred for 20 min
at 150 rpm in a water bath maintained at 40 ◦C as proposed by
Whistler (1991). After preheating the slurry for 20 min, a mixture of
�-amylase and glucoamylase at the ratio (�-amylase to glucoamy-
lase) of 1:4 was added into the slurry. The enzyme to starch ratio
was 1:100 (w/w). The slurry samples were then stirred using a
magnetic stirrer at 150 rpm for 14 h while maintaining the temper-
ature at 40 ◦C. Upon completion of the enzymatic reaction (14 h),
the enzymes were inactivated and the hydrolysis was stopped by
adding 20 mL of NaOH solution (4%, w/w).  The resultant hydrolyzed
starch suspension was  centrifuged at 1007.1g for 5 min. The starch
product obtained by centrifugation was  washed three times in
order to remove the non-starch components (Zhang et al., 2012;
Chang, Yu, & Ma,  2011). Finally, the washed product was collected
and dried using a vacuum freeze dryer (LGJ-18C, Four-Ring Science
Instruments Plant Co. Ltd., Beijing, China). The starch product was
first frozen at −30 ◦C for 1 h and then it was dried in the vacuum
chamber by maintaining the pressure at 1.0 Pa. The heating rate
within the dryer was  maintained at 5 ◦C/h until the temperature
reached 25 ◦C. The total drying time was 12 h.

2.4. Examination of morphology

The morphology of starch granules was  observed using a
scanning electron microscope (S-3400N, Hitachi Instruments Ltd.,
Japan). The sample particles were evenly distributed on SEM spec-
imen stubs with double-sided adhesive tape, and sputtered with
gold. The shape and the surface characteristics of the sample parti-
cles were observed and analyzed at an operating voltage of 15 kV.

2.5. Porosity test

The porosity of samples was  measured using an automatic mer-
cury porosimeter (AutoPore IV 9510, micromeritics Inc., America).
Starch samples (1 g) were dried at 105 ◦C, placed in a dilatome-
ter attached with the porosimeter and then out-gassed under high
vacuum. The pores of the out-gassed samples were filled with mer-
cury under the pressure varying from 0.0036 MPa to 413 MPa. Mean
pore radius (r) was calculated according to Eq. (1) based on the
assumption of cylindrical pores. Five replicate tests were made to
determine the average diameter for each ample.

R = (2 × �/ cos �)
p

(1)

where � is the surface tension of mercury (0.48 J/m2), � is the con-
tact angle (140◦) and p is the applied pressure (MPa).

2.6. Degree of swelling

The degree of swelling was determined using a mass gain
method reported by Lin, Yu, and Yang (2005) with some modi-
fication. Briefly, 2.5 g of porous starch samples (having different

degree of crosslinking) were added into 50 mL of deionized water
and heated at 45 ◦C, 70 ◦C, 90 ◦C for 5 h. Then, these samples were
centrifuged at 11,190g for 10 min. The surface water of the cen-
trifuged starch samples was removed by using blotting paper and
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hen the mass was measured immediately. The degree of swelling
as calculated according to Eq. (2).

egree of swelling (%) = Ws − Wd

Wd
(2)

here Ws is the mass (g) of crosslinked porous starch in swollen
tate while Wd is the dry mass (g) of crosslinked porous starch.

.7. Methylene blue adsorption test

The freeze dried crosslinked porous starch (2.0 g) was  added
o 50 mL  methylene blue solution (0.02 g/L) and stirred for 5 h
sing a magnetic stirrer. Then, the suspension was centrifuged at
1,190g for 10 min. The amount of unadsorbed methylene blue
emaining in the supernatant was measured by the absorbance
f the supernatant at 665 nm using ultraviolet/visible spectropho-
ometer (TU-1810, Purkinje General Instrument Co. Ltd., Beijing,
hina).

The adsorption ratio was calculated using Eq. (3), given below.

dsorption ratio (%) = C0 − C1

C0
(3)

here C0 is concentration (g/L) of methylene blue in solution before
dsorption. C1 is residual concentration (g/L) of methylene blue in
he supernatant after adsorption. In this study, the value of C0 was
.02 g/L.

