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a  b  s  t  r  a  c  t

Granular  and  non-granular  cationic  starches  were  prepared  through  the  reaction  of tapioca  and  corn
starches  with  2,3-epoxypropyl  trimethyl  ammonium  chloride  (ETMAC)  using  conventional  and  ultra  high
pressure  (UHP)-assisted  reactions.  The  cationic  starches  were  characterized  with  respect  to morphology,
degree  of  substitution  (DS), FT-IR, 13C NMR,  X-ray  diffraction  pattern,  solubility  and  swelling  power,
pasting  viscosity,  and flocculating  activity.  Non-granular  (relative  to granular)  cationic  starches  possessed
eywords:
on-granular and granular cationic starch
ltra high pressure (UHP)
HP-assisted cationization reaction
hysicochemical properties
locculating activity

higher  DS values.  While  DS  values  of non-granular  cationic  starches  were  lower  for  UHP-assisted  (relative
to conventional)  reaction,  granular  cationic  starches  did  not  differ  for both  reactions.  For  flocculation
activity,  granular  cationic  starches  with  lower  solubility  and  higher  swelling  power  were  higher  than  non-
granular  counterparts  with  reversed  patterns  in  solubility  and  swelling  power,  regardless  of  conventional
and  UHP-assisted  reactions.  Overall  results  suggested  that  flocculation  activity  of  cationic  starches  may
be directly  associated  with  their  swelling  powers  (relative  to  DS values).

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Starch is one of the most abundant natural polymers and a
ommon carbohydrate source in staple foods such as corn, wheat,
otato, rice, and tapioca. Starch and its chemically and physically
odified products have been widely used in industrial applications,

ue to their low cost and biodegradation. However, the utiliza-
ion of native starch is limited, due to its cold-water insolubility,
ncontrolled consistency of starch pastes and higher tendency to
etrogradation and gel formation. Thus, native granular starch is
hemically and/or physically modified to improve and extend their
hysicochemical properties depending on demands of industrial
pplications (Song, 2010; Wang & Xie, 2010).

Chemically modified starches are commonly prepared by treat-
ng native starch granules with reacting reagents that can react

ith hydroxyl groups on starch molecules. One of the chemically
odified starches, cationic starches possess positively charged
roups such as amino, imino, ammonium and phosphonium, and
re widely used for wastewater purification and non-food prod-
cts (e.g., papers, textiles and cosmetics). Cationic starches are

∗ Corresponding author. Tel.: +82 31 201 2625; fax: +82 31 204 8116.
E-mail address: mooyeol@khu.ac.kr (M.-Y. Baik).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.09.010
generally synthesized by reaction of native starch with cationic
reacting reagents such as 2,3-epoxypropyl trimethyl ammonium
chloride (ETMAC) and 3-chloro-2-hydroxypropyl trimethyl ammo-
nium chloride (CHPTAC). Cationic starch derivatives are effective
flocculants for negatively charged organic and inorganic colloidal
particles over a wide range of pH (Pal, Mal, & Singh, 2005; Wei,
Cheng, & Zheng, 2008; Zhang et al., 2012). Most of cationic starches
are present in non-granular forms due to the use of excessive NaOH
for purpose to enhance their degree of substitution (Wang et al.,
2009). However, limited information is available on physicochem-
ical properties of granular-type cationic starch.

UHP or high hydrostatic pressure (HHP) technology is an attrac-
tive non-thermal technique as minimal processing technique of
food systems, in particular for sterilization, enzyme inactivation,
enzyme activity modulation, and bioactive compound extraction
(Kim, Kim, & Baik, 2012). More recently, UHP-assisted derivatiza-
tion of starch granules has been developed using UHP equipment as
a reactor. This developed technique has been successfully applied
for preparation of chemically modified starches (e.g., acid-thinned
starch, starch acetate, phosphorylated cross-linked starch, phos-

phorylated starch, and hydroxypropylated starch) (Choi, Kim, Park,
Kim, & Baik, 2009; Kim, Choi, Kim, & Baik, 2010; Kim, Choi, Kim,
& Baik, 2011; Kim, Hwang, Kim, & Baik, 2012; Kim, Kim, et al.,
2012; Lee et al., 2006). In acetylation and hydroxypropylation

dx.doi.org/10.1016/j.carbpol.2013.09.010
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.09.010&domain=pdf
mailto:mooyeol@khu.ac.kr
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eactions, starch reactivities in UHP-assisted (relative to conven-
ional) derivatization were around 25% lower, while reaction time
as dramatically reduced at similar reactivity levels (Choi et al.,

