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ABSTRACT: With cassava starch as a raw material and octenyl succinic anhydride as an esterifying agent, octenyl succinic anhydride

modified starch (OSA–starch) was prepared in an aqueous medium and treated by water-bath heating and microwave radiation at a

certain temperature, respectively. The reaction kinetics of esterification were studied. The structural analysis and synthesis mechanism

of OSA–starch were investigated by means of scanning electron microscopy and Fourier transform infrared spectroscopy. The differ-

ences in the esterification reaction kinetics between starches treated with water-bath heating and microwave radiation were observed.

Under the condition of water-bath heating, the apparent activation energy of the esterification reaction was 52.22 6 1.21 kJ/mol, and

the pre-exponential factor was 9018.20/min21. Under the condition of microwave radiation, the apparent activation energy of the

esterification reaction was 50.13 6 1.16 kJ/mol, and the pre-exponential factor was 4510.21/min21. We found that microwave radia-

tion could reduce both the activation energy of the reaction and the pre-exponential factor. The lowering effect of the apparent acti-

vation energy was greater than that of the pre-exponential factor under the condition of microwave radiation, and this resulted in

increased reaction rates. The change in the esterification reaction kinetics was a nonthermal effect of microwave radiation on the

esterification of cassava starch. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43909.
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INTRODUCTION

Octenyl succinic anhydride modified starch (OSA–starch) is one

of the most important starch derivatives, and it has hydro-

philic–lipophilic properties.1 The modification of starches with

octenyl succinic anhydride (OSA) was patented by Caldwell and

Wurzburg in 1953.2 Then, research on this product attracted

more and more attention from researchers.3,4 They focused on

the optimization of the starch esterification reaction conditions

with various starches.5–7 In recent years, with the development

of microwave technology, researchers have tried to enhance the

preparation process of starch with microwave technology8–11

and investigate the thermal and nonthermal effects of starch-

modification reactions promoted by microwave heating.12–15

Alzbeta et al.,16 Alummoottil et al.,17 and other researchers have

also studied the microwave preparation process of starch succi-

nate modification. It has been proven that microwave heating

affects the denaturation of starch in two ways.18–21 First, micro-

wave heating increases the reactant molecule motion and tem-

perature; this mainly reflects the thermal effects of the

microwaves. Second, microwave radiation affects the Lorentz

force of ions and weakly polar starch molecules. This results in

the particularity of the relative motion between the starch gran-

ules. Such a relative motion is closely related to the microwave

frequency, temperature, and modulation scheme; this may be a

nonthermal effect of microwave radiation. Therefore, the mech-

anism of starch modification in a microwave field is quite com-

plex. Generally, to reveal the dynamics effects of a chemical

reaction by microwave radiation, the determination of the acti-

vation energy and pre-exponential factor is the most basic

method. Microwave nonthermal effects and the hypothesis of

changes in the activation energy and pre-exponential factor by

microwave radiation have been introduced in microwave chem-

istry.22–25 Although researchers have studied the preparation

and application of OSA–starch extensively, the investigation of

the activation energy, pre-exponential factor, and other kinetic

parameters for OSA–starch synthesis by microwave radiation

has rarely been reported.26 Currently, the industrial production

of OSA–starch mainly uses an aqueous medium, which is

endowed with the characteristics of a homogeneous reaction.

However, OSA is hydrophobic, and the esterification reaction

takes place in a liquid–liquid–solid three-phase reaction system.

This reaction occurs under the conditions of alkali catalysis,

and a hydrolysis reaction can also occur at the same time. The

competitive mechanisms of hydrolysis and esterification exist,

VC 2016 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4390943909 (1 of 9)

http://www.materialsviews.com/


and this directly affects the efficiency of the esterification of

OSA. Therefore, the investigation of the reaction kinetics of

starch esterification under microwave radiation is significant. It

not only provides a theoretical basis for the enhancement of the

reaction efficiency of microwave radiation but also provides

technical support for the development of a preparation process

of high-quality modified starch.