.8. X-ray diffraction (XRD)

The XRD diffractograms of the native corn starch and the
rosslinked porous starch were obtained using a X-ray diffrac-
ometer (MSAL-XD2, Purkinje general instrument Co. Ltd., Beijing,
hina).These samples were scanned in the angular range of 10–40◦

2�)  with a scanning rate of 1◦/min and sampling interval of 0.02◦.
-ray powder diffraction analysis was then performed at 36 kV
nd 20 mA  using nickel-filtered Cu K� (� = 1.5406 Å) radiation. The
iffracted radiation was detected using a proportional detector.

.9. Fourier transform infrared spectroscopy (FT-IR)

The FT-IR experiments were performed by using a FTIR spec-
rometer (Spectrum RX/BX series, Perkin Elmer, USA). The spectra
f the crosslinked porous starch were acquired and compared with
he spectra of the uncrosslinked (blank) porous starch. Tablets com-
rising KBr (200 mg)  and crosslinked porous starch (2 mg)  were
sed in FTIR tests. The samples for the blank tests were prepared in
he identical manner. Scanning was performed from 4000 cm−1 to
00 cm−1 at a resolution of 4 cm−1. The interference of water vapor
nd CO2 from air on the FTIR spectra was deducted during scanning.

.10. Measurement of glass transition temperature (Tg)

A DSC (Q10, TA Instrument, USA) was used to measure the
lass transition temperature (Tg) of the crosslinked porous starch.
owder samples of 4–6 mg  were weighed in aluminum pans and
ermetically sealed. The thermal analyses were performed within

 temperature range of −40 ◦C to 200 ◦C. A heating rate of 10 ◦C/min
as used throughout these thermal scans using nitrogen as the
ushing gas.

.11. Measurement of viscosity
The viscosity of native and the crosslinked porous starches
as measured using a rheometer (AR2000ex, TA Instruments Ltd.,
rawley, UK). An aluminum parallel plate (40 mm diameter, 1 mm
ap) was chosen for this purpose. A thin layer of low viscosity silicon
ers 103 (2014) 310– 318

oil was applied on the surface of the samples in order to prevent
evaporation. Two grams of dried starch sample was dispersed in
25 mL  distilled water and shaken for 1 min  before the slurry was
loaded to the measuring plate. The slurry was first heated to 50 ◦C
and it was  held at this temperature for 1 min. Subsequently, the
temperature of the sample was increased to 95 ◦C in 10 min  and it
was held at this temperature for 5 min. After the completion of this
heating cycle, the dispersion was  cooled to 50 ◦C in 7 min  and it was
held at this temperature for 5 min. All experiments were conducted
at a shear rate of 200 1/s. The data were collected in 10 s interval.

The relevant parameters such as peak viscosity, holding
strength, final viscosity, breakdown, and setback were determined
according to the definition provided by Wongsagonsup, Shobsngob,
Oonkhanond, and Varavinit (2005).

• Peak viscosity is the highest viscosity during the heating step.
• Holding strength is the lowest viscosity at the end of the 95 ◦C

heating step.
• Final viscosity is the viscosity at the end of 50 ◦C cooling step.
• Breakdown is the ratio of peak viscosity to holding strength.
• Setback is the change in viscosity from holding strength to final

viscosity.

2.12. Statistical analysis

All the above mentioned tests were carried out in triplicate
and the results are expressed as the mean ± standard deviation.
Duncan’s multiple comparison tests were used to determine the
significant difference between mean values at 95% (p < 0.05) confi-
dence level using SPSS 19.0 software (SPSS Inc., Chicago, USA).

3. Results and discussion

3.1. Morphology of starch granules

The morphology of native starch, STMP-crosslinked starch and
STMP-crosslinked porous starch (ScPS) as observed under SEM are
presented in Fig. 1. As can be seen from the SEM micrograph (Fig. 1,
label NS), the native starch granules have round and polygonal
granular shape with relatively smooth surface which agrees with
earlier observations by Zhang et al. (2012). The granules of the
STMP-crosslinked starch (CL) appear rougher and they have some
surface dents.

