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The present paper reports the preparation of cross-linked porous corn starch (c-PCS) with high methyl violet adsorption capabilities. To obtain 

c-PCS, the pre-alkalization of porous corn starch (PCS) was first performed using sodium hydroxide/sodium chloride (NaCl/NaOH), followed 

by the cross-linking of PCS employing epichlorohydrin (ECH) as the cross-linking reagent. The effects of key experimental parameters, i.e. the 

mass ratio of NaOH to PCS (m /m ), the mass ratio of NaCl to PCS (m /m ), the temperature (T ) and reaction time (t ) during the NaOH pcs NaCl pcs a a

alkalization process, the ratio of ECH volume to the mass of PCS (V /m ), the ratio of solution volume to the mass of PCS (V /m ), pH ECH pcs s pcs

value, the temperature (T ), and the reaction time (t ) in the cross-linking reaction, on the adsorption capability of c-PCS using methyl violet as c c

an adsorbed model were investigated in details. A maximum adsorption capability of 48.3 % was achieved with the following optimum 
oexperimental parameters: m /m = 0.02, m /m = 0.06, T  = 40 C, t  = 1.0 h, V /m  = 0.003 (mL/g), V /m  = 7 (mL/g), pH=10, T  = 20 NaOH pcs NaCl pcs a a ECH pcs s pcs c

oC, t  = 3.0 h. The improved adsorption performance was caused by the changed morphology as confirmed by the scanning electron c

microscope image.  

1. Introduction
As a natural polymer, starch has attracted extensive research attention 

1due to its wide availability, low cost, eco-friendliness, and renewability.  
2 3Starch-based sustainable biomaterials,  self-healing composites,  shape 

4memory materials,  etc. have been widely investigated. Unfortunately, 

the inherent limitations of native starch (e.g. rather small surface area 

and pore volume, low shear resistance, and high susceptibility to 

thermal decomposition) restrict its deployment for practical 
5-7applications.  The modification of native starches, therefore, has 

become a popular approach to achieving desirable physicochemical 
8-11characteristics and to extending their application scope.  In the midst 

of various types of modified starch, porous starch has attracted 

increasing attention recently because of its unique pore structure and 
12-15rich pores.  Till now, porous starch has been explored as micro-

capsules or adsorbents for versatile applications, e.g. in the fields of 
16 17 18,19 20food,  medicine, environmental remediation,  cosmetics,  and so 

forth.

The history of porous starch dates back to 1957. Under the 

transmission electron microscope, Professor Whistler in Purdue 

University, USA, and another Japanese scientist observed rich pores 

extending from the surface to the inner core in the corn starch which 
21was hydrolyzed by α-amylase.  In 1984, the concept of “Aperture 

Starch” was first proposed by Whistler in his book of Starch: Chemistry 
1and Technology.  Later in 1997, Ishii gave this type of modified corn 

another term―porous starch, which has been used till today. 

Up to now, a variety of approaches have been developed to 
22produce porous starch, including freezing-solvent exchange technique,  

23 24 25microwave processing,  ultrasonic treatment,  acid treatment,  and 
26,27enzymatic hydrolysis.  Particularly, enzymatic hydrolysis of native 

starch using α-amylase or glucoamylase at sub-gelatinization 

temperature has been commonly employed for the main advantage of 

low energy cost. Recent study indicated that porous starch with higher 

hydrolysis efficiency could be yielded by conjugating the endo-activity 
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28of α-amylase and the exo-activity glucoamylase.  Porous corn starch 

(PCS) used for adsorbents had also been successfully prepared using a 
29mixture of α-amylase and glucoamylase.  The PCS exhibited better 

adsorption performance than native corn starch. Yet, there is still a 

concern for the structure durability of the as-obtained PCS. Porous 

starch granules usually become very fragile after the enzymatic 

hydrolysis, and are easy to rupture and therefore lose the adsorption 
30capability when they are subjected to freeze-thaw cycles.   