In this study, cassava starch from China Guangxi was used as a

raw material, and the reaction kinetics of the esterification reac-

tion in an aqueous medium were studied with the methods of

water-bath heating and microwave radiation. The structures of

the products were characterized with Fourier transform infrared

(FTIR) spectroscopy. The morphology of the products was

investigated by scanning electron microscopy (SEM). The effect

difference comparison method27–29 was used to determine

whether a nonthermal effect existed in the starch esterification

under microwave radiation, and this might provide the theoreti-

cal basis for the microwave synthesis of OSA–starch.

EXPERIMENTAL

Materials

Cassava starch (food grade, 11.46 6 0.76 wt % moisture) was

purchased from Guangxi Hongfeng Starch Co., Ltd. (China). All

of the other chemicals used in this investigation were analytical

grade. Ethanol and sodium hydroxide (NaOH) were purchased

from Guangdong Guanghua Chemical Factory Co., Ltd.

(China). OSA was purchased from Hangzhou Zhongxiang

Chemical Co., Ltd. (China).

Preparation of OSA–Starch

Appropriate amounts of cassava starch and distilled water were

added to a two-necked flask, and the mass fraction of the starch

slurry was adjusted to 40% w/w. The starch slurry was stirred

with a magnetic stirrer. Then, the pH of the suspension was

adjusted to 9.0 with a 1 mol/L NaOH solution. The suspension

was alkalized for 20 min to obtain the alkalized starch emulsion.

Herein, two alkalized starch emulsions were prepared. One

alkalized starch emulsion was treated by water-bath heating to

prepare OSA–starch, and the other was treated by microwave

radiation to prepare the OSA–starch.

The typical preparation of the OSA–starch treated by water-

bath heating was performed as follows. The two-necked flask

with an alkalized starch emulsion was placed into a thermostat

heating magnetic stirrer (DF-101S, Gongyi, China) and continu-

ously stirred. Water-bath heating was used to maintain the

appropriate temperature. Thermostatic water was used as a

cooling medium in the water-bath heating system. The cooling

media were used to maintain a constant temperature in the

starch emulsion throughout the course of the esterification reac-

tion. The pH of the starch slurry was maintained at 9.0 with a

1 mol/L NaOH solution. Then, 3% (relative to the mass ratio of

dry starch) OSA was rapidly added (diluted four times relative

to volume with absolute alcohol) to the alkalized starch slurry,

and the reaction was started. The reaction mixture (8–10 mL)

was drawn from a two-necked flask with a pipette at reaction

times of 10, 20, 30, 40, 50, and 60 min, respectively. This reac-

tion mixture was rapidly injected into a 70% v/v ethanol aque-

ous solution with a volume of 50 mL, and the pH of the starch

slurry was adjusted to 6.5 with a 1 mol/L HCl solution. The

mixture was filtered, and the esterification reaction was termi-

nated. The filter cake was washed twice with distilled water and

twice with 70% v/v ethanol aqueous solution. Then, the solid

was put into a vacuum oven (BPZ-6090Lc, Shanghai, China) at

45 8C and dried for 24 h. The OSA–starch samples with differ-

ent reaction times were obtained after shattering and passed

through a 100-mesh sieve.

The typical preparation of OSA–starch treated by microwave

radiation was performed as follows. The two-necked flask with

the alkalized starch emulsion was placed into a microwave oven

(NJL07-3, Nanjing, China) and stirred continuously. The micro-

wave radiation (microwave power 5 50 W, frequency 5 2455

MHz) was used to maintain an appropriate temperature. The

silicone oil (it did not absorb microwave radiation) was used as

a cooling medium in the microwave radiation system. The sili-

cone oil was used to a maintain constant temperature in the

starch emulsion throughout the course of the esterification reac-

tion. Other preparation processes were the same as those used

for the preparation of OSA–starch treated by water-bath

heating.