The SEM micrographs of STMP-crosslinked porous starch hav-
ing different degree of crosslinking (2%, ScPS-2; 4%, ScPS-4; 6%,
ScPS-6; 8%, ScPS-8) are presented in Fig. 1. It can be seen from the
SEM micrographs of crosslinked porous starch samples that there
are a large number of pores on the surface of porous starch gran-
ules. O’Brien and Wang (2008) have also reported that larger and
deeper pore structures are formed during enzymatic hydrolysis of
starch granules due to extensive enzymatic hydrolysis. However,
the number and the size of pores in porous starch having different
degree of crosslinking are different. Especially, the morphology of
ScPS-4 is quite different compared to others. The size of pores in
the ScPS-4 is the smallest and the number of pores in this sample
was the highest compared to other three crosslinked porous starch
samples. The pores in the ScPS-2 are relatively shallow. This may be
due to the fact that degree of crosslinking (2%) at this level does not
facilitate the enzymatic hydrolysis. The size and shape of pores in
ScPS-6 are similar to those in ScPS-2 and ScPS-8. The depth of pores

in ScPS-6 has increased compared to that of ScPS-2 and as would be
shown in Section 3.2 below, this sample showed the highest poros-
ity. It can also be seen from this figure that some of the pores of
ScPS-8 have merged (collapsed) with each other.
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degree of crosslinking affects the porosity of the porous starch.
These observations also corroborate with the morphological fea-
tures (Section 3.1) that the enzymatic hydrolysis has produced

Table 1
Total pore area, average pore diameter and porosity for native starch (NS) and
crosslinked porous starch (ScPS) samples.

Starch species Total pore area
(m2/g)

Average pore
diameter (4 V/A) (nm)

Porosity (%)

NS 0.394 ± 0.02a 26.9 ± 1.4a 7.13 ± 0.3a

ScPS-2 1.632 ± 0.06b 1052.4 ± 33c 53.92 ± 0.18b

ScPS-4 4.237 ± 0.15c 969.8 ± 19b,c 59.73 ± 0.21c

ScPS-6 7.045 ± 0.34d 1506.4 ± 28d 62.86 ± 0.26d

ScPS-8 6.807 ± 0.26d 790.9 ± 32b 57.97 ± 0.32b,c
Fig. 1. SEM micrographs of native starch (NS), crosslinked starc

The increase in pore size and pore depth in the structure of
rosslinked porous starch compared to that of native search indi-
ates that the former is capable of offering larger specific surface
rea (Chen & Zhang, 2012). It can be inferred from the highly porous
tructure of crosslinked porous starch granules that this starch
ould have higher adsorption capacity compared to native starch.
ence, the crosslinked porous starch can be preferably used as an
dsorbent in various applications.

.2. Porosity of starch samples

Table 1 presents the data on total pore area, average pore diam-
ter and porosity of native starch and porous starch with different
rosslinking degree. The hydrolysis caused an obvious increase in
ore area and pore diameter as well as the porosity. The magnitude
f the total pore area of crosslinked porous starch was  increased
0–20 times compared to that of the native starch. The ScPS-6 and
cPS-8 have relatively higher total pore area. This may  be due to the
act that these two samples possess relatively higher porous struc-

ure with higher degree of STMP crosslinking. The average pore
iameters of native and STMP-crosslinked porous starches (Table 1)
how the latter have significantly (p < 0.05) larger pore diameters
hich corroborate with the corresponding morphological features
 and crosslinked porous starch (ScPS-2, ScPS-4, ScPS-6, ScPS-8).

(Section 3.1). The STMP-crosslinked porous starch possess signifi-
cantly (p < 0.05) higher porosity than that of native starch (Table 1).
The ScPS-6 shows the highest porosity value among all the sam-
ples. These observations indicate that the surface of the crosslinked
porous starch contains much higher number of pores and that the
ScPS-2, 4, 6, and 8 denote 2%, 4%, 6% and 8% of crosslinking in porous starch samples.
Values represent the mean ± standard deviation of triplicate tests.
Values in a column followed by different lowercase letters in superscripts were
significantly different from each other according to Duncan’s multiple range tests
(p  < 0.05).
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Table  2
The degree of swelling (%) of native starch (NS), porous starch (PS) and crosslinked
porous starch (ScPS) samples.

