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a  b  s  t  r  a  c  t

The  influence  of reaction  parameters  on  the carboxymethylation  of  rice  starches  with  different  amy-
lose contents  was  investigated.  Rice  starches  with  varying  amylose  contents  showed  various  degrees
of  susceptibility  to the  reaction  conditions.  The  maximum  degree  of substitution  (DS)  for  all  three  rice
starches  was  obtained  under  similar  reaction  conditions  which  involved  a reaction  medium  consisting
of  isopropanol–water  at the ratio  of 90:10,  a molar  ratio  of NaOH:AGU  at 1.5 and  a reaction  temperature

◦
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ice starch

and  time  of  40 C and 3 h. Under  these  conditions,  the  DS for  all rice starches  was  similar;  however,  when
the  reaction  was  performed  under  conditions  using  lower  NaOH  concentration,  the  effect  of  starch  types
on the  DS  was  observed.  The  results  could  be  explained  in  terms  of  the  granular/structural  features  of
the  different  rice  starches,  their  degrees  of  granular  swelling  as influenced  by  the reaction  conditions  and
the accessibility  of  the etherifying  reagents  to  starch  molecules.

©  2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Starch is a major natural polymer that has been used for a
ong time in both food and non-food applications. However, cer-
ain undesirable characteristics of native starch such as insolubility
n cold water and sensitivity of cooked starch to high tempera-
ure, low pH and shear have limited its wider industrial use. The
ommon approach to overcome such drawbacks is by physical or
hemical modification to alter the molecular structure and thus
mprove the properties to suit specific applications. Carboxymethyl
tarch (CMS) is an important modified starch widely used in many
elds. CMS  is used as a disintegrant (called sodium starch glyco-

ate) in the pharmaceutical industry (Shah & Augsburger, 2002),
nd as a sizing and printing agent in the textile industry (Ragheb, El-
ayiad, & Hebeish, 1997; Roberts, 1967; Tatongjai & Lumdubwong,
010). Recently, with an increasing interest in novel environmen-
ally friendly products, CMS  has found innovative applications as
 raw material for the development of biodegradable bio-based
ydrogels (Lawal et al., 2009) and of a sustained-release device for

∗ Corresponding author. Tel.: +66 2 940 5634; fax: +66 2 940 5634.
E-mail address: aapkrs@ku.ac.th (K. Sriroth).

ttp://dx.doi.org/10.1016/j.carbpol.2014.08.058
144-8617/© 2014 Elsevier Ltd. All rights reserved.
drugs and bio-active compounds (Lemieux, Gosselin, & Mateescu,
2009; Mihaela Friciu, Le Tien, Ispas-Szabo, & Mateescu, 2013).

CMS  is usually produced by the reaction of starch with
monochloroacetic acid or sodium monochloroacetate (SMCA)
based on Williamson’s ether synthesis. The reaction is carried out
in the presence of alkali in order to increase the nucleophilicity of
the hydroxyl group and to aid the swelling of the starch granules.
However, a side reaction between sodium hydroxide and SMCA
can also occur (Bhattacharyya, Singhal, & Kulkarni, 1995). Since
CMS  becomes soluble in water when the degree of substitution is
higher than 0.1 (Roberts, 1967), the reaction is usually carried out in
an aqueous organic solvent, in most cases alcohol. The presence of
alcohol prevents starch from gelatinizing and preserves the gran-
ular form of starch; thus, the side products and reagent residues
can easily be washed out (Tijsen, Kolk, Stamhuis, & Beenackers,
2001). However, the alcoholic hydroxyl groups may  compete with
the starch for etherification with SMCA (Ambjörnsson, Schenzel &
Germgård, 2013).