Determination of the Degree of Substitution (DS)

DS is the average number of hydroxyl groups substituted per

glucose unit. DS of OSA–starch was determined according to

the method reported by Ali et al.30 The following equation was

used to calculate DS:

DS 5
0:162AM=W

120:210AM=W
(1)

where A is the titration volume of a standard NaOH solution

(mL), M is the molarity of a standard NaOH solution, and W is

the dry weight of octenyl succinic starch ester (g).

Characterization Methods

Surface Morphology Analysis. A small amount of the powder

sample was fixed onto the metal sample stage with a double-

sided conductive adhesive. After the sample stage was sprayed

with gold in vacuo, it was placed in an SEM instrument (S-

3400N, Hitachi, Japan). The morphology and size of the sample

were observed (accelerating voltage 5 10 kV,

magnification 5 50003).

FTIR Analysis. A 5-mg sample of the powder and 70 mg of

KBr were mixed and pressed into a 0.205-mm disk. The IR

spectrum of the KBr-disc-formed sample was scanned with an

FTIR spectrometer (IRAffinity-1, Shimadzu, Japan). The scan-

ning number was 17 s21, and the scanning scope was 400–

4000 cm21.

Data Analysis

Excel and Origin 8.0 were used to analyze the experimental

data.

RESULTS AND DISCUSSION

Esterification Reaction Mechanism of Cassava Starch

OSA–starch was synthesized in an aqueous slurry system. First,

cassava starch was immersed in an alkaline solution, and the

swelling of starch granules was promoted. NaOH penetrated the
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interior of the granules, and the alkalized reaction occurred with

the hydroxyl groups of C2, C3, and C6 in the anhydroglucose

unit of starch. Then, the activity center of the esterification reac-

tion, starch alkoxide (StO2), was produced. It further came into

contact with OSA or its sodium salt under alkaline conditions,

and nucleophilic substitution reactions occurred (Figure 1).31,32

The esterification rate (R2) depended on the diffusion rate of

the permeation of NaOH and OSA into the interior of the cas-

sava starch granules (R1). The structure of the granules became

more loose when the crystalline regions of cassava starch gran-

ules were destroyed; this improved the esterification rate. How-

ever, NaOH and OSA were retained in the reaction medium,

and the side reaction (R3) occurred; when the crystalline

regions of cassava starch granules were difficult to destroy, this

resulted in much more byproducts.

Because the esterification of cassava starch was complex, two

assumptions were made during the examination of the aqueous

medium synthesis of the OSA–starch under the conditions of

both water-bath heating and microwave radiation:

1. The distribution of NaOH and OSA in the reaction system

was uniform.

2. OSA only occurred the main reaction during the preparation

process and without the participation of other side

reactions.

The following discussion focuses on the esterification kinetics of

cassava starch at different temperatures under water-bath heat-

ing and microwave radiation conditions. The comparison and

analysis of the esterification kinetics of cassava starch in two

different reaction system were carried out.

Esterification Reaction Kinetics of Cassava Starch

The esterification process of cassava starch were reflected by the

quantity of substituted hydroxyl on average per anhydroglucose

unit; this is known as DS. As shown in Figure 2, the curves of

DS with esterification time are given under the water-bath heat-

ing and microwave radiation conditions.

As shown in curve a of Figure 2(W), we found that DS

increased with increasing esterification time when the reaction

system was controlled at 30 8C by water-bath heating. The

increase in DS was rapid within 0–40 min; this indicated that

the reaction rate was faster at this stage. The increase in DS was

Figure 1. Chemical reactions during OSA modification.