009; Kim et al., 2010; Kim et al., 2011; Kim, Kim, et al., 2012).
or UHP-assisted POCl3 starch derivatives, significant differences
n swelling, gelatinization, and pasting viscosity properties were
ot observed depending on pressurizing levels (Kim, Hwang, et al.,
012), though influenced by cross-linking reagent addition levels
Hwang, Kim, & Baik, 2009). Nevertheless, UHP-assisted (relative
o conventional) cross-linking reaction shortened reaction time,
nd UHP-assisted POCl3 starch derivatives prepared at pressure
anges of 300–400 MPa  revealed similar swelling, gelatinization,
nd pasting viscosity properties to those of conventional POCl3
tarch derivatives (Kim, Hwang, et al., 2012). To date, however,
HP-assisted derivatization is not applied to preparation of cationic

tarch derivatives, though many studies have been conducted with
espect to synthesis of cationic starch derivatives using conven-
ional method (i.e., thermal processing at atmospheric pressure).

Thus, the objectives of this study were to synthesize granular
nd non-granular forms of cationic starch (tapioca and corn) deriva-
ives using conventional and UHP-assisted derivatization reactions,
nd characterize their physicochemical properties and flocculating
ctivities for waste water treatment.

. Materials and methods

.1. Materials

Tapioca and normal corn starches were purchased from Sing
ong Industrial Co. (Seoul, Republic of Korea) and Shin Dong Bang
P Co. (Seoul, Republic of Korea), respectively. Tapioca and normal
orn starches were 12.7 and 12.3% (wet basis or w.b.), respec-
ively, for their moisture contents, and 24.6 and 26.5% (dry basis
r d.b.), respectively, for their amylose contents. 2,3-Epoxypropyl
rimethyl ammonium chloride (ETMAC) (60% solution) as an ether-
fying agent was purchased from KCI Co. (Ansan, Republic of Korea).
aolin was obtained from Sigma–Aldrich Co. (St. Louis, MO,  USA).
odium hydroxide and isopropanol were obtained from Daejung
hemical & Metals Co. (Incheon, Republic of Korea).

.2. Synthesis of conventional non-granular cationic starch

Conventional non-granular cationic starch was synthesized
ccording to Wang et al. (2009). Starch (20 g, d.b.) was dissolved
n a mixture of distilled water (90 g) and 10% sodium hydrox-
de solution (10 g), and stirred at 60 ◦C for 1 h. ETMAC (45 g) was
dded to starch solution, and reaction was conducted at 60 ◦C for

 h. After completion of reaction, the resultant starch derivatives
ere precipitated with addition of isopropanol, and recovered by

entrifugation (3000 × g, 20 min). The recovered cationic starch
erivatives were washed three times with isopropanol and dried
t 105 ◦C for 12 h. Dried samples were ground, passed through 60-
esh standard sieve, and stored at room temperature for further

nalysis.

.3. Synthesis of UHP-assisted non-granular cationic starch

Starch (20 g, d.b.) was dissolved in a mixture of distilled water
90 g) and 10% sodium hydroxide solution (10 g), and stirred at 60 ◦C
or 1 h. ETMAC (45 g) was  added to starch solution. The reaction

ixture was immediately transferred into a retortable pouch and
ermetically sealed using a heat sealer. It was pressurized in UHP

nit (Ilshin Autoclave, Daejeon, Republic of Korea) using distilled
ater as a pressure medium. During pressurization, the UHP unit
as maintained at room temperature (25 ◦C). The UHP treatments
ere conducted at 500 MPa  for 15 min. After UHP treatment, the
lymers 99 (2014) 385– 393

resultant starch derivatives were post-treated as previously men-
tioned in Section 2.2.