Due to the presence of an anionic functional group, CMS  pos-
sesses unique properties such as solubility in cold water, improved

storage stability of paste and increased paste and film clarity.
Beside the botanical source of native starch, the properties of
CMS  are dependent on the DS (Sangseethong, Ketsilp, & Sriroth,
2005; Spychaj, Wilpiszewska, & Zdanowicz, 2013; Tatongjai &

dx.doi.org/10.1016/j.carbpol.2014.08.058
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.08.058&domain=pdf
mailto:aapkrs@ku.ac.th
dx.doi.org/10.1016/j.carbpol.2014.08.058
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umdubwong, 2010). Although the synthesis of CMS  was first
eported in the literature in 1924 (Chowdhury, 1924) and the com-
ercial product has long been available, it has continued to be

 subject of many research studies (Bhattacharyya et al., 1995;
einze, Pfeiffer, & Lazik, 2001; Jie, Wen-ren, Manurung, Ganzeveld,

 Heeres, 2004; Kooijman, Ganzeveld, Manurung, & Heeres, 2003;
awal, Lechner, & Kulicke, 2008; Li et al., 2010; Tijsen et al., 2001;
olkert, Loth, Lazik, & Engelhardt, 2004; Wang, Pan, Hu, Miao, &
u, 2010). Most of these previous studies have focused on the reac-

ion parameters that affect the DS of CMS  and the optimization of
MS  production from a specific type of starch; however, studies
f the influence of the botanical source and structural parameters
f the native starch on the carboxymethylation process have been
elatively limited.

Bhattacharyya et al. (1995) studied the conditions for the car-
oxymethylation of common corn and waxy amaranth starches and
ound that the optimal reaction conditions for the two  starches
iffered considerably. For comparison, the authors also included
ice starch having a granule size similar to amaranth starch but an
mylose (AM):amylopectin (AP) ratio similar to corn; and potato
tarch having a granule size larger than both corn and amaranth
tarch but an AM:AP ratio close to corn starch. However, it was  not
ossible to draw a conclusion regarding the relationship between
he DS of CMS  and the size of the starch granule or the AM:AP
atio; probably because all four starches were from different botan-
cal sources. Kittipongpatana, Chaitep, Kittipongpatana, Laenger, &
riroth (2007) prepared CMS  from rice starches and found that
here was a positive correlation between the AM content in the
ative rice starch and the DS of the obtained CMS. On the other
and, Tatongjai and Lumdubwong (2010) reported that AM did not
ffect the DS of CMS  prepared from rice starches with varying AM
ontents. The discrepancy between the previous reports might be
ue to the different sets of reaction conditions used in those studies.

The aim of this work was to study the carboxymethylation of rice
tarches containing different AM contents. The factors expected to
ffect the carboxymethylation process including the type of sol-
ents, the water content in the reaction medium, the molar ratio of
aOH to AGU (nNaOH:nAGU) and the reaction temperature and time
ere systematically investigated. The results will provide insights

nto the structural aspect of starch that affects the carboxymethyla-
ion process and allows the determination of the optimal operating
onditions to achieve carboxymethyl rice starches (CMRS) with a
igh degree of substitution.

. Materials and methods

.1. Materials

Three types of commercial rice starch were used in this study.
ormal rice starch (NRS) was kindly provided by General Food
roducts Co., Ltd., Nakhon Rachasima, Thailand. Jasmine rice starch
JRS) and glutinous rice starch (GRS) were obtained from Bangkok
tarch Industrial Co., Ltd., Nakhon Pathom, Thailand. Sodium
onochloroacetate was obtained from Fluka Analytical (Buchs,

witzerland). Ethanol (95% purity) used to wash CMRS was of tech-
ical grade. All other chemicals used in the study were of analytical
rade.

.2. General analytical methods
The contents of fat, ash and moisture were examined according
o AOAC methods 2003.05, 923.03 and 925.10 (2012). The nitrogen
ontent of the rice starches was determined by the AOAC Kjedahl
ethod 2001.11 (2012) and converted to protein contents using
 Polymers 115 (2015) 186–192 187

a factor of 5.95. The apparent amylose content was determined
according to the colorimetric method of Juliano (1971).