Samples 40 ◦C 70 ◦C 95 ◦C

NS 4.9216 ± 0.24a 15.4529 ± 0.76e 43.9021 ± 0.48a

PS 6.5374 ± 0.61d 17.3532 ± 0.15f 48.1736 ± 0.81d

ScPS-2 6.4917 ± 0.33d 14.8786 ± 0.59b,c 45.8336 ± 0.27b

ScPS-4 6.1337 ± 0.47c 14.6962 ± 0.75a,b 44.0718 ± 0.37a

ScPS-6 6.0345 ± 0.13c 14.5774 ± 0.55a 46.8598 ± 0.86c

ScPS-8 5.6914 ± 0.29b 15.2911 ± 0.72d 46.9264 ± 0.64c

ScPS-2, 4, 6, and 8 denote 2%, 4%, 6% and 8% of crosslinking in porous starch samples.
Values represent the mean ± standard deviation of triplicate tests.
Values in a column followed by different lowercase letters in superscripts were
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ignificantly different from each other according to Duncan’s multiple range tests
p  < 0.05).

tarch granules with much higher porosity (more porous gran-
le structure). Furthermore, the porous starch with 6% crosslinking
egree showed the highest values in total pore area, average pore
iameter and porosity.

.3. The degree of swelling

Table 2 shows the degree of swelling of STMP-crosslinked
orous starch (ScPS) samples prepared at different level of STMP
oncentration. It be seen from this table that the degree of swelling
swelling power) of ScPS has increased significantly (p < 0.05) with
he increase in the temperature. This observation indicates that
emperature is the important factor which affects the swelling
ower of crosslinked porous starch.

Table 2 showed that the degree of swelling of porous starch
s higher than that of native starch. This can be attributed to the
arge number of pores in the partially hydrolyzed starch granules
Section 3.2) possess large number of pores. The increase in the
umber and size of the pores can hold more water within the
tarch granules which results into higher swelling power. In addi-
ion, the amylose content (amorphous region) of starch is degraded
n the hydrolysis process. It has been reported earlier that the
tarch granules containing lower extent of amylose swell more eas-
ly when subjected to heat (Wang & Wang, 2003). The degree of
welling of crosslinked porous starch was lower than that of porous
tarch. This may  be due to the crosslinking of starch molecules
ith STMP increases and strengthens strength of hydrogen bonds.

he increased strength of hydrogen bonds can restrict the swelling
ower of STMP crosslinked porous starch (Lee et al., 2000).

The swelling power of crosslinked porous starch at different
emperature was different depending on the degree of crosslink-
ng. For example, the degree of swelling of ScPS-2 was the highest
nd that of ScPS-8 was the lowest at 40 ◦C. This is consistent with
ee, Kumar, Rozman, and Azemi’s (2005) report that the strength of
onding of the starch granules plays an important role in determin-

ng the extent to which the starch granules are capable of swelling.
ence the degree of swelling of the crosslinked starch at 40 ◦C is
xpected to be controlled by the concentration of the crosslinker.
his is because starch is well below its gelatinization temperature.

The degree of swelling at 70 ◦C is quite different compared
o the degree of swelling at 40 ◦C. That is, the swelling power
f the crosslinked porous starch decreased with the increase in
he STMP concentration. The swelling power of the crosslinked
tarch reached to its minimum value at 6% STMP concentration.
he swelling power of the crosslinked starch at 8% STMP was higher
han that at 6% HTMP. This trend of variation of swelling power of

rosslinked starch can be attributed to the increase in the density
f crosslinks. This increased crosslinking density hinders the pene-
ration of water into the starch molecular network and results into
he reduction of swelling power. Hirsch and Kokini (2002) showed
Fig. 2. Adsorption kinetics of methylene blue (MB) in porous starch samples at
different crosslinking degree.

that the crosslinked starch became stiffer and the starch granule
became more compact when the degree of crosslinking increased.
In another study, De Miguel, Rieumajou, & Betbeder (1999) found
that at very high concentration of epichlorohydrin, the crosslinker
was found to polymerise to form longer poly-oxyethylene-type
crosslinks between the polymer chains. The resultant dimeric or
oligomeric structures were found to facilitate the swelling rather
than restricting it. This observation helps to explain why the
swelling power of ScPS-8 was higher than that of ScPS-6.