To obtain adsorbents with enhanced structure stability, the cross-

linking of PCS was carried out in the present study, where PCS was 

pre-alkalized first using sodium hydroxide/sodium chloride 

(NaCl/NaOH), and then cross-linked employing epichlorohydrin (ECH) 

as the cross-linking reagent. The cross-linking was reported to stabilize 

and strengthen the starch by adding random intra- or inter-covalent 
30,31bonds in the starch.  Moreover, the cross-linking is expected to bring 

about rougher granular surface, which is beneficial for the adsorption 

and immobilization of small molecular adsorbates. Nevertheless, the 

cross-linking must be carried out with care since overdue cross-linking 

would greatly reduce the specific surface area of the porous starch and 

thus lead to inferior adsorption performance. Optimum experimental 

parameters are therefore key to achieving cross-linked porous corn 

starch (c-PCS) with both robust structure and high adsorption capability. 

To this end, the effects of experimental parameters, namely, the mass 

ratio of NaCl to PCS (m /m ), the mass ratio of NaOH to PCS NaCl pcs

(m /m ), the temperature (T ) and time (t ) during the alkalization NaOH pcs a a

reaction, the ratio of ECH volume to the mass of PCS (V /m ), the ECH pcs

ratio of solution volume to the mass of PCS (V /m ), pH value, the s pcs

temperature (T ) and time (t ) during the cross-linking reaction, on the c c

adsorption capability of c-PSC using methyl violet as an adsorbed 

model were investigated in details. The chemical structure and the 

morphology of c-PCS were also studied to unveil the behind 

mechanism governing the enhanced adsorption performance.

2. Materials
NaCl and citric acid were provided by Tianjin Kwangfu Fine Chemical 

Industry Research Institute (Tianjin, China). ECH and sodium 

dihydrogen phosphate were purchased from Tianjin Chemical Reagent 

Co., Ltd. (Tianjin, China), hydrochloric acid (chemically pure) was 

supplied by Baiyin Liangyou Chemical Reagent Company (Gansu, 

China). Corn starch (food grade) was purchased from Xuejing 

Biochemical Co. Ltd. (Gansu, China). Both α-Amylase (biochemical 

grade) with an activity of 3.7 units/mg and glucoamylase (biochemical 

grade) with an activity of 100 units/mg were provided by Aoboxing 

Biotechnology Co., Ltd. (Beijing, China). Methyl violet was supplied 

by Tianxin Chemical Company (Tianjin, China). NaOH was purchased 

from Shuangshuang Chemical Industry Co., Ltd. (Shandong, China). 

All the other chemicals were analytical reagent grade and were used as-

received unless otherwise noted.

2.1 Preparation of porous corn starch (PCS)
The PCS was prepared by the enzymatic modification of native corn 

starch by a mixture of α-amylase and glucoamylase as described in our 
29previous paper.  Briefly, the corn starch was added to citric 

acid–disodium hydrogen phosphate buffer solution (pH was 5.5) in a 

round-bottomed flask. The ratio of the liquid volume to the mass of the 

corn starch was 8:1 (mL/g). The mixture was heated using water bath to 
o50 C under magnetic stirring, and then α-amylase and glucoamylase 

(m :m  = 6:1) were added. The mass ratio of the enzymes α-amylase glucoamylase

(including α-amylase and glucoamylase) to the native corn starch was 

0.02:1.00. After 12 h, 0.1 M NaOH solution was added to the reaction 

solution to adjust the pH to 10 to terminate the reaction. Then the 

solution was filtered and the product was rinsed with distilled water for 

several times. The obtained PCS was dried at room temperature and 

grinded for further use. 

2.2 Preparation of cross-linked porous corn starch (c-PCS)
ECH was employed as the cross-linking reagents for PCS. Specifically, 

appropriate amounts of NaOH, NaCl, and distilled water were added to 

100 mL round-bottomed flask, and then the magnetic stirring was 

applied to form a clear solution (denoted as solution A). Solution A was 

heated by water bath to a preset temperature, and then the as-prepared 

PCS was added for the alkalization. The corresponding solution was 

denoted as solution B. 