2.4. Synthesis of conventional granular cationic starch

ETMAC (38.27 g) was dissolved in distilled water (41.316 g), and
then starch (20 g, d.b.) was  slowly added to a reaction medium
under continuous stirring. The pH of a reaction mixture was
adjusted to 11.0 using 25% (w/v) sodium hydroxide solution. Reac-
tion was  conducted at 25 ◦C for 18 h under continuous stirring,
after which the resultant starch derivatives were recovered by
centrifugation (3000 × g, 20 min). The recovered starch derivatives
were washed three times with isopropanol, dried at 105 ◦C, ground,
passed through 60-mesh standard sieve, and stored at room tem-
perature for further analysis.

2.5. Synthesis of UHP-assisted granular cationic starch

ETMAC (38.27 g) was dissolved in distilled water (41.316 g), and
then starch (20 g, d.b.) was  slowly added to a reaction medium
under continuous stirring. The pH of a reaction mixture was
adjusted to 11.0 using 25% (w/v) sodium hydroxide solution. The
reaction mixture was immediately transferred into a retortable
pouch and hermetically sealed using a heat sealer. It was  pres-
surized in UHP unit (Ilshin Autoclave, Daejeon, Republic of Korea)
using distilled water as a pressure medium. During pressuriza-
tion, the UHP unit was maintained at room temperature (25 ◦C).
The UHP treatments were conducted at 500 MPa  for 15 min. After
UHP treatment, the resultant starch derivatives were post-treated
as previously mentioned in Section 2.4.

2.6. Scanning electron microscopy (SEM)

Morphological characteristics of native and cationic starches
were viewed using scanning electron microscopy (TM3000, Hitachi,
Tokyo, Japan). The starch samples were dusted onto a conduc-
tive double glued carbon tape on a cylindrical aluminum tray, and
coated to 20 nm thickness using a sputtering coater with gold-
palladium (60:40). All specimens were observed at an accelerating
voltage of 15 kV.

2.7. Nitrogen content and degree of substitution (DS)

The nitrogen content of native and cationic starches was deter-
mined by a semi-micro Kjeldahl method. Degree of substitution
(DS) was calculated as following:

DS = 162 × N%
14 × 100 − (151.5 × N%)

where 14 is the molecular weight of nitrogen, 162 is the molecular
weight of an anhydrous glucose unit (AGU) of starch, and 151.5 is
the molecular weight of ETMAC.

2.8. FT-IR spectroscopy

FT-IR analysis of ETMAC, and native and cationic starches was
conducted using Spectrum One System (Perkin-Elmer, Waltham,
MA,  USA). The starch samples were mixed with potassium bromide
(KBr), and pelleted. The spectra were examined with a resolution
of 4 cm−1 and a wavelength range of 400–4000 cm−1.
2.9. 13C nuclear magnetic resonance (NMR) spectroscopy

NMR  spectra of native and cationic starches were recorded on
a 300 MHz  nuclear magnetic resonance spectrometer (JNM-AL300,
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EOL, Nieuw-Vennep, Netherlands). After samples were dissolved
n D2O at 80 ◦C, the analysis was conducted at 25 ◦C.

.10. X-ray diffraction

X-ray diffraction (XRD) patterns of native and cationic starches
ere determined using an X-ray diffractometer (D8 Advance,
ruker, Grossbottwar, Germany) operated in a transmission mode
ith a Ni filter Cu-K� radiation at 40 kV and 300 mA.  The X-ray

ource has a wavelength of 1.54056 Å, and XRD data were col-
ected at scanning angle 2� from 4◦ to 40◦. Relative crystallinity was
efined as the percent (%) ratio of sum of crystalline peak areas to
hat of the total diffractogram (including crystalline and amorphous
eak areas) (Lee et al., 2006).

.11. Swelling power and solubility

Swelling power and solubility of native and cationic starches
ere investigated according to the method outlined by Koo et al.