2.3. Preparation of carboxymethyl starch

The method for the carboxymethylation of rice starches was
based on our previous report (Sangseethong et al., 2005) with slight
modification. The reaction was performed in aqueous-organic liq-
uid media. The organic solvents used in this experiment were
methanol, ethanol and isopropanol. The reaction was carried out
in a 250 mL  two-necked round-bottom flask equipped with a
motor-driven stirrer. In the first step, 12.5 g of starch (10% w/w
of starch–aqueous–alcohol mixture) was dispersed in the organic
solvents (being varied between 70 and 95% according to the spec-
ified content of water in the aqueous–alcohol solution). While the
starch slurry was vigorously stirred at 250 rpm, an aqueous solution
of NaOH (0.5–3.0 mol/mol AGU) was  added drop-wise. The amount
of water used to prepare the NaOH solution was varied (5–30% w/w
of aqueous–alcohol solution) according to the experimental plan in
Table 1. The reaction mixture was then heated to the target tem-
perature (30, 40 and 50 ◦C). After stirring for 10 min, SMCA powder
(1 mol/mol AGU) was  added to the mixture. The mixture was stirred
at the defined experimental conditions for a certain period of time
(0.5–5 h). At the end of the reaction period, the starch slurry was
filtered, and the recovered product was suspended in 95% ethanol
and neutralized (pH 5.5–6.5) with aqueous HCl solution. Following
filtration, the starch was  dispersed again in 85% ethanol, and the
suspension was  filtered. This process was  continued until the sil-
ver nitrate test for chloride in the filtrate was negative. The starch
was then washed with absolute ethanol twice and dried in an oven
at 40 ◦C for 16 h. The compilation of experimental conditions for
this study is given in Table 1.

2.4. Determination of degree of substitution (DS)

The Na-form of CMRS was first converted to the acid form (H-
CMRS) by the method described by Stojanovic, Jeremic, Jovanovic,
and Lechner (2005) with slight modification. CMRS (3 g) was  dis-
persed in acetone (90 mL)  by stirring with a magnetic stirrer and
then converted to the acid form (H-CMRS) by adding 6 M HCl
(7.5 mL). After being stirred for 30 min, the dispersion was filtered;
the recovered product was redispersed in 80% ethanol, and the
product was recovered from the suspension by filtration. This pro-
cess was  repeated until the filtrate became neutral. The H-CMRS
was then dispersed in absolute ethanol, recovered by filtration,
dried at 50 ◦C and ground. The H-CMRS was  then used for the
DS determination by back titration according to ISO-11216 (1998).
About 0.5 g (accuracy of weighing ± 0.1 mg)  of the H-CMRS was dis-
solved in 25 mL  of 0.1 M NaOH. Deionized water (75 mL)  was then
added. The excess NaOH was  back-titrated with standardized 0.1 M
HCl using phenolphthalein as the indicator. A blank titration was
also conducted. The DS was  calculated from the following equation:

DS = wc × 162
(100% − wc) × Mc

where 162 g/mol is the molar mass of AGU, Mc is the molar mass of
the carboxymethyl group (58 g/mol) and wc (% by mass) is the car-
boxymethyl group content calculated from the following equation:

c M × (V − V ) × 100% 100%

wc = HC1 c b s

m
×

100% − wm

where cHCl (mol/L) is the HCl concentration, Vb (mL) is the volume
of HCl used for the blank titration, Vs (mL) is the HCl volume used for
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Table  1
Reaction parameters for carboxymethylation of rice starches.

Factor no. Solvent Water content (%, w/w
of  aqueous–alcohol
solution)

Temperature (◦C) nNaOH:nAGU (mol/mol) Time (h)

1 Methanol 10 40 1.5 3
Ethanol
Isopropanol

2 Isopropanol 5 40 1.5 3
10
20
30

3 Isopropanol 10 30 1.5  3
40
50

4 Isopropanol 10  40 0.5 3
1.0
1.5
2.0
3.0

5 Isopropanol 10 40 1.5 0.5
1
2
3
4
5
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he sample titration, m (mg) is the sample mass used for titration
nd wm (% by mass) is the moisture content of the test sample.