The cross-linking reaction was carried out after the alkalization 

process. NaOH or hydrochloric acid was first used to manipulate pH 

value of B. ECH was then injected slowly to B. When the cross-linking 

reaction was terminated, hydrochloric acid was added to the flask to 

tune pH value to neutral. The solution was filtered and the product was 

rinsed with distill water for several times. The obtained c-PCS was 

dried at room temperature and milled for future characterizations. 

2.3 Characterizations
2.3.1 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) of the c-PSC was 

performed on a FTIR spectrophotometer (American Nicolet Corp., 

Model 170-SX). About 40 mg blend of c-PSC and solid KBr powder 

was used to prepare a pellet. The pellet was dried and then exposed to 

FTIR spectrophotometry. Transmittances were recorded at a 
−1wavenumber ranging from 4000 to 500 cm . 

2.3.2 Scanning electron microscopy (SEM) 

The microstructure of the samples was observed using a scanning 

electron microscope (JEOL JSM-6701F SEM). The samples were 

coated with gold prior to the observation.

2.3.3 Adsorption capability evaluation

1.5 g c-PCS was added to 50.00 mL methyl violet solution in water 

(0.06 g/L) and stirred for 5 h at room temperature for a complete 

adsorption. Then the suspension was centrifuged at 10,000 rpm for 10 

min, and the supernatant was collected. The concentration of the methyl 

violet in the supernatant was determined by the absorbance intensity at 

583 nm using a UV/Vis spectroscopy (Lambda 35, Perkin Elmer Corp., 

USA). The adsorption ratio (AR) was calculated using Eq. (1):

 
%100

-

0

10 ´=
C

CC
AR (1)

where C  and C represent the concentration of methyl violet in the 0 1 

original solution and in the supernatant, respectively. In the present 

study, the value of C was 0.06 g/L.0 

3. Results and discussions
3.1 Optimization of experimental parameters
To obtain c-PCS with optimum adsorption capacity, the effect of 

experimental parameters including / , / ,  and  during m m m m T tNaOH pcs NaCl pcs a a

the alkalization reaction, / , / , pH value, , and  during the V m V m T tECH pcs s pcs c c

cross-linking reaction, on the adsorption behaviors was investigated.
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3.1.1 Effect of alkalization reaction parameters on the adsorption ratio

3.1.1.1 The mass ratio of NaOH to PCS (m  /m )NaOH pcs

To enhance the reactivity of PCS with ECH, alkalization was performed 

using NaOH. The hydroxyl groups of starch molecules reacted with 

NaOH and yielded sodium salt (Eq. (2)).  Unfortunately, NaOH and 32

other alkalies are also able to induce the gelatinization of starch even at 

moderate temperatures.  The intermolecular hydrogen bonds between 33,34

starch molecules are interrupted by alkalies. Correspondingly, the starch 

structure begins to loosen and therefore is penetrated by water 

molecules. The hydrophilic starch molecules are surrounded by water 

molecules, become hydrated and swollen. As a result, the starch 

molecules are dissolved in water, a process referred to gelatinization. 

The gelatinization makes the alkalization reaction difficult to proceed 

and thus is expected to bring about a reduced adsorption performance. 

In order to prevent the gelatinization, NaCl was added in the 

experiment. NaCl was reported to compete for water against starch and 

reduce the water activity ( ). The ionic interaction between sodium αw

ions and starch polymers reduced the plasticizing effect of water and 

therefore was able to inhibit the gelatinization or to increase the 

gelatinization temperature.  35,36

(2)