At 95 ◦C, the variation of the degree of swelling of all the starch
samples was similar. The degree of swelling of all the samples was
highest at this temperature compared to the degree of swelling at
lower temperatures. This is due to the fact that the starch samples
were sufficiently gelatinized during the hydrothermal processing
and the amylopectin chains were hydrolyzed at this high temper-
ature. Furthermore, we found the water content of the swelled
starch could not completely be separated by centrifugation (Wang
& Wang, 2003).

3.4. Adsorption kinetics

Fig. 2 presents the adsorption capacity (for methylene blue) of
the porous starch samples crosslinked at various STMP concentra-
tions. It can be seen from this figure that the porous starch samples
having different degree of crosslinking have quite different adsorp-
tion capacity for MB.  The adsorption capacity of the crosslinked
porous starch at 6% STMP (ScPS-6) was the highest at all time values
which can be attributed to the larger pores and highest pore density
(refer to Table 1) (Yamada et al., 1995; Zhao et al., 1996). Besides, the
STMP (as crosslinker) is capable of increasing the intensity of the
ester linkages (crosslinking bond), which improves the stability and
integrity of starch granule structure. The higher degree of crosslink-
ing enables adsorption of higher amount of methylene blue and
holds the adsorbed methylene blue molecules more tightly within
the porous structure. The adsorption kinetics data also show that
adsorption of methylene blue molecules occurs very rapidly within
60 min  (fast adsorption stage). Then, the rate of adsorption slows
down at longer times (slow adsorption stage). After 120 min,
the amount of adsorbed ScPS increases very slowly with time
suggesting that the adsorption process almost reaches to an equi-
librium value. Furthermore, the ScPS-6 shows the best adsorption
capability among these crosslinked porous starch samples which
can also be contributed to its highest porosity and largest pore

diameter (Table 1).

Two different kinetic models [Eqs. (4) and (5)] were used to
explore the mechanism of adsorption. The first-order and the
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econd-order models are given by Eqs. (4) and (5), respectively (Ho
 McKay, 1998).

n(Qe − Qt) = ln Qe − K1 × t (4)

t

Qt
= 1

K2 × Qe2
+ 1

Qe
× t (5)

here Qe and Qt (mg/g) are the adsorbed values of methylene
lue at equilibrium and at time t, respectively. K1 (min−1) and K2
g/mg/min) are the equilibrium rate constants of the first order and
econd order equations, respectively.

The scenario of fitting of the first order kinetics model [Eq. (4)]
ith the experimental methylene blue adsorption kinetics data

s presented in Fig. 2. The second order kinetics model was  also
imilarly fitted with these adsorption kinetics data (not shown).
he parameters obtained by fitting these two different models to
xperimental data are presented in Table 3. Judging from the coef-
cient of regression (R2), the first order model fits the experimental
ata better than the second order model suggesting that the first
rder kinetics model better represents the adsorption kinetics of
ethylene blue in crosslinked porous starch samples.
The parameter K1 represents the rate of adsorption. The higher

alue of this parameter indicates to a faster adsorption rate. The
ata presented in Table 3 shows that the ScPS-6 has the highest
1 value indicating that this crosslinked porous starch sample pos-
esses the best adsorption ability. The highest rate of adsorption
n ScPS-6 can also be attributed to the highest porosity and pore
iameter values in this sample (Table 1).

.5. FTIR spectra of starch samples

The variation in crystal form, chain conformation and the helical
tructure of starch alters the absorption of infrared energy (Wu  &
eib, 1990). Hence, the FTIR was used to further explore the struc-
ural organization of STMP-crosslinked porous starch samples.