.5. Differential scanning calorimetry (DSC)

The gelatinization properties of the rice starches were character-
zed using a differential scanning calorimeter (DSC7, Perkin-Elmer,

assachusetts, USA) calibrated with indium. A starch suspension
30% w/w) in a stainless steel pan was heated from 0 to 150 ◦C at

 heating rate of 10 ◦C/min. The onset (To), peak (Tp) and conclu-
ion (Tc) gelatinization temperatures and enthalpy (J/g dry starch)
f gelatinization were determined from the melting transitions of
he endotherms.

. Results and discussion

.1. Chemical compositions and thermal properties of native rice
tarches

The chemical compositions of the native rice starches are shown
n Table 2. All rice starch samples had low levels of protein, fat and
sh. The apparent AM contents determined by the iodine colori-
etric method were in the range 6.52 to 29.60%. Accordingly, the

ice starches in the present study were classified as very low AM
6.52% for the glutinous rice starch), low AM (18.10% for the jas-

ine rice starch) and high AM (29.60% for the normal rice starch)
tarches based on Juliano (1998). The relatively high apparent AM
ontent (6.52%) in the waxy starch (GRS) could be attributed to the
ong branched chain of AP which also binds iodine and produces a
lue color, resulting in an overestimated amylose content of starch,
s suggested by Jane et al. (1999).

The thermal analysis (Table 3) showed that the starch samples
ere different in their gelatinization characteristics with respect

o their AM content. NRS with the highest AM content had the
ighest To and Tp while the lowest gelatinization temperatures
ere found in GRS (waxy starch). This observation was consistent

ith previous studies which found that the gelatinization tempera-

ures increased with an increasing apparent AM content in various
ice starches (Chung, Liu, Lee, & Wei, 2011; Park, Ibanez, Zhong,

 Shoemaker, 2007). The second endothermic peak, which was
Fig. 1. The effect of various organic solvents on the DS for the carboxymethyla-
tion of normal (NRS), jasmine (JRS) and glutinous (GRS) rice starches. The reaction
conditions are given in Table 1.

attributed to the melting of the AM-lipid complex, was observed
around 100 ◦C in the non-waxy rice starches (NRS and JRS), while
no corresponding peak was  found in the waxy rice starch (GRS).
The melting enthalpy of the AM-lipid complex increased with the
apparent AM content, being 1.25 and 0.39 J/g for NRS and JRS,
respectively.

3.2. Effect of solvent types

Various organic solvents were investigated for the car-
boxymethylation of rice starches. The solvents used were methanol,
ethanol and isopropanol. The solvent:water ratio was  90:10 (w/w)
while other reaction parameters were kept constant as indicated
in Table 1 under Factor 1. The effect of the organic solvent type
on the extent of the carboxymethylation of various rice starches
expressed by the DS is shown in Fig. 1. A similar trend was observed

for all samples of rice starches where the highest DS was  obtained
in isopropanol and the lowest was  obtained in methanol. CMRS
prepared from rice starches with different AM contents had sim-
ilar DS values when the reaction was  carried out using the same
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Table  2
Chemical composition of native rice starches (mean ± standard deviation).

Sample Apparent amylose (%) Protein (%) Fat (%) Ash (%) Moisture (%)

Normal rice starch 29.60 ± 0.39 1.09 ± 0.04 0.28 ± 0.06 0.07 ± 0.01 12.03 ± 0.06
Jasmine  rice starch 18.10 ± 0.31 0.25 ± 0.02 0.24 ± 0.02 0.17 ± 0.01 10.78 ± 0.17
Glutinous rice starch 6.52 ± 0.02 0.69 ± 0.02 0.25 ± 0.02 0.11 ± 0.00 10.20 ± 0.17

Table 3
Thermal properties of native rice starches (mean ± standard deviation).