Fig. 1a shows the relationship between /  and the m mNaOH pcs

adsorption ratio with the aid of NaCl when other experimental 

parameters were kept constant ( / = 0.06,  = 30 C,  = 2.0 h, om m T tNaCl pcs a a
oV m V m T tECH pcs s pcs c c/  = 0.001 (mL/g), /  = 6 (mL/g), pH = 9,  = 30 C,  = 2.0 

h). It is observed that the adsorption ratio initially increases with 

increasing the /  until a maximum value is reached and then m mNaOH pcs

begins to decrease with further increasing the / . This m mNaOH pcs

phenomenon is explained that at low values of /  (≤ 0.02), NaCl m mNaOH pcs

was still capable of preventing the gelatinization, and therefore further 

increasing the mass ratio of NaOH to PCS was beneficial for the 

alkalization reaction and thus for higher adsorption ratios. Nevertheless, 

part of gelatinization began to occur when further increasing the amount 

of NaOH considering the limited inhibitory effect of NaCl at a constant  

concentration ( / = 0.06), and correspondingly the adsorption  m mNaCl pcs 

ratio was reduced. Complete gelatinization was observed when high 

loadings of NaOH were used, rendering the following cross-linking 

reaction completely impossible.  Therefore, the optimum / as m mNaCl pcs 

suggested by Fig. 1a is 0.02.

Fig.  1  The effect of (a) m /m  and (b) m /m  on the adsorption ratio of methyl violet.NaOH pcs NaCl pcs

3.1.1.2 The mass ratio of NaCl to PCS (m /m )NaCl pcs

As aforementioned, NaCl functioned to prevent the gelatinization or to 

increase the gelatinization temperature of starch during the alkalization 

process. To investigate the optimum amount of NaCl required for the 

alkalization reaction, the adsorption ratio as a function of /  was m mNaCl pcs

plotted while keeping other parameters constant ( / = 0.02,  = m m TNaOH pcs a

30 C,  = 2.0 h, /  = 0.001 (mL/g), /  = 6 (mL/g), pH = 9,  o t V m V m Ta ECH pcs s pcs c

= 30 C,  = 2.0 h). As indicated by Fig. 1b, NaCl was effective to o tc

increase the adsorption ratio at low values of / . It is worthy of m mNaCl pcs

note that when /  reaches 0.06, it is useless further increasing the m mNaCl pcs

amount of NaCl, and the adsorption ratio begins to level off. Thus, it 

can be inferred that an optimum / for the alkalization is 0.06.m mNaCl pcs 

3.1.1.3 The alkalization temperature (T )a

Fig. 2a depicts the effect of T  on the adsorption ratio of methyl violet a

(the other parameters: m /m = 0.02, m /m = 0.06, t  = 2.0 h, NaOH pcs NaCl pcs a
oV /m  = 0.001 (mL/g), V /m  = 6 (mL/g), pH = 9, T  = 30 C, t  = 2.0 ECH pcs s pcs c c

oh). At lower temperatures (≤ 40 C), the adsorption ratio increases with 
oincreasing the T . In the temperature range of 40 to 50 C, a short a

oplateau occurs, and then the adsorption ratio decreases when T  ≥ 50 C. a

This phenomenon is explained by two competing effects brought by the 

increased temperature. On one hand, the reaction rate increases with 

increasing the temperature, according to Arrhenius Equation (Eq. (3)). 

 RTEaAek /-= (3)

where  is the rate constant,  is the absolute temperature in K,  is the k T A

pre-exponential factor,  is the activation energy for the reaction in J, Ea

and  is the universal gas constant in J/molK. Thus the alkalization of R

PCS took place more completely during the reaction and therefore 

guaranteed a higher adsorption ratio. On the other hand, the PCS was 

prone to gelatinization at higher temperatures.  When alkalization 37

temperatures were lower than 40 C, the positive effect of increasing the o

temperature dominated, and the gelatinization was still under control 

with the aid of NaCl; the positive and negative effects began to balance 

out at temperatures ranging from 40 to 50 C. When further increase the o

temperature, serious gelatinization dominated, and thus the adsorption 

ratio was decreased. An optimum alkalization temperature of 40 C is o

therefore determined from Fig. 2a.