The FT-IR spectra of the native starch, porous starch and STMP-
rosslinked porous starch samples (ScPS) are shown in Fig. 3a.
he presence of O–H is confirmed by the presence of stretching
ibration at wavenumber about 3400 cm−1. The peak at 1248 cm−1

orresponds to the O–H bending vibration. The absorption bands
n the 1365–1413 cm−1 region are contributed by the C–H bending
ibrations. The absorption band observed at 2945 cm−1 is due to
–H stretching. The absorption peak at 1160 cm−1 is due to C–O
ending (Peng et al., 2011a,b; Silva-Júnior et al., 2008). As can be
een from Fig. 3a, there is no distinct difference among the vibra-
ion bands of O–H, C–H, and C–O in native starch, porous starch
nd different ScPS. This may  be due to the fact that the basic chem-
cal structures of the uncrosslinked porous starch, the crosslinked
orous starch and the native starch are similar which has reflected

n the similar absorption peaks.
However, there are some noticeable differences in the FT-IR

pectrum of ScPS compared to the spectra of uncrosslinked porous
tarch and native starch samples. Two of the noticeable differences
n these spectra are that the absorption bands in 2432–2358 cm−1

ange have disappeared and the peak at about 1107 cm−1 became
roader and more intense (stronger).

Interestingly, the characteristic absorption peaks inherent to
–O and P–O–C (Suflet et al., 2006) did not appear in the spec-
ra of the crosslinked porous starch samples. This could be due to
he low degree of crosslinking in these ScPS samples. However, as
an be seen from Fig. 3b, the absorption peaks observed within
000–1250 cm−1 of FT-IR spectrum of starch crosslinked with 8%

TMP are absent in the spectra of other crosslinked porous starch
amples. This means that the P–O and P–O–C absorption peaks
ould be observed when the degree of crosslinking with STMP was
igher.
ers 103 (2014) 310– 318 315

3.6. The melting point and melting enthalpy of samples

Fig. 3 (panel c and d) shows the thermograms of crosslinked
starch and STMP-crosslinked porous starch. This figure also
includes the thermograms of native starch and porous starch for
comparison purpose. It can be seen from Fig. 3c and d that all
the samples show distinct endothermic peaks between 120 ◦C and
160 ◦C. These are the melting temperatures at which the melting of
the micro-crystallites of this particular starch takes place.

The peak melting point temperature of the crosslinked starch
increased with the increase in the degree of crosslinking up to 6% of
STMP. The peak melting temperature of the starch crosslinked with
8% STMP was  lower than the starch which was crosslinked with 6%
STMP. This observation indicates that the application of STMP as a
crosslinker can improve the stability and integrality of native starch
up to 6% of STMP, which increases the difficulty of starch melting.
However, it appears that when the concentration of crosslinker or
degree of crosslinking increases beyond certain value (8% STMP in
this case) it increases the inhomogeneity in starch and lowers the
melting point.

The thermograms of crosslinked porous starch samples are dis-
tinctly different compared to those of native starch and the porous
starch in terms of peak temperature and enthalpy (�H). The porous
starch has higher melting temperature than that of native starch.
This is because starch samples hydrolyzed by enzyme possess rel-
atively higher percentage of crystallinity, which leads to greater
packing in the granules. This denser packing impedes both the heat
and mass transfer which results into higher melting temperature.

The crosslinked porous starch samples showed higher melting
temperature than the native starch. Among the crosslinked porous
starch samples, the peak melting temperature showed decreasing
trend with increase in the degree of crosslinking. The melting
enthalpy (�H) on the other hand increased with the increase in the
crosslinking degree. This may  be due to the fact that the crosslink-
ing reaction increases the average molecular mass, improves the
strength of chemical bonds involved in intermolecular crosslink-
ing. All of these factors make the starch granules stronger and favor
the increase in melting enthalpy. All of these observations indi-
cate that the crosslinked porous starch possesses better thermal
stability compared to the native starch.