Sample 1st endothermic transition (starch gelatinization) 2nd endothermic transition (amylose–lipid complex)

Temperature (◦C) Enthalpy (J/g) Temperature (◦C) Enthalpy (J/g)

To Tp Tc To Tp Tc

Normal rice starch 65.40 ± 1.39 75.09 ± 0.12 82.05 ± 0.18 15.55 ± 0.44 89.29 ± 0.07 100.92 ± 0.35 107.95 ± 0.37 1.25 ± 0.23
3.65 ± 0.26 88.03 ± 0.23 93.25 ± 0.11 105.27 ± 0.11 0.39 ± 0.05
5.30 ± 0.45 nd.a nd.a nd.a nd.a
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Fig. 2. The effect of the water content in the reaction medium on the DS for the car-
Jasmine rice starch 62.31 ± 0.47 69.00 ± 0.24 75.96 ± 0.13 1
Glutinous rice starch 58.19 ± 0.30 66.84 ± 0.47 76.19 ± 0.88 1

a Not detected.

olvent system, except for NRS in ethanol which showed a higher
S than the other two types of starch. The results observed were

n agreement with the previous studies reported in the literature
hat aqueous isopropanol was the most efficient reaction medium
or the carboxymethylation of various starches (Tijsen et al., 2001;
ie et al., 2004; Lawal, Lechner, Hartmann, & Kulicke, 2007; Lawal
t al., 2008) as well as cellulose (Pushpamalar, Langford, Ahmad,

 Lim, 2006). The effects of different alcohols on etherifying reac-
ions of polysaccharides have been reported in several literature
apers. Covered here are only those related to carboxymethyla-
ions. It has been suggested that the effects of the solvent system
n carboxymethylation are dependent on the solvent polarity
nd its ability to dissolved sodium hydroxide (Stigsson, Kloow,

 Germgård, 2006). Olaru and Olaru (2001) studied the effect of
ifferent solvents on carboxymethylation of cellulose and found
hat the reaction was more efficient when conducted in aqueous
sopropanol than in aqueous ethanol. The results from that study
lso indicated that the change of crystallinity and polymorphism
f cellulose during alkalization caused by different solvent systems
as the main reason for different reactivity observed. It was sug-

ested that the change in crystallinity and polymorphism might
e due to the partition of sodium hydroxide between the reaction
edium and the cellulose chain. This partition occurred when sus-

ending cellulose in a mixture of an organic solvent, water and
odium hydroxide. In such a system, the organic medium played
he role of uniformly distributing NaOH with water in cellulose and
o to form an ‘aqueous’ solution of NaOH in the cellulose phase. The
ature and composition of the reaction medium played an impor-
ant part in the structural transformation of the cellulose during
lkalization. In the case with more polar solvents like ethanol, NaOH
ould be easily dissolved in the solvent phase and the concentra-
ion of NaOH in an aqueous layer near the polymeric chains was
resumably lower; consequently, a minimum modification of the
rystalline structure of solid polymer was observed. On the other
and, isopropanol, having lower dielectric constant, was a poorer
olvent for NaOH and it favored a higher concentration of NaOH in
he vicinity of cellulose, causing a substantial decrystallization of
he cellulose (Olaru & Olaru, 2001). Similar effects of solvents could
xplain the results observed in our study; thus, isopropanol, having
ower dielectric constant, might cause more pronounced change in
rystalline structure of starch granules resulting in the highest DS
f CMRS.
.3. Effect of water content

The effect of the water content in the reaction medium for the
arboxymethylation of rice starches with varying AM contents is
boxymethylation of normal (NRS), jasmine (JRS) and glutinous (GRS) rice starches.
The  reaction conditions are given in Table 1.