Figure 2. Curves of the DS with the esterification time with (W) water-bath

heating and (M) microwave radiation: (a) 30, (b) 35, (c) 40, and (d) 45 8C.
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low within 40–60 min; this indicated that the reaction rate slowly

increased at this stage. Subsequently, the reaction system temper-

ature increased to 35, 40, and 45 8C by water-bath heating. As

shown in curves b–d in Figure 2(W), DS increased with increas-

ing temperature. This indicated that elevated temperatures could

accelerate the reaction rate to some extent. Herein, the different

trends of the increase in DS between 40–60 min and 0–40 min,

as reflected by curves a–d, were observed; this could be explained

by the different starch granules involved in the esterification [see

Figure 5(a–g), shown later]. The esterification might have

occurred on the surface of the cassava starch granules or amor-

phous regions within 0–40 min. The effective collision of OSA

and starch molecules occurred more frequently, the reaction rate

was faster, and DS increased rapidly. The crystalline regions of

cassava starch granules might have been damaged to some extent

within 40–60 min, and this might have resulted in OSA permeat-

ing into the cassava starch crystalline region and reacting with

the reactive hydroxyl groups in the crystalline regions of cassava

starch.33 However, such a permeation process of OSA in the cas-

sava starch crystalline region was more difficult than that in the

surface of cassava starch granules or amorphous regions. There-

fore, the effective collision of OSA and reactive hydroxyls in the

crystalline region of cassava starch did not occur frequently; this

resulted in a slow increase in DS. As shown by curves a–d in Fig-

ure 2(M), the increase in DS within 0–60 min increased substan-

tially with increasing esterification time when the temperature

was controlled by microwave radiation. The DS obtained at the

corresponding time point was larger when the temperature of the

reaction system was elevated. The microwave radiation increased

the temperature of the reaction system and continuously acceler-

ated the reaction rate; this might have resulted from the fact that

the surface of starch granules became more rough and developed

holes or caves in the microwave field [see Figure 5(a0–g0), shown

later].34 Such a special structure of starch granules made OSA

diffuse easily into the amorphous region and the crystalline

region of cassava starch. Thus, DS of esterification continuously

increased within 0–60 min, and this was especially reflected by

the DS at higher temperatures of 40 or 45 8C [see curves c and d

in Figure 2(M)].

Because the anhydroglucose unit in the starch molecules contained

three hydroxyl groups,35 the maximum DS was 3. Herein, the

kinetics relationship of the remaining hydroxyl number (3 2 DS)

per anhydroglucose unit and the esterification time are shown in

Figure 3.

As shown in curves a–d in Figure 3(W,M), each line had a

good linear fit relationship. This indicated that the dependency

relationship of ln(3 2 DS) for the esterification time of OSA–

starch synthesis in aqueous medium could be represented by

the pseudo-first-order kinetic equation in both the water-bath

heating system and the microwave radiation system36,37:

lnð32DSÞ5 2kt 1 C (2)

where t is the esterification time (min), k is the reaction rate

constant (min21), and C is a constant.

The esterification rate constants were obtained from Figure 3 in

the water-bath heating system and the microwave radiation sys-

tem (see Table I).

Table I suggests that the water-bath heating rate constant and

the microwave radiation rate constant both increased as the

temperature increased in the range 30–45 8C. The relationship

between ln k of cassava starch and 1/T (where T is the tempera-

ture) is shown in Figure 4.

Figure 4 shows that ln k and 1/T exhibited a better linear fitting

relationship under water-bath heating and microwave radiation;

this indicated that the relationship of ln k and 1/T could be

expressed by the Arrhenius equation38:

ln k 5 2
Ea

RT
1ln A (3)

Figure 3. Kinetic curves of the starch esterification reaction with (W)

water-bath heating and (M) microwave radiation: (a) 30, (b) 35, (c) 40,

and (d) 45 8C.