3.1.1.4 The alkalization time (t )a
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The influence of alkalization time t  on the adsorption ratio was a

investigated in Fig.  2b while keeping the other parameters constant: 
om /m = 0.02, m /m = 0.06, T  = 40 C, V /m  = 0.001 (mL/g), NaOH pcs NaCl pcs a ECH pcs

oV /m  = 6 (mL/g), pH = 9, T  = 30 C, t  = 2.0 h. As shown in Fig.  2b, s pcs c c

the adsorption ratio first increases with increasing the reaction time, but 

then decreases slowly. It is reasonable that enough time is required to 

activate the starch molecules in the alkalization process. Nevertheless, it 

is no use to prolong the reaction time if the alkalization of the starch 

molecules is completed. Moreover, undesirable gelatinization occurred 

at prolonged reaction time. Therefore, an optimum alkalization time of 

1.0 h could be confirmed by Fig.  2b.

3.1.2 Effect of cross-linking reaction parameters on the adsorption ratio

3.1.2.1 The ratio of ECH volume to the mass of PCS (V /m )ECH pcs

38ECH has long been employed for the crosslinking of polysaccharides.  

After the alkalization of PCS (Eq. (4)), the sodium salt of starch reacted 

with ECH to yield corn starch-epoxy (reaction 2). Diether bridges were 

formed when corn starch-epoxy further reacted with the hydroxyl 

groups of another PCS molecule (Eq. (5)). The crosslinking was 

conducted under heterogeneous conditions where the solid PCS 

granules reacted with the liquid phase containing NaOH/NaCl and 
39 ECH.

 

(4)

(5)

The plot of V /m  against the adsorption ratio of methyl violet is ECH pcs

presented in Fig. 3a (the other experimental parameters: m /m = NaOH pcs 
o0.02, m /m = 0.06, T  = 40 C, t  = 1.0 h, V /m  = 6 (mL/g), pH = 9, NaCl pcs a a s pcs

oT  = 30 C, t  = 2.0 h). It is observed that the adsorption ratio initially c c

increases rapidly with increasing the volume of epoxy, and remains 

relatively constant, and then decreases slowly. The reason is that when 

little amount of ECH was added, e.g. V /m  was 0.0005 ml/g, the ECH pcs

cross-linking degree of PSC was negligible; therefore, the obtained c-

PSC exhibited poor adsorption performance. With increasing the 

amount of epoxy propane, both the surface and the core of the PCS 

began to be cross-linked. The cross-linking not only stabilizes the 

structure of PSC and makes the adsorbed methyl violet more stable, but 

also makes the surface becomes rougher, which is beneficial for the 
30adsorption.  As a result, a significant increase in the adsorption ratio 

was observed at first. However, when V /m  was higher than 0.003 ECH pcs

ml/g, overdue cross-linking took place, which might reduce the total 

Fig.  2 The effect of (a) T  and (b) t  on the adsorption ratio of methyl violet.a a

Fig.  3 The effect of (a) V /m  and (b) V /m  on the adsorption ratio of methyl violet.ECH pcs s pcs
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pore volume, and thus gave rise to a decreased adsorption ratio. The 

optimum V /m  is determined to be 0.003 mL/g.ECH pcs

3.1.2.2 The ratio of solution volume to the mass of PCS (V /m )s pcs

While keeping other experimental parameters fixed (m /m = 0.02, NaOH pcs 
om /m = 0.06, T  = 40 C, t  = 1.0 h, V /m  = 0.003 (mL/g), pH = 9, NaCl pcs a a ECH pcs

oT  = 30 C, t  = 2.0 h), the dependence of adsorption ratio on V /m  was c c s pcs

studied and plotted in Fig.  3b. In the present study, V /m  was tuned by s pcs

distilled water. The parabola going upwards represents two extreme 

conditions. Under one extreme condition, when the value of V /m  ECH pcs

was very small, that is, very little solvent in the system, poor dispersion 

of PCS was expected, and thus there was fewer collision chances 

between the corn molecules and the cross-linking agent. Meanwhile, too 

little solvent meant highly concentrated NaOH solutions, which led to 

the gelatinization of PCS. Under the other extreme condition, when the 

value of V /m  was very high, i.e. too much solvent in the system, both s pcs

ECH and NaOH were highly diluted, which was not favorable for either 

the cross-linking reaction or the alkalization. Therefore, an appropriate 

V /m is required to obtain an optimum adsorption ratio. From Fig. 3b, s pcs 

the optimum V /m  of 7 (mL/g) is confirmed.s pcs

3.1.2.3 pH value 

The plot of pH value against the adsorption ratio is shown in Fig.  4 

(other experimental parameters: m /m = 0.02, m /m = 0.06, T  = NaOH pcs NaCl pcs a
o o40 C, t  = 1.0 h, V /m  = 0.003 (mL/g), V /m = 7 (mL/g), T  = 30 C, a ECH pcs s pcs c

