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a b s t r a c t

In this communication, a facile and green method is introduced for the preparation of porous starch (PS),
citric acid-modified PS (CAPS) and porous ZnO. PS was created by replacing ice crystals in frozen starch
gel with selected solvent using a solvent exchange technique. The porosity of PS was greatly affected by
ccepted 27 August 2010
vailable online 6 September 2010

eywords:
orous starch
itric acid

the ethanol/water volume ratios. PS was further modified with citric acid (CA) in order to preserve or
maintain its porous state, especially upon contact with aqueous solution. CAPS was subsequently used
as a structure-directing agent to prepare ZnO with a porous network structure. The thus obtained PS,
CAPS and porous ZnO may find their niche in applications such as adsorbent, structure-directing agents
for porous metal oxides or as sensors.
inc oxide
tructure-directing agent

. Introduction

Porous starch (PS) is an economical and biodegradable adsor-
ent that has been widely used in food, pharmaceuticals,
griculture, cosmetics, pulp and paper, and other industries. PS can
e produced by reacting various raw starches with starch hydrolyz-

ng enzymes (�-amylase and amyloglucosidase) at a temperature
elow that of starch gelatinization (Wang et al., 2009; Yao & Yao,
002). The starch granules are not destroyed, although pits/craters
n their surface and/or extensive interior erosion result due to
ydrolysis of the amorphous regions of the starch. PS can also be
repared when starch granules have been completely destroyed.
uan and Hanna (2004) prepared starch foam by extruding a native
orn starch/starch acetate blend in a twin-screw extruder. El-
ahlawy, Venditti, and Pawlak (2008) prepared microcellular foams
y reacting starch with alkyl ketene dimer in an alkaline medium,
ollowed by precipitation by solvent exchange. A microwave foam-
ng process was used to produce PS where the water content
layed a noticeably important role in foam capacity and expan-

ion (Sjöqvist & Gatenholm, 2007). Torres, Boccaccini, and Troncoso
2007) used a microwave technique to produce PS-based scaffolds
rom different starches. Recently, supercritical CO2 technology was
ntroduced and promoted as an innovative technique for the pro-
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duction of PS. Soluble starch was dissolved in water. The water
in the gel was then replaced by ethanol, resulting in monolithic
starch aerogels after drying using a supercritical CO2 technique
(Miao et al., 2008). Reactive supercritical fluid extrusion was also
investigated on the cross-linking of starch blends by phosphoryla-
tion. A starch blend was mixed with sodium trimetaphosphate and
extruded at 60–70 ◦C with NaOH solution and supercritical CO2 as
a blowing agent to generate starch foams (Manoi & Rizvi, 2010). It
is worth mentioning that the processing method greatly influenced
the structure and controllability of the resultant holes in the starch
foams. Generally, the size of the holes in the starch foams was larger
than that from PS prepared by the hydrolysis method. But both of
them were uncontrollable. Zinc oxide is a semiconducting metal
oxide that has potential as an integrated multi-sensing platform,
which simultaneously detects parameters like change in field effect,
mass and surface resistivity (Eriksson et al., 2009). Porous ZnO is
in high demand as the larger surface area contributes to higher
sensitivity in the resultant devices or sensors (Yoon & Choi, 1997).
However, there are fewer reports on porous ZnO structures. Polarz,
Orlov, Schuth, and Lu (2007) prepared mesoporous ZnO by using
an organometallic (Zn–CH3) as a precursor and mesoporous carbon
or liquid crystals as a template. A simple polyglycol-assisted wet
chemical method was also used to prepare the nano-sized tetrag-
onal pyramid-shaped porous ZnO structure (Dai et al., 2008). The

polyglycol had a significant influence on the nucleation and pore
formation in the ZnO nanostructure. In this paper, PS was produced
by replacing ice crystals in frozen starch gel with selected solvent
using a solvent exchange technique, and chemically modifying with
citric acid (CA) to improve the structure stability in aqueous solu-
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Fig. 1. SEM micrograph of the fractured surface of PS, prepared fro

ion. The resultant CAPS can be used as structure-directing agents
or preparation of porous ZnO materials.