presented in Fig. 2. Isopropanol containing various amounts of
water between 5% and 30% was used as the reaction medium. For
NRS, the results showed that the DS increased as the water con-
tent increased from 5 to 10% after which a reduction in the DS was
observed. Water plays a significant role in the carboxymethylation
of starch by facilitating the dissociation, diffusion and adsorp-
tion of etherifying agents and it also facilitates the swelling of
starch granules thus making them more accessible to the reagents
(Bhattacharyya et al., 1995; Lawal et al., 2007). These factors would
be responsible for the initial increase in the DS. A decrease in the
DS at the water content higher than 10% could be due to a dilution
effect. It has been reported that a mixture of isopropanol, water and
NaOH forms a two-phase liquid system due to the low solubility of
NaOH in a nonpolar solvent (Yokota, 1985). Consequently, when
an aqueous NaOH solution was  added to a starch-isopropanol sus-
pension, a heterogeneous system could occur, forming an aqueous
layer containing a high concentration of NaOH around the starch
particles while the outer layer was an alcohol phase containing
very small amount of NaOH. In this case, an increase in the water
proportion in the reaction medium would result in the lower con-
centrations of both the reagent and the catalyst in the aqueous
phase; thus the rate of reaction would be decreased. In addition, it

has been suggested that at higher water fraction the side reaction
between NaOH and SMCA with the formation of sodium glycolate
is slightly promoted causing a reduction in the DS (Kooijman et al.,
2003).
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Fig. 4. The effect of the molar ratio of NaOH to AGU on the DS for the carboxymethy-

ig. 3. The effect of the reaction temperature on the DS for the carboxymethyla-
ion of normal (NRS), jasmine (JRS) and glutinous (GRS) rice starches. The reaction
onditions are given in Table 1.

A similar trend was observed for JRS and GRS with the maximum
S attained at 10% water content. However, at a water content of
0% for JRS and 20% for GRS, the gelatinization of starch occurred
ramatically leading to starch agglomeration and finally the reac-
ion mixture became a firm, sticky mass which caused the stirrer to
top; thus the reaction was  terminated. During the carboxymethy-
ation, an anionic group was introduced into the starch molecules
ausing the starch granules to become weaker and the starch
olecules to become more water soluble. The results indicated that

he highest water content at which starch could maintain its granu-
ar structure during the carboxymethylation process depended on
he starch type. NRS with the highest AM content possessed the
trongest granular structure, indicated by the gelatinization tem-
eratures (Table 3), and could tolerate the highest level of water
ontent (at least 30%), while GRS lost its granular structure at the
owest level of water content (20%). It has been suggested that
P mainly contributes to the swelling of starch granules, whereas
M and lipids suppress swelling and maintain the integrity of the
wollen starch granules (Tester & Morrison, 1990). This hypothesis
ould explain the results observed in the present study. The GRS
waxy type) mainly consisted of AP with no measurable AM–lipid
omplex (as indicated in Table 3), therefore the starch granules
welled rapidly and greatly; as a result, the granular structure was
ost sooner than in the other two starches. Regardless of the dif-
erent degrees of granular susceptibility among the rice starches,
he maximum DS for all three starches was obtained at the same
ater content (10%), which was similar to the values previously

eported for potato (Tijsen et al., 2001), cassava (Jie et al., 2004)
nd amaranth starch (Bhattacharyya et al., 1995).

.4. Effect of reaction temperature

For all three rice starches, the DS increased when the reaction
emperature increased from 30 ◦C to 40 ◦C (Fig. 3). No change in
he DS was observed when the temperature further increased up
o 50 ◦C. An increase in the reaction temperature enhances the sol-
bility and diffusion of the etherifying reagents and the swelling
f the starch granules. In addition, the proportion of molecules
ith energy higher than the activation energy increases with an

ncrease in temperature which contributes to a higher rate of reac-
ion (Lawal et al., 2007). Under the conditions used in this set of
xperiments, the AM content in the different rice starches did not

ave an effect on the carboxymethylation reaction. All three rice
tarches gave similar DS values when the reaction was  carried out
t the same temperature. It has been reported that carboxymethy-
ation causes a reduction in the gelatinization temperature of starch
lation of normal (NRS), jasmine (JRS) and glutinous (GRS) rice starches. The reaction
conditions are given in Table 1.