2005). Starch samples (0.5 g, d.b.) were suspended in distilled
ater (30 ml)  and heated in a shaking water bath at 30, 50, 70 and

0 ◦C for 30 min. After heating, the tubes centrifuged at 3000 × g
or 60 min  and precipitates were separated from the supernatant
nd weighed. The supernatant was dried at 105 ◦C and weighed
o determine starch solubility. Solubility and swelling power were
alculated as following:

olubilty  (%)  = soluble  material  weight (g,  d.b.)  in  supernatent
Starch  sample  weight  (g,  d.b.)

×  100

welling power (%) = Precipitate weight (g, wetbasis) × 100
Starch sample weight (g, d.b.) × (100 − solubility)

.12. Rapid Visco Analyzer (RVA)

Pasting viscosity properties of native and cationic starches were
etermined using a Rapid Visco Analyzer (RVA-3D, Newport Sci-
ntific Pty. Ltd., NSW, Australia). Starch samples (1.0 g, d.b.) were
irectly weighed into an RVA canister, followed by the addition of
istilled water (25 ml). Starch suspensions were analyzed under
ontinuous shear (160 rpm) beginning with an initial hold at 50 ◦C
1 min), linear heating to 95 ◦C at a heating rate of 12 ◦C/min, an
ntermediate hold at 95 ◦C (2.5 min), linear cooling to 50 ◦C at a
ooling rate of 12 ◦C/min, and a final hold at 50 ◦C (2 min).

.13. Flocculating activity

Flocculating activity of kaolin was determined using previously
eported methods (Shogren, 2009; Xie, Feng, Cao, Xia, & Lu, 2007).
aolin (0.5 g) was suspended in 50 ml  distilled water and mixed

or 5 min  using a magnetic bar. Flocculants (native and cationic
tarches, 10–100 ppm) were added and mixed at 300 rpm for 2 min,
ollowed by 180 rpm for 5 min. Then the flocs were allowed to settle
own for 1–10 min. After settling, the transmittance of the super-
atant was measured by UV-1200 spectrophotometer (Labentech,

ncheon, Republic of Korea).

.14. Statistical analysis

The conventional and UHP-assisted cationization reactions were
eplicated twice for each treatment. DS values and all measured
tarch properties were determined at least twice for each exper-

mental replicate. Also, experimental data were analyzed using
nalysis of Variance (ANOVA), and expressed as mean ± standard
eviation. Significant differences among experimental means were
ssessed by a Duncan’s multiple range test (  ̨ < 0.05). All statistical
lymers 99 (2014) 385– 393 387

computations and analyses were conducted using SAS version 8.02
for Windows (SAS Institute, Inc., Cary, NC, USA).

3. Results and discussion

3.1. Scanning electron microscopy

Morphological characteristics of native and cationic starches
(tapioca and normal corn) were viewed using SEM and shown
in Fig. 1. As generally known (Swinkels, 1985), native tapioca
starch was truncated and polygonal in a granular shape, and
native corn starch was round and polygonal in a granular shape.
Cationic tapioca and corn starches subjected to conventional and
UHP-assisted reactions following preparation of reaction mix-
tures (starch, catalyst, ETMAC) at 60 ◦C no longer showed their
respective granular structures, and revealed irregular, continu-
ous matrix structures, typically observed for retrograded starches
(Kim et al., 2013). The noted cationic starches were referred to
as non-granular cationic starches. The observed morphologies of
cationic starches was  due to thermal alkaline starch gelatiniza-
tion during reaction and preparation of reaction mixtures at 60 ◦C
near which tapioca and corn starches began to gelatinize (Choi
et al., 2009; Swinkels, 1985). Further, higher pH of the reaction
mixtures facilitated alkaline gelatinization (at 60 ◦C) of starches
through inter-repulsion of anionic alkoxide ions (generated by ion-
ization of hydroxyl groups) on starch molecules (Gray & BeMiller,
2005). In contrast, cationic starches subjected to conventional and
UHP-assisted reactions following preparation of the reaction mix-
tures at 25 ◦C still maintained their granular structure, though the
reaction mixture possessed the same alkalinity to that for prepara-
tion of non-granular cationic starches. Also, they exhibited similar
morphologies observed for their native starches. These cationic
starches, which were prepared at 25 ◦C, were referred to as granular
cationic starches. Overall, the observed morphological differences
between granular and non-granular cationic starches resulted from
different reaction temperatures (60 ◦C and 25 ◦C for non-granular
and granular cationic starches, respectively).