Table I. Water-Bath Heating Rate Constant (kW) and Microwave Radia-

tion Rate Constant (kM) Values at Different Temperatures

Temperature ( 8C)

Rate constant 30 35 40 45

kW 3 105 (min) 0.842 1.406 1.794 2.292

kM 3 105 (min) 0.946 1.614 2.109 2.437
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or

k 5 Ae2Ea=RT (4)

where k is the reaction rate constant (min21), Ea is the apparent

activation energy (J/mol), R is the gas constant (8.314 J mol21

K21), and A is the pre-exponential factor. As shown in the

slopes and intercepts in Figure 4 and in the results of the dupli-

cate experimental verification, the apparent activation energy in

the water-bath heating system was 52.22 6 1.21 kJ/mol, and the

apparent activation energy in the microwave radiation system

was 50.13 6 1.16 kJ/mol. The pre-exponential factors were

9018.20 and 4510.21 min21, respectively.

Analysis of the Nonthermal Effect of Microwave Radiation

In a microwave reaction system, the temperature of the reaction

system was measured and monitored with a temperature sensor

device for optical fibers. In combination with mechanical agita-

tion, the microwave reaction system could provide uniform

microwave radiation in a wide range of sample viscosities. Typi-

cally, the microwave power was 50 W. Therefore, the microwave

thermal effect was not obvious under such low microwave

power irradiation, and this might have provided a better base

for the investigation of the nonthermal effects of microwave

radiation. Dimethyl silicone oil, which does not absorb micro-

waves, was used in this study. The constant temperature of the

esterification reaction system was maintained by the continu-

ously circulating silicone oil bath. On the basis of the relation-

ship between the DS and esterification time in Figure 2, we

concluded that the effects of water-bath heating and microwave

radiation were different. The DSs of the samples treated by

microwave radiation at different time points were higher than

those treated by water-bath heating. The results of the signifi-

cant differences in the DSs are shown in Table II.

As shown by the test results of the DSs in Table II, significant

differences in the DSs existed above a 95% confidence level

when the temperatures of the esterification reaction were con-

trolled by water-bath heating and microwave radiation. More-

over, as shown by the esterification reaction kinetics data in

Figure 3 and Table I, we found that the rate constants were dif-

ferent when the same initial and final temperatures were con-

trolled by water-bath heating and microwave radiation. The

microwave radiation rate constant was greater than the water-

bath heating rate constant. Therefore, because the same initial

temperature and the same final temperature were controlled in

the water-bath heating system and microwave radiation system,

respectively, we concluded that the nonthermal effect was pres-

ent in the esterification of cassava starch.

Equation (4) shows that two factors, the apparent activation

energy and the pre-exponential factor, mainly influenced the

reaction rate constants at a certain temperature. The results of

the significant differences in the apparent activation energy are

shown in Table III.

As shown by the test results for the apparent activation energy

in Table III, the significant differences in the apparent activation

energy values were observed above the 90% confidence level

when the temperatures of the esterification reaction were con-

trolled by water-bath heating and microwave radiation, respec-

tively. Compared with water-bath heating, microwave radiation

decreased the apparent activation energy by 2.09 kJ/mol; it

reached the energy degree necessary to destruct the molecular

interaction of the starch chain. Microwave radiation decreased

the apparent activation energy, perhaps because microwave radi-

ation could change the morphology of starch granules and the

structure of the molecular chains.13,15 This further resulted in

an increasing proportion of reactive hydroxyl groups in the

starch molecule. The efficient collision between the OSA and

starch molecules was enhanced; this increased the rate of esteri-

fication further. Additionally, the alternating electromagnetic

field generated by microwave radiation made the weakly polar

starch molecules and OSA trend in the same direction of the

electric field, and this led to an anisotropy collision of the reac-

tion mixture.39,40 This decreased the pre-exponential factor in

the microwave radiation system to some extent (approximately

half of the pre-exponential factor in the water-bath heating sys-

tem), and this reduced the rate of the reaction to a certain

extent. However, the apparent activation energy was in the

index position, and the effect of the apparent activation energy

was more pronounced. Therefore, the reaction rate increased

overall under microwave radiation. Similar observations were

also reported by Fumitaka et al.,41 Jelena et al.,42 and Borivoj

et al.43 Therefore, on the basis of the significant differences in

the DS and apparent activation energy mentioned previously,

microwave radiation promoted the esterification reaction by

nonthermal effects.