(Tijsen et al., 2001). As observed in the present study, at a reac-
tion temperature of 50 ◦C, partial gelatinization occurred causing
a slight degree of agglomeration especially for the GRS. Therefore,
in order to avoid the gelatinization and agglomeration of starch
granules during the process, the reaction temperature of 40 ◦C was
chosen for the investigation of other reaction parameters.

3.5. Effect of NaOH concentration

The effect of the sodium hydroxide concentration was studied
by varying the molar ratio of NaOH to AGU (nNaOH:nAGU) between
0.5 and 3.0 (Table 1). The DS of all starch samples increased as the
molar ratio of NaOH:AGU increased from 0.5 to 1.5 (Fig. 4). The
initial increase of DS with the NaOH concentration was  expected
since NaOH was used to activate the starch molecules with the for-
mation of starch alkoxide; it also facilitated the swelling of starch
granules enhancing the diffusion and penetration of the etherify-
ing agents into the starch granular structure. The maximum DS of
all three starches was attained at the same NaOH concentration
which was  at nNaOH:nAGU of 1.5. Any further increase in the NaOH
concentration caused a decrease in the DS of NRS and JRS, while
GRS starch gelatinized and agglomerated into a lump and mixing
was no longer possible; thus, the reaction was  stopped. A decrease
in the DS of NRS and JRS at a higher molar ratio of NaOH to AGU
could be explained by the competition between the main reaction
of the starch molecules with SMCA and the side reaction of NaOH
with SMCA, with the side reaction becoming more significant when
the molar ratio of NaOH to AGU was higher than 1.5.

In contrast to NRS and JRS, GRS became gelatinized and agglom-
erated forming a stiff mass when the molar ratio of NaOH to AGU
was higher than 1.5. These results indicated that the granular struc-
ture of GRS is weaker than that of NRS and JRS as discussed in
Section 3.3; thus, GRS lost its granular structure under the reac-
tion conditions at a lower alkaline concentration when compared
with the other two rice starches.

3.6. Effect of reaction time

For all starches, the DS increased with an increasing reaction
time between 0.5 and 3.0 h (Fig. 5). An increase in reaction time
provided a longer period for the swelling of starch granules as well
as for the diffusion of the reagent into starch granules; as a result,

contacts between the etherifying agent and the starch molecules
could be improved. (Bhattacharyya et al., 1995). Since there was
no remarkable increase in the DS observed after 3 h of reaction,
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ig. 5. The effect of the reaction time on the DS for the carboxymethylation of normal
NRS), jasmine (JRS) and glutinous (GRS) rice starches. The reaction conditions are
iven in Table 1.

t appeared that the reaction time of 3 h was suitable for the car-
oxymethylation of all three rice starches.

.7. Effect of the rice starch type

Beside the reaction conditions, the structure and compositions
f starch (i.e., granule size and shape, AM/AP ratio, crystallinity)
ave been suggested to affect the carboxymethylation process. The
esults in this study indicated that, regardless of AM content of the
ative starch, the reaction conditions to obtain the maximum DS

or all three rice starches were similar which were in a reaction
edium consisting of isopropanol–water at the ratio of 90:10, a
olar ratio of NaOH:AGU at 1.5 and a reaction temperature and

ime of 40 ◦C and 3 h, respectively. Interestingly, under these con-
itions, the CMRS obtained from all rice starches had similar values
f the DS (0.78, 0.77 and 0.74 for NRS, JRS and GRS, respectively)
uggesting that their reactivity toward the carboxymethylation
rocess was similar. However, under the conditions with the molar
atio of NaOH:AGU lower than 1.5, the effect of the starch type on
he carboxymethylation reaction could be observed (Fig. 4).