3.2. Nitrogen content and degree of substitution

Nitrogen contents of cationic starches prepared via conventional
and UHP-assisted reactions of tapioca and normal corn starches
with ETMAC at different temperatures and pressures were mea-
sured by the semi-micro Kjeldahl method (Table 1). Their DS values
were calculated from their net nitrogen (determined by subtraction
of nitrogen contents of native starches from those of their cationic
starches) contents, and depicted in Table 1. All cationic tapioca
and corn starches revealed higher nitrogen contents and corre-
sponding DS values than their respective native starches. Within
reaction systems, the non-granular (relative to granular) forms in
cationic tapioca and corn starches showed much higher nitrogen
contents and DS values. These results were due to enhanced acces-
sibility of ETMAC to starch molecules, resulting from gelatinization
(or rupture) of starch granules. The noted phenomena were also
observed for the report of Xu, Miladinov, and Hanna (2004), who
prepared highly substituted starch acetates through acetylation
reaction accompanying gelatinization (or rupture) of starch granule
by heating.

For granular cationic tapioca and corn starches, nitrogen
contents and DS values did not differ for both reactions (Table 1),
though greatest difference in reaction time between both conven-

tional (18 h) and UHP-assisted (15 min) reactions. This result may
be due to bulky structure of ETMAC which made penetration of
ETMAC into starch granule interior and matrix difficult. Thus, UHP-
assisted (relative to conventional) reaction appeared to be more
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Fig. 1. Scanning electron microscopy (SEM) images of native and

fficient for preparation of granular cationic starches. In contrast,
or non-granular cationic tapioca and corn starches, the reactivities
determined by DS values) of conventional reaction were 1.7–2.5
imes higher than those of UHP-assisted reaction (Table 1). Sim-
lar patterns that starch reactivity was reduced in UHP-assisted
relative to conventional) reaction were observed for other reac-
ions (e.g., acetylation, hydroxypropylation) (Choi et al., 2009; Kim
t al., 2010; Kim et al., 2011; Kim, Hwang, et al., 2012). These
oted phenomena may  result from differences in reaction time
etween conventional (18 h) and UHP-assisted (15 min) reactions.
hile UHP-assisted reaction time was 1.4% of convention reac-

ion time, DS values of UHP-assisted non-granular cationic starches
ere achieved to be 58.7% (for tapioca starch) and 40% (for corn

tarch) of those of conventional non-granular cationic starches.
hus, UHP-assisted cationization reaction may  be an efficient way
f synthesizing non-granular cationic starch, because similar or
igher DS values of UHP-assisted (relative to conventional) non-
ranular cationic starches were anticipated to be achieved through
xtension of reaction time in UHP-assisted reaction.

.3. FT-IR spectroscopy

FT-IR spectra of native and cationic starches (tapioca and corn)

ere depicted in Fig. 2A and B. Native tapioca and corn starches

xhibited the broad bands at 3400 cm−1 and 2923 cm−1, resulting
rom stretching vibration of both O H bond and C H bonds, respec-
ively. Also, the bands at 1156, 1066, 1011 cm−1 were attributed to

able 1
eana values for nitrogen content, degree of substitution (DS), and relative crystallinity o

Starch source Starch form Reaction Nitro

Tapioca

Granular Native 0.09
Granular Conventional 1.81
Granular UHP-assisted 1.56
Non-granular Conventional 5.40
Non-granular UHP-assisted 4.18

Corn

Granular Native 0.12
Granular Conventional 1.71
Granular UHP-assisted 1.65
Non-granular Conventional 4.58
Non-granular UHP-assisted 2.62

a Mean values of three measurements; values sharing the same lowercase letters with
ic starches. Tapioca (a) and corn (b) starches (scale bar = 30 �m).

stretching vibration of the C O bonds in the anhydrous glucose
unit (AGU). On the other hand, all cationic starches prepared by
both conventional and UHP-assisted reactions exhibited the bands
observed in the spectra of native starches as well as an additional
band at 1480 cm−1 assigned to the stretching vibration of C N
bond (Wang et al., 2009; Wang & Xie, 2010). These spectrum pat-
terns provided obvious evidence that cationic moiety of ETMAC was
substituted onto the starch backbone.