t  = 2.0 h). It is well known that ECH only has a higher reactivity in the c

acid or base environment. Therefore, in the beginning of the curve in 

Fig. 4, the adsorption ratio is very low (e.g. 24.3 %) since almost no 

cross-linking reaction occurs at a pH value of 7. With increasing the pH 

value, ring-open reaction of ECH began to occur and reacted with PCS 

to form c-PCS. As a result, the adsorption was found to increase with 

increasing the pH value in the beginning. Unfortunately, ECH 

molecules are prone to react with each other or with water molecules at 

pH values higher than 10.0. Besides, high pH values were favorable for 

the gelatinization. Therefore, the adsorption ration decreased rapidly 

with increasing the pH value later. The optimum pH value is 

determined to be 10.

Fig.  4 The effect of pH value on the adsorption ratio of methyl violet.

3.1.2.4 The cross-linking temperature (T )c
Fig. 5a displays the effect of T  on the adsorption ratio (other c

oexperimental parameters: m /m = 0.02, m /m = 0.06, T  = 40 C, t  NaOH pcs NaCl pcs a a

Fig.  5 The effect of (a) T  and (b) t  on the adsorption ratio of methyl violet.c c

= 1.0 h, V /m  = 0.003 (mL/g), V /m = 7(mL/g), pH = 10, t  = 2.0 h). ECH pcs s pcs c

It is obvious that increasing T  is not in favor of high adsorption ratio. c

The adsorption ratio initially decreases slowly but then rapidly with 

increasing the T . The reason is that even though high temperature was c

good for the reaction rate, it also brought about side reactions of ECH. 

ECH would be decomposed, or reacted with each other, or reacted with 

water molecules, and therefore gave rise to decreased cross-linking 

degrees. Moreover, the pristine PCS was very fragile, and the additional 

reaction sites caused by the alkalization made them very sensitive to 

cross-linking temperatures. PCS ruptured very easily at high 
 otemperatures, for example, at a T  of 65 C (Fig. S1 in the supporting c

information), resulting in sharply reduced adsorption capability. 
oTherefore, 20 C is determined to be the optimum T . c

3.1.2.5 The cross-linking time (t )c
The plot of cross-linking time t  against the adsorption ratio is shown in c

Fig. 5b (other experimental parameters: m /m = 0.020, m /m = NaOH pcs NaCl pcs 
o0.06, T  = 40 C, t  = 1.0 h, V /m  = 0.003 (mL/g), V /m = 7(mL/g), a a ECH pcs s pcs

opH = 10, T  = 20 C). Adequate time is key to obtaining a considerable c

cross-linking degree since ECH is a slow-acting cross-linking agent,40 

which explains the initial sharp increase of the adsorption ratio with 
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increasing the t from 0.5 to 3.0 h in the curve. Nevertheless, the effect c 

of t  is not significant any more as long as the cross-linking reaction is c

complete given long enough reaction time; therefore, a plateau occurs in 

the t  range of 3.0 to 5.0 h. Moreover, serious hydrolysis of PCS c

occurred in the experiment when t  was further prolonged, e.g. from 5.0 c

to 16.0 h, which damaged the granular structure of PCS. Meanwhile, 

the fracture of the PCS molecule chain arose when subjected to 

continuous shearing force, which also did harm to the integration of the 

PCS structure, for example, at a t  of 16.0 h (Fig. S2 in the supporting c

information). Therefore, a slow decrease of the adsorption ratio with the  

increase of t  is observed (Fig. 5b). An optimal t  of 3.0 h is determined.c c

3.2 Structure and Morphology
3.2.1 FTIR
Fig. 6 shows the FTIR spectra of (a) pristine corn starch, (b) PCS and 

(c) c-PCS. Due to the fact that the formed ether bonds during the cross-

linking are very similar to those of native corn starch and PCS, no 

noticeable changes in the characteristic peaks are observed in the 
-1spectra of c-PCS. The peaks at 3392, 2927, and 1646 cm  correspond to 