Analysis of the Structural Changes by SEM

Figure 5 shows SEM images of the native cassava starch granules

and OSA–starch granules treated at 40 8C by water-bath heating

and microwave radiation.

As shown in Figure 5(a–g), the depressions or holes on the sur-

face of the starch granules gradually increased with increasing

reaction time at 40 8C in the water-bath heating system. In par-

ticular, more obvious holes or wrinkles were observed on the

surface of the starch granules between 50 and 60 min; this

made OSA permeate easily into the inner starch granules and

react with the reactive hydroxyl groups in the crystalline regions

of starch. Similarly, Figure 5(a0–g0) shows the granular morphol-

ogy of synthesized OSA–starch under microwave radiation. The

depressions or holes on the surface of the starch granules also

gradually increased with increasing reaction time; this was simi-

lar to the observations shown in Figure 5(a–g). However, the

surfaces of the starch granules were rougher under microwave

radiation than those of the starch treated by water-bath heating

at each same time point. In particular, the starch granules

changed to irregular flat spherical granules at 60 min [Figure

5(g0)]. More surface depressions, holes, and wrinkles were

observed; this indicated that the surface of starch granules in

the microwave field was destroyed more significantly than that

in the water-bath heating. Therefore, OSA efficiently permeated

into the internal crystalline region of the granules, reacted with

the reactive hydroxyl groups in starch, and continuously

increased DS. These observations were in agreement with the

relationship between the DS and esterification time, as reflected

by curve c in Figure 2(M).
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Analysis of the Structural Changes by FTIR Spectroscopy

Succinylation led to the substitution of hydroxyl groups in the

starch molecules with carbonyl groups of OSA. The introduc-

tion of carbonyl groups was confirmed by FTIR spectroscopy.

Figure 6 shows the IR spectra of OSA–starch at different reac-

tion times.

As shown in curve a of Figure 6(W), the strong and broad

absorption peak at 3570–3100 cm21 in the IR curve of native

cassava starch was the stretching vibration absorption peak of

AOH. The absorption peak at 2931 cm21 belonged to the

stretching starch vibration absorption peak of ACH2.44 The

strong and wide peak at 1157–995 cm21 was the stretching

vibration absorption peak of CAOAC in starch.45,46 A compari-

son of curves b–g in Figure 6(W) and curve a in Figure 6(W)

showed that the stretching vibration absorption peak of ACH2

at 2931 cm21, and the stretching vibration absorption peak of

CAOAC at 1157–995 cm21 remained. However, the stretching

vibration absorption peaks of AOH at 3570–3100 cm21

changed to a narrowing peak with increasing the DS and reac-

tion time; this was similar to the reports of Wang et al.47 and

Lei et al.48 This might have been because the AOH in native

starch esterified with OSA, the number of hydroxyl groups

decreased, and the hydroxyl absorption peak narrowed. Com-

pared with the spectrum of native cassava starch [curve a in

Figure 6(W)], and the spectra of OSA–starch [curves b–g in

Figure 6(W)] showed new peaks at 1716 and 1570 cm21. The

new peak located at 1716 cm21 corresponded to the characteris-

tic IR stretching vibrations of C@O; this suggested the forma-

tion of ester carbonyl groups.5,49 The other new peak that

Table III. Comparison of the Apparent Activation Energies of the Prod-

ucts from Water-Bath Heating and Microwave Radiation

Heating method
Apparent activation
energy (kJ/mol)

Water-bath heating 52.22 (1.21)a

Microwave radiation 50.13 (1.16)b

All values shown are means (with the standard deviations in parentheses)
for three repeats. Means followed by different superscript letters (a and
b) are significantly different (p<0.10).

Figure 4. Relationship between ln k and 1/T with (W) water-bath heating

and (M) microwave radiation.