3.7. X-ray diffraction (XRD) patterns of starch samples

The XRD patterns of native starch, uncrosslinked porous starch
and STMP-crosslinked porous starch samples are presented in
Fig. 4a. Each X-ray diffractogram except for that of the native starch
is vertically shifted to avoid overlapping. As can be seen from this
figure, the native starch shows a typical A-type crystalline pattern
(strong diffraction peaks (2�) at about 14.8◦ and 22.7◦) which is
characteristic of cereal starch. The A-type crystalline pattern also
contains an unresolved doublet at 16.9◦ and 17.8◦ (2�)  and a small
diffraction peak at about 19.8◦ (2�) (Whittam, Noel, & Ring, 1990).
The porous starch also showed similar A-type crystalline pattern
with higher intensities and sharper peaks which indicates that
the enzymatic hydrolysis has not altered the physical structure
of the starch (Wu,  Du, Ge, & Lv, 2011). This observation is consis-
tent with earlier study by Gallant, Mercier, and Guilbot (1972) who
mentioned that the amylolysis primarily occurs in the amorphous
region of the starch granules.

However, the diffraction patterns of the crosslinked porous
starch samples are distinctly different compared to those of native
starch and uncrosslinked porous starch samples. As can be seen

from Fig. 4a, the coupled diffraction peaks at 16.9◦ and 17.8◦ (2�)
gradually started to merge into a single peak with the increase
in the crosslinking degree. The diffraction peaks of the differently
crosslinked porous starch samples appear at different locations.



316 F. Gao et al. / Carbohydrate Polymers 103 (2014) 310– 318

Fig. 3. The FTIR spectra and thermograms of native starch (NS), porous but uncrosslinked

Fig. 4. X-ray diffractograms and Viscosity of native starch (NS), porous but
uncrosslinked starch (PS) and crosslinked porous starch (ScPS) samples.
 starch (PS), crosslinked starch (CL) and crosslinked porous starch (ScPS) samples.

Besides, a diffraction peak at about 19.8◦ (2�) almost disappeared
in ScPS-6. The intensity of diffraction in crosslinked porous starch
samples decreased quite remarkably compared to the intensity
of uncrosslinked porous starch. This may  be due to the fact that
the crosslinking reaction between the STMP and starch molecules
mainly occurs in the crystalline region of the starch granules.

3.8. Viscometric properties

The steady shear viscosity versus temperature profiles of native
starch, uncrosslinked porous starch, and STMP-crosslinked porous
starch are presented in Fig. 4b. As can be seen from this figure, the
pasting temperature of the crosslinked starch samples increased
with the increase in the degree of crosslinking. The increase in
the pasting temperature is an indication that the crosslinking
had indeed taken place within the starch granules and that the
crosslinking increased the shear and thermal resistance.

As shown in Fig. 4b, the peak viscosity of crosslinked porous
starch samples decreased from 1.081 Pa s to 0.6451 Pa s first and
then increased to 0.9447 Pa s due to the increase in the degree of
crosslinking with STMP. The ScPS-6 showed the lowest peak viscos-
ity among these samples. The holding strength and final viscosity
also showed similar trend shown by the peak viscosity.

Watcharatewinkul, Uttapap, Puttanlek, and Rungsardthong
(2010) explained that an increase in breakdown value is
an indication of breaking down of fragile starch granules.
The lower breakdown viscosity values indicate better thermal
stability (Saartrat, Puttanlek, Rungsardthong, & Uttapap, 2005;
Chuenkamol, Puttanlek, Rungsardthong, & Uttapap, 2000). It can
be observed from Table 4 that the breakdown values show

clear distinction between the native starch, uncrosslinked porous
starch, crosslinked starch and crosslinked porous starches. The
uncrosslinked porous starch showed the highest breakdown indi-
cating that the thermal stability of porous starch was the poorest.
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Table  3
The parameters of the two kinetic models applied to predict the adsorption of methylene blue (MB) of porous starches having different crosslinking degree.