the stretching vibration of –OH, the stretching vibration of –CH, and the 

bending vibration of –OH…O– formed between PCS molecules, 
41 -1respectively. The adsorption bands in the range of 1415 to 1367 cm   

30are assigned to the bending vibration of –CH,  and the typical starch 
-1spectra from 1160 to 1013 cm  remain relatively unchanged. However, 

since the hydroxyl groups of starch were consumed during the cross-

linking reaction, both the peak intensity of –OH and –OH…O– were 

reduced in c-PCS. 

Fig.  6 The FTIR spectra of (a) corn starch, (b) PCS and (b) c-PCS.

3.2.2 SEM images

Fig. 7 displays the SEM images of (a) corn starch, (b) PCS and (c-d) c-

PCS. By comparison, the c-PCS demonstrates much rougher surface 

Fig.  7 SEM images of (a) corn starch, (b) PCS and (c-d) c-PCS.

than PCS and native corn starch. The reason is that the hydrolysis 

mainly occurred in the amorphous instead of the crystalline regions 
42during the preparation of PCS using α-amylase and glucoamylase.  

Thus, the crystallinity was increased as the hydrolysis proceeded. 

Correspondingly, the obtained PCS exhibited a relatively smooth 

surface if the hydrolysis was moderate. Different from hydrolysis, the 

cross-linking reactions bonded the starch molecules together and 

therefore interrupted the regularity of the chain, leading to a decreased 
43,44crystallinity. Specifically, for amylose, i.e. the linear starch molecules,  

the chain linearity was damaged, and part of the crystalline region 

Research PaperES Materials & Manufacturing
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would be transformed into amorphous region. In regard to amylopectin, 

i.e. the branched starch molecules, the branches become much messier, 

and the resulted steric hindrance also reduced the crystallinity of starch 

molecules. The rougher surface of c-PCS compared to that of PCS is  

consistent with what was observed in cross-linked starch by other 
45researchers.  The roughness is beneficial for the adsorption and 

immobility of small molecules, and thus the c-PCS demonstrated higher 

adsorption ratio than PCS (48.3% vs. 38.1%).

4. Conclusions
c-PCS has been successfully prepared using a two-step approach, i.e., 

alkalization of PCS using NaOH with the aid of NaCl, followed by the 

cross-linking reaction using ECH. Methyl violet was employed as an 

adsorbed model to investigate the effect of experimental parameters on 

the adsorption capability of the as-obtained c-PCS. Alkalization was 

favorable for the following cross-linking reaction; nevertheless, care 

must be taken to control the amount of NaOH, the alkalization 

temperature, and the alkalization time, which could give rise to 

undesirable gelatinization of PCS. In the case of the cross-linking 

reaction, the amount of ECH, the solution volume, pH value, the 

reaction temperature and time exhibited varying effects on the 

adsorption properties of c-PCS. The optimum parameters were obtained 
oas follows: m /m = 0.02, m /m = 0.06, T  = 40 C, t  = 1.0 h, NaOH pcs NaCl pcs a a

oV /m  = 0.003 (mL/g), V /m = 7 (mL/g), pH=10, T  = 20 C, t  = 3.0 ECH pcs s pcs c c

h. The as-obtained c-PCS displayed much rougher surface and 

demonstrated a higher adsorption ratio of methyl violet compared with 

the pristine PCS (48.3 % vs. 38.1 %). The robust, non-toxic, and 

environmental friendly c-PCS with high adsorption capability is 

expected to find promising applications as sustainable adsorbents in 

many fields.
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