3.4. 13C NMR spectroscopy

To further confirm successful reaction of tapioca and corn
starches with ETMAC, native and cationic starches were analyzed
with 13C NMR, and their spectra were shown in Fig. 2C and D. Native
tapioca and corn starches exhibited major peaks in the chemical
shift ranges of 60–100 ppm, resulting from carbons of the unreacted
AGU. The peaks observed at 100.0, 78, and 62 ppm corresponded to
C1, C4, and C6 of AGU within starch, respectively (Heinze, Haack, &
Rensing, 2004; Wang et al., 2009). Moreover, the overlapping peaks
at 72–75 ppm were due to C2, C3 and C5 of AGU within starch. After
conventional and UHP-assisted cationization reactions, additional
peaks at 55, 66, and 69 corresponding to C10, C8, and C9, respec-
tively, were observed. Further, original peaks observed for native

starches were split and/or tailed (Fig. 2C and D). Compared to NMR
spectra of native starches, consequently, emerging peaks of cationic
starches provided obvious evidence that substitution reaction of
starch backbone with ETMAC successfully occurred.

f native and cationic starches.

gen content (%) DS Relative crystallinity (%)

 ± 0.03e 0.00 ± 0.00e 10.59 ± 0.64a

 ± 0.11c 0.26 ± 0.02c 8.31 ± 1.17ab

 ± 0.13d 0.22 ± 0.02d 8.64 ± 0.31b

 ± 0.00a 1.50 ± 0.00a –
 ± 0.04b 0.88 ± 0.02b –

 ± 0.00d 0.00 ± 0.00d 9.64 ± 0.33a

 ± 0.12c 0.24 ± 0.02c 7.62 ± 0.01c

 ± 0.23c 0.23 ± 0.04c 8.28 ± 0.83ab

 ± 0.27a 1.05 ± 0.12a –
 ± 0.03b 0.42 ± 0.01b –

in columns of a given starch source are not significantly different (  ̨ < 0.05).
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ig. 2. Fourier transformed infrared (FTIR) (A and B) and nuclear magnetic resonan
nd  corn (B and D) starches.

.5. X-ray diffraction

The crystal packing arrangement of conventional and UHP-
ssisted cationic starches (tapioca and corn) are investigated with
owder X-ray diffractometer and shown in Fig. 3. Native corn and
apioca starches showed typical A-type and C-type crystal pack-
ng arrangements, respectively (Zobel, 1988). Granular cationic
apioca and corn starches subjected to conventional and UHP-
ssisted reactions exhibited similar crystal packing arrangements
o those of their respective native starches, although peak inten-
ities of crystalline regions in XRD diffractograms were somewhat
educed (Fig. 3). In non-granular cationic tapioca and corn starches,
owever, XRD patterns were broader without crystalline peaks,

ndicating a typical amorphous structure (Cheetham & Tao, 1998;
lores, Famá, Rojas, Goyanes, & Gerschenson, 2007; Wang & Xie,
010). These results were supported by SEM observation of non-
ranular cationic starches (Fig. 1). Also, the noted findings may
e due to alkaline-induced gelatinization of non-granular cationic
tarches, resulting from preparation of the reaction mixture at 60 ◦C
rior to conventional and UHP-assisted reactions.