Sample Pseudo-first-order Pseudo-second-order

Qe1 K1 R1
2 Qe2 K2 R2

2

ScPS-2 0.654 ± 0.009a,b 2.185 ± 0.113b 0.996 0.738 ± 0.030 b 3.486 ± 0.675c 0.978
ScPS-4 0.758 ± 0.07b 1.996 ± 0.067a,b 0.998 0.865 ± 0.028c 2.666 ± 0.415a 0.987
ScPS-6 0.814 ± 0.016c 2.354 ± 0.173c 0.991 0.915 ± 0.042d 3.034 ± 0.688b 0.970
ScPS-8 0.590 ± 0.012a 1.907 ± 0.145a 0.992 0.677 ± 0.034a 3.182 ± 0.753b 0.972

ScPS-2, 4, 6, and 8 denote 2%, 4%, 6% and 8% of crosslinking in porous starch samples.
Values represent the mean ± standard deviation of triplicate tests.
Values in a column with different superscripts were significantly different (p < 0.05).

Table 4
The characterstic viscometric parameters of native starch (NS), uncrosslinked porous starch (PS), crosslinked starch (CL) and crosslinked porous starch (ScPS) samples.

Sample Parameter

Peak viscosity Holding strength Breakdown Final viscosity Setback

NS 0.8119 0.4005 0.4114 0.7185 0.3180
PS  1.056 0.6192 0.4368 1.150 0.5308
CL  0.8950 0.5672 0.3278 0.9785 0.4113
ScPS-2 1.0810 0.8368 0.2442 1.3690 0.5322
ScPS-4 0.8097 0.6094 0.2003 0.8961 0.2867
ScPS-6 0.6451 0.5658 0.0793 0.8231 0.2573
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ScPS-8 0.9447 0.7891 

cPS-2, 4, 6, and 8 denote 2%, 4%, 6% and 8% of crosslinking in porous starch sample

his is because the uncrosslinked porous starch had the largest
ores and highest pore density due to enzymatic hydrolysis. The

argest pore size and the highest pore density reduced the struc-
ural stability of starch granules which was reflected in the very
igh breakdown value. The native starch displayed larger break-
own value than that of crosslinked starch. This better thermal and
hear stability (compared to native starch) of the crosslinked starch
s due to the increase in the thermal and shear resistance accorded
y the STMP crosslinking. The breakdown viscosity value of ScPS-6
as 0.0793 Pa s which was the lowest among all the starch samples.

his indicates that this starch sample possess excellent stability
gainst heat and shear.

It has to be noted that although the crosslinked starch granules
ere stronger than the native starch granules, they were not strong

nough to withstand the heat and shear during the holding period.
ccordingly, vast majority of crosslinked granules were broken and

nteractions among the dispersed starch molecules resulted into
ncrease in paste viscosity when the dispersions were cooled.

. Conclusions

Corn starch was crosslinked with STMP (2%, 4%, 6% and 8%, (w/w)
TMP) and subsequently partially hydrolyzed by using combination
f two enzymes (alpha amylase and glucoamylase). The morphol-
gy, porosity, swelling properties, adsorption kinetics, crystallinity,
hermal and viscometric properties of these crosslinked porous
tarch samples were determined and analyzed. The native starch
nd the starch which was crosslinked but not subjected to enzy-
atic hydrolyzed were also characterized for comparison purpose.
The porous starch crosslinked with 4% STMP showed quite dif-

erent morphology compared with other crosslinked porous starch
amples. The size of pores in the ScPS-4 was the smallest and the
umber of pores in this sample was the highest. Both the porosity
nd the pore diameters of the crosslinked and hydrolyzed samples
ncreased significantly compared to those of the native starch.
he porosity and pore diameter values of the ScPS-6 were the

ighest among all the samples. The swelling power of crosslinked
orous starch was lower than that of uncrosslinked porous starch
ut higher than that of native starch. The uncrosslinked porous
tarch granules had larger pore size and higher pore density which
0.1556 1.2670 0.4779

enabled it to hold more water and, hence, increase the swelling
power. The crosslinking with STMP increased the integrity of
starch granules which resulted into lower swelling power.

The first order kinetic model was found to fit the experiment
adsorption kinetics data of methylene blue in crosslinked porous
starch well (R2 > 0.99, average error = 6.03%).

The crosslinked porous starch produced by crosslinking with 6%
(w/w) STMP was  found to have the best resistance against effect of
heat and shear. Thus, the porous starch crosslinked with 6% (w/w)
STMP can find increased application in food and other industries
where starch with higher shear and thermal resistance is desired.
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