. Materials and methods

.1. Materials

Potato starch was supplied by Manitoba Starch Products (Man-
toba, Canada). Soybean oil was provided by COFCO Northsea Oils

Grains (Tianjin) Co., Ltd., China. Ethanol and citric acid were ana-
ytical reagents purchased from Tianjin Chemical Reagent Factory,
hina.

.2. Preparation of PS

Potato starch (5 g) was added into 100 mL of distilled water. The
ixture was heated at 90 ◦C for 0.5 h for complete gelatinization of

he starch. It was then stored at 5 ◦C for 48 h to obtain a starch gel.
he gel was cut into cubes (about 1 cm × 1 cm × 1 cm), and frozen at
10 ◦C for another 48 h. The frozen cubes were immersed in mix-

ures of ethanol/water with different volume ratios (10/0, 7/3, 5/5,
/7 or 1/9) at room temperature. The cubes were immersed three
imes, for about 1 h each time, in fresh ethanol/water solution of
heir respective ratios. The cubes were dried at 50 ◦C for 6 h, and

hen heated at 105 ◦C for 2 h to remove the ethanol and water, and
o obtain white solid PS cubes. PS10, PS7, PS5, PS3 and PS1 repre-
ent the PS cubes which have been immersed in the ethanol/water
ixtures with volume ratios of 10/0, 7/3, 5/5, 3/7 and 1/9, respec-

ively.
erent ethanol/water volume ratios (a, PS10; b, PS7; c, PS5; d, PS3).

2.3. Preparation of CAPS

CA modification was based on the method of Ma, Chang, Yu,
and Stumborg (2009) with some modifications. CA (30 g) was dis-
solved in 100 mL of ethanol. The PS10 cubes were immersed in citric
acid solution and conditioned for 12 h at room temperature. They
were subsequently dried and reacted with CA at 130 ◦C for 1.5 h in
a forced air oven. CA-modified PS (CAPS) was immersed in ethanol
and washed three times to remove unreacted CA, and then dried
and used for testing.

2.4. Preparation of porous ZnO

CAPS cubes were immersed in a 0.5 mol/L ZnNO3 solution for
0.5 h, and then immersed in a 1.0 mol/L NaOH solution for 0.5 h.
The obtained cubes were immersed in water and washed three
times then dried for 6 h at 50 ◦C. Porous ZnO was obtained after
incinerating the dried cubes in an air current at 800 ◦C for 2 h.

2.5. Determination of the molar degree of substitution by CA

Molar degree of substitution (MS) is the number of CA per anhy-
droglucose unit (AGU) in starch. MS was determined using the
method of Ma, Jian, Chang, and Yu (2008) with minor modifications.
CAPS was ground to a powder in order to test the MS. Approxi-
mately 1.0 g of dry CAPS was accurately weighed and placed into

a 250 mL conical flask. Then 50 mL of 75% ethanol solution was
added and the conical flask was agitated and warmed at 50 ◦C for
0.5 h before cooling to room temperature. Standard 0.500 M aque-
ous sodium hydroxide solution (20 mL) was added; the conical flask
was tightly stoppered and agitated with a magnetic stirrer for 24 h.
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ig. 2. Effect of different ethanol/water volume ratios on oil adsorption capacity.

he excess alkali was back-titrated with a standard 0.200 M aque-
us hydrochloric acid solution and re-titrated 2 h later to account
or any further alkali that may have leached from the starch. The
ample was measured in triplicate. MS of CA substitution was 0.092
or CAPS.

.6. Scanning electron microscopy (SEM)

Porous ZnO and the fracture surfaces of PS were examined using
Philips XL-3 scanning electron microscope. PS was cooled in liquid
itrogen and then broken. The fracture surfaces of PS and porous
nO were vacuum coated with gold for SEM.