Relative crystallinity of native and cationic starch (tapioca and
orn) granules was listed in Table 1. Relative crystallinities of native
apioca and corn starch granules were 10.59% and 9.64%, respec-
ively. However, relative crystallinities of granular cationic tapioca
nd corn starches subjected to conventional and UHP-assisted reac-

ions were slightly reduced than those of their respective native
tarches (Table 1). These results were explained by mild alkaline
reatment during long reaction time (18 h) and UHP treatment,
hich may  slightly alter the crystalline structure of native starch
R) (C and D) spectra of native and cationic starches, and ETMAC. Tapioca (A and C)

granules. It has been reported that the starch crystalline struc-
ture greatly decreased with UHP treatment at 500 MPa for 20 min
(Hibi, Matsumoto, & Hagiwara, 1993). In this study, however, UHP-
assisted cationization reactions were conducted at 500 MPa for
15 min. Also, the concentrations of starch granules in the reaction
mixtures were over 20% (w/v). An increase of starch concentration
in a starch–water suspension was reported to enhance resistance of
starch granules against UHP (Kim, Kim, et al., 2012). Consequently,
UHP-assisted cationization reaction applied to this study may  min-
imize destruction of crystal structures within starch granules.

3.6. Solubility and swelling power

The solubility and swelling power of native and cationic
starches (tapioca and corn) were depicted in Fig. 4. The solu-
bility and swelling power of native tapioca and corn starches
dramatically increased over 50 ◦C and were further enhanced
with increasing temperature, comparable with results of others
(Hwang et al., 2009; Kim & Huber, 2010). However, cationic tapi-
oca and corn starches, regardless of starch forms and reaction
types, exhibited similar solubilities and swelling powers across
temperature ranges of 30–90 ◦C (Fig. 4), implying that those
of cationic starches were not influenced by temperature. These
results may  be due to enhanced repulsion of positive charges
on cationic starch molecules. Also, non-granular cationic starches

exhibited higher solubilities than granular counterparts, and solu-
bilities of cationic starches increased with increasing their DS
values. These phenomena were consistent with those generally
reported for substituted starches (Choi et al., 2009; Kim et al.,
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Fig. 3. X-ray diffraction patterns of native and

010; Kim et al., 2011). On the other hand, swelling powers of
ationic starches did not follow the patterns observed in solubili-
ies of cationic starches. Granular cationic starches revealed higher
welling powers than non-granular counterparts, though granu-

ar (relative to non-granular) cationic starches possessed lower DS
alues. These findings were due to the fact that granular cationic
tarches maintaining their granularities may  have greater capac-
ty to absorb and hold water within swollen starch granules. In

Fig. 4. Solubility (A and B) and swelling power (C and D) of native and
ic starches. Tapioca (A) and corn (B) starches.

contrast, non-granular cationic starches did not form three dimen-
sional networks to hold water due to cationic bulky substituents
on starch molecules, resulting in lower swelling powers. For granu-
lar cationic starches, UHP-assisted cationic starches revealed lower

swelling powers than conventional ones, though both cationic
starches possessed similar DS values. These results were compati-
ble with those in UHP-assisted acetylation and hydroxypropylation
reactions (Choi et al., 2009; Kim et al., 2010; Kim et al., 2011).

 cationic starches. Tapioca (A and C) and corn (B ad D) starches.
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Fig. 5. Pasting viscosity profiles of native and 

he noted phenomena were likely due to the different reaction
atterns between conventional and UHP-assisted reaction and the
etrogradation (following partial gelatinization) of cationic starch
ranules by UHP treatment, as suggested by others (Choi et al.,
009; Kim et al., 2010; Kim et al., 2011). For non-granular cationic
tarches, however, the trends in swelling powers observed for gran-
lar cationic starches were reversed, though conventional cationic
tarches possessed higher DS values than UHP-assisted cationic
tarches. These phenomena might be the results of that UHP forced
artial formation of weak junction zones among non-substituted
egions of cationic starch molecules.