Stojanovic, Jeremic, and Jovanovic (2000) investigated the car-
oxymethylation of native, oxidized and high AM starches in pure
ater and ethanol while keeping the other reaction parameters

onstant. They reported that the starch type and its history had
o influence on the DS values when the carboxymethylation was
arried out in water, probably because the starches were com-
letely gelatinized and had lost their granular structure. However,
hen the reaction was performed in ethanol, the starch main-

ained its granular structure during the whole reaction, and since
he granular structure depends on the starch type, different DS val-
es were obtained. Similar explanation could be used to understand
he results observed in the present study. As the carboxymethyla-
ion is done under heterogeneous conditions with semi-crystalline
tarch granules suspended in an aqueous–alcohol mixture, the
ense packing of molecules inside the granules might limit access of
he etherifying agent to the starch molecules. In this reaction, NaOH
erves as a swelling agent modifying the crystalline structure of
tarch granules and increasing the diffusion and penetration of the
therifying agent into the starch granular structure. Thus, depend-
ng on the NaOH concentration, the starch granules swell to various
xtents. It could be assumed that under the conditions contain-
ng higher NaOH concentration (nNaOH:nAGU ≥ 1.5), the swelling of

he starch granules might be higher which could provide sufficient
ccessibility to the starch molecules by the etherifying agents; thus,
he granular structure of the different rice starches had no influence
n the DS values. However, under the conditions with the lower
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NaOH concentration, the compact structure of the starch granules
could possibly be preserved; consequently, the supramolecular and
morphological structure of native starch could influence the reac-
tion process.

It has been suggested that AP is responsible for the ordered
crystalline structure of the starch granules, while AM is associated
with amorphous region and tends to disrupt the order in starch
crystallites (Cheetham & Tao, 1998a; Cheetham & Tao, 1998b;
Hizukuri, 1985). Although AP fine structure plays an important role
in the crystalline regions of starch, many studies have reported
the invert correlation between the relative crystallinity of starch
and the apparent AM content. For maize starch, the degree of
granule crystallinity was  reported to decrease from 42% to 17% as
AM content increased from 0% to 84% (Cheetham & Tao, 1998a).
Iturriaga, Lopez, and Añon (2004) reported that the crystallinity
degree of waxy rice starches was  higher (48%) than that of the
non-waxy ones (37% to 40%), with no significant difference was
found among the non-waxy varieties. The structural differences
between waxy and non-waxy starches reported in the literature
could possibly explain the lower DS of the GRS than those of
the other two  starches when the reaction was  carried out under
conditions with a molar ratio of NaOH:AGU lower than 1.5 (Fig. 4).
Since the GRS (waxy type) consisted mainly of AP, it was  supposed
to contain a higher proportion of crystalline regions which were
less accessible to the etherifying reagents; as a result, it gave lower
DS than the other two starches.

These results could explain the conflicting reports in previous
studies on the effect of the AM content of rice starches on the car-
boxymethylation reaction in which Kittipongpatana et al. (2007)
found that there was  a positive correlation between the AM con-
tent and the DS of CMRS while Tatongjai and Lumdubwong (2010)
reported that the AM content did not affect the DS values. It is pos-
sible that the former study was carried out under conditions that
preserved the granular structure of the rice starches (the reaction
containing NaOH:AGU at a molar ratio of 1.2:1.0), while the latter
study was  performed under conditions that provided high gran-
ular swelling and accessibility to starch molecules (the reaction
containing NaOH:AGU at the molar ratios of 3.0:1.0 and 3.5:1.0).

4. Conclusions

Three rice starches with varying AM contents were modified by
the carboxymethylation process. The influence of the key reaction
parameters was investigated. The granular structure of rice starch
with a lower AM content was more susceptible to higher propor-
tions of water in the reaction medium and NaOH concentrations, as
the starch gelatinized and its granular structure was lost. The reac-
tion conditions to obtain the maximum DS were independent of
the AM content, with an isopropanol–water ratio of 90:10, a molar
ratio of NaOH:AGU at 1.5 and a reaction temperature and time of
40 ◦C and 3 h, respectively. Under these conditions, the DS values
obtained for all three rice starches were nearly the same suggest-
ing that the even accessibility of the starch molecules throughout
the granules was achieved. However, under the conditions contain-
ing lower concentration of NaOH in which the granular structure
of the native starch was  partially maintained, different DS values
were obtained for different starches.
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