.7. Oil adsorption capacity

The dried PS cubes (weight = w0) were immersed in soybean oil
or 0.5 h at room temperature with constant stirring. The mixture
as filtered in the funnel under gravity. When there is no more oil

ripping from the filter paper, PS was weighed (w). The oil adsorp-
ion capacity was calculated as follow:

dsorptive capacity = w − w0

w0
(1)
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ig. 3. Effect of different ethanol/water volume ratios on moisture absorption of PS.
Fig. 4. SEM micrograph of CAPS filled with ZnO (a) and porous ZnO (b).

2.8. Moisture absorption

Dried PS cubes were stored in a closed chamber with a relative
humidity (RH) of 75% at 20 ◦C for a period of time. The moistures
of the PS cubes were calculated based on the final weight (w) and
original weight (w0) as follows:

Moisture content (wt%) = w − w0

w0
× 100% (2)

3. Results and discussion

3.1. Morphology

The preparation of PS seems straightforward and effective.
Native potato starch granules were destroyed by heat during prepa-
ration of the paste. Water was immobilized in the gel after cooling
the paste to room temperature and freezing it. Porous structures
were created after replacement of ice crystals in the frozen gel with
various ethanol/water solutions. As shown in Fig. 1, different porous
structures resulted when ice crystals were replaced with different
ethanol/water solutions. By increasing the water content from 0%
to 70%, the size of the holes in the resulting PS gradually decreased
until ultimately the opening was closed.

3.2. Oil adsorption and moisture absorption
As shown in Fig. 2, the oil adsorption capacity of PS10 reached
4.5 g/g (oil/PS) while PS1 had merely 1.07 g/g. With a decreas-
ing ethanol ratio, the oil adsorption capacity of PS also decreased.
Despite the hydrophilic nature of starch, PS showed good capacity
for oil adsorption; this could be attributed to the porous structures
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hich trap and retain oil. When ethanol was progressively sub-
tituted by the ethanol/water solvent, many PS holes collapsed or
losed (as shown in Fig. 1), resulting in a lower oil adsorption capac-
ty. The effect of different ethanol/water volume ratios on moisture
bsorption of PS is shown in Fig. 3. When the ethanol/water volume
atio decreased from 10/0 to 3/7, the PS moisture content at equi-
ibrium decreased from 68% to 40.1%. This was caused by a decrease
n surface area resulting from a reduction in porosity.

.3. CAPS and porous ZnO

There is genuine concern over the stability of the porous struc-
ure of PS, particularly when PS is in contact with aqueous solutions.
n our previous study, we demonstrated that citrate starches did
ot swell and gelatinize in hot water as a result of a cross-linking
eaction (Ma et al., 2009). It was therefore decided that CAPS be
sed in this study, instead of PS, as the structure-directing agent for
orous ZnO. The obtained CAPS with 0.092 MS had an oil adsorption
apacity of 7.0 g/g and moisture content of 55.9% at equilibrium.
ompared to PS, the hydrophobic surface of CAPS contributed to
n improvement in the oil adsorption capacity and a reduction of
oisture absorption. Fig. 4(a) shows that CAPS was full of ZnO.
hen incinerated, the organic CAPS disappeared. As shown in

ig. 4(b), the obtained ZnO exhibited a porous network structure.

. Conclusion

A facile and green method was developed to prepare PS and
A-modified PS for the production of porous ZnO with network
tructures. The porous structure of PS, as revealed by SEM, oil
dsorption capacity, and water absorption were greatly affected by
thanol/water volume ratios during the solvent exchange process.

he oil adsorption capacity and moisture content at equilibrium
ere 4.5 g/g and 68% for PS10, and 1.23 g/g and 40.1% for PS3,

espectively. Other parameters, for instance starch concentration
or water content) and CAPS/ZnO ratios, affecting the porosity and
erformance will be studied in detail and reported in the near
ymers 83 (2011) 1016–1019 1019

future. It is hoped that the method described here will be extended
to other porous metal oxides and higher value applications in areas
such as food, pharmaceuticals, agriculture, cosmetics, and sensors.
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