Figure 5. SEM images of (a,a0) native starch; OSA–starches during water-

bath heating at 40 8C after (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, and (g)

60 min; and OSA–starches during microwave radiation at 40 8C after (b0)

10, (c0) 20, (d0) 30, (e0) 40, (f0 ) 50, and (g0) 60 min.
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appeared at 1570 cm21 was ascribed to the asymmetric stretch-

ing vibrations of carboxylate (RCOO2).50,51 These observations

proved that the esterification between OSA and starch indeed

occurred. The absorption peak transmittances of RCOO2 were

31.1, 25.9, 22.8, 22.2, 18.7, and 18.5%, respectively; this indi-

cated that the absorption peak intensity of RCOO2 increased

with increasing reaction time. This observation was in agree-

ment with the relationship between the DS and esterification

time reflected by curve c in Figure 2(W).52 The changes in

curves a–g in Figure 6(M) and Figure 6(W) were similar, and

the stretching vibration absorption peaks of AOH in native

starch at 3570–3100 cm21 narrowed with increasing reaction

time. The absorption peak at 2931 cm21 belonged to the

stretching starch vibration absorption peak of ACH2. The

strong and wide peak at 1157–995 cm21 was the stretching

vibration absorption peak of CAOAC in starch. The new

absorption peaks at 1716 and 1570 cm21 were observed. The

absorption peak transmittances of RCOO2 were 23.8, 22.8,

20.9, 19.0, 18.2, and 17.8%, respectively; this also indicated that

the absorption peak intensity of RCOO2 increased with increas-

ing reaction time. This was in agreement with the relationship

between the DS and esterification time reflected by curve c in

Figure 2(M). The difference between curves b–g in Figure 6(M)

and Figure 6(W) was the absorption peak intensity of RCOO2

at 1570 cm21. During the IR experiments, the sample was

selected with the same number, and they were pressed into a

sheet with the same thickness. Therefore, the difference of the

absorption peak transmittance (although the numerical differ-

ence was not obvious) was mainly due to the short reaction

time (only 10, 20, 30, 40, 50, and 60 min). Water-bath heating

and microwave radiation caused the absorption peak transmit-

tances of RCOO2 to exhibit regular changes; this proved that

microwave radiation could produce different esterification

effects compared with water-bath heating. The peak intensity of

RCOO2 in OSA–starch treated by the microwave radiation sys-

tem was greater than that treated by the water-bath heating sys-

tem; this was in agreement with the change relationship of the

DS and esterification time reflected in the water-bath heating

system and microwave radiation system in Figure 2(M,W). This

further suggested that microwave radiation not only maintained

the reaction temperature but also provided nonthermal effects.

CONCLUSIONS

The heterogeneous nucleophilic substitution reaction of OSA

and cassava starch was achieved; this produced OSA–starch in

the aqueous medium. The esterification reaction system was

treated by water-bath heating and microwave radiation to main-

tain a certain temperature. The DS showed an increasing trend

with increasing esterification time. The dependency relationship

between ln(3 2 DS) of the remaining hydroxyl number per

anhydroglucose unit of cassava starch and the esterification time

could be represented by the pseudo-first-order kinetic equation.

The relationship between ln k and 1/T could be expressed by

the Arrhenius equation. The differences in the esterification

reaction kinetics of water-bath heating and microwave radiation

were observed. Under the condition of water-bath heating, the

apparent activation energy was 52.22 6 1.21 kJ/mol, and the

pre-exponential factor was 9018.20/min21. The apparent activa-

tion energy was 50.13 6 1.16 kJ/mol, and the pre-exponential

factor was 4510.21/min21 under the condition of microwave

radiation. We found that microwave radiation reduced both the

activation energy and pre-exponential factor. The lowering effect

of the apparent activation energy was greater than that of the

pre-exponential factor under the condition of microwave radia-

tion; this resulted in increased reaction rates. The change in the

esterification reaction kinetics was a nonthermal effect of micro-

wave radiation on the esterification of cassava starch.
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