.7. Rapid Visco Analyzer (RVA)

The pasting viscosity profiles of native and cationic starches
ere analyzed using a Rapid Visco Analyzer (RVA) and shown

n Fig. 5. Native tapioca and corn starches exhibited typical RVA
asting viscosity profiles, while different patterns in pasting vis-
osity profiles were observed for cationic starches. For granular
ationic starches, the greatest peak viscosities appeared at an ini-
ial stage holding at 50 ◦C for 1 min, and then greater breakdown
iscosities were generated with further increasing temperature
Fig. 5). As temperature decreased, pasting viscosities increased.

hile the patterns developing pasting viscosities depending on
emperatures were similar to those of native starches, the greater
eviations in pasting viscosity levels between native and cationic
tarches were present. The similar trend in pasting viscosity was
bserved for anionic wheat starch granules substituted with a

ropylene oxide analog (POA) (Kim & Huber, 2010). Although the
olecular backbone of POA was very similar to that of ETMAC, a

rimethyl ammonium group of ETMAC was replaced to sulfonic
cid, providing anionic charge to POA-derivatized starch granules.
ic starches. Tapioca (A) and corn (B) starches.

Consequently, the phenomena observed in this study were due to
cationic, bulky substituents on starch molecules of cationic starches
which resulted in arrival at maximum swelling of starch granules.
On the other hand, non-granular cationic starches failed to develop
their viscosities using RVA (Fig. 5). RVA is an equipment to measure
viscosity generating frictions among swollen starch granules, rup-
tured starch granule fragments, and interaction of leached starch
molecules. However, non-granular cationic starches did not contain
starch granules and also minimized interaction of starch molecules
due to cationic, bulky substituents on starch molecules. Thus, the
sensitivity of RVA appeared to be too low to detect viscosity of
non-granular cationic starches.

3.8. Flocculating activity

The flocculating activity of native and cationic starches were
determined by UV-spectrophotometer and depicted in Figs. 6 and 7.
To determine an addition dosage of cationic starches achiev-
ing maximum flocculating activity, the tests were conducted at
three addition levels (10, 50 and 100 ppm) of cationic starches.
In general, cationic starches revealed better flocculating activ-
ities than native starches. Flocculating activities of cationic
starches increased with increasing their concentration, and in all
cationic starches, maximum flocculating activities were obtained
at 100 ppm. At maximum flocculating activity (100 ppm), granu-
lar cationic starches subjected to conventional and UHP-assisted
reactions exhibited higher flocculating activities than non-granular
counterparts, though their DS values were opposite (Table 1). These

observed patterns were consistent with those of swelling pow-
ers of granular (relative to non-granular) cationic starches. Within
the limited volume of aqueous kaolin-cationic starch suspension,
the swollen cationic starch granules accounted for most volume
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Fig. 6. Effects of concentrations of native and cationic starches on flocculation of kaolin in water (measured by light transmittance after settling for 2 min). Tapioca (A) and
corn  (B) starches.
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ig. 7. Influences of settling time on flocculation of kaolin in water (measured by li

f the suspension, which reduced relative volume of continuous
hase containing kaolin. Consequently, the contact among kaolin
articles within reduced continuous phase was likely enhanced,
acilitating their flocculation. In contrast, non-granular cationic
tarches with higher solubility and lower swelling power (Fig. 4)
ay  be present among kaolin particles, which could interrupt their

occulation. Further, the noted suggestion was also explained by
on-granular cationic starches. UHP-assisted non-granular cationic
tarches exhibited slightly (but significantly) higher swelling pow-
rs than conventional cationic starches (Fig. 4). These patterns were
ompatible with flocculation activities of UHP-assisted (relative
o conventional) non-granular cationic starches (Fig. 6). Overall
esults implied that flocculating activities of cationic starches may
esult from their swelling powers.

To investigate the effect of cationic starches on settling time
f kaolin, kaolin suspensions including 100 ppm cationic starches
ere held for 1–10 min, and the transmittance of the supernatant
ere measured (Fig. 7). Flocculation activities followed the pat-

erns observed for tests that assessed the effects of cationic starch
ddition levels. As anticipated, granular cationic starches achieved
aximum flocculation activities within 2 min  settling time. In

ontrast, non-granular cationic starches reached the highest trans-

ittance around 4 min  (Fig. 7). Similar to the previous results,

egardless of conventional and UHP-assisted reaction, granular
ationic starches showed better flocculating activity than non-
ranular cationic starches.
nsmittance at starch concentration of 100 ppm). Tapioca (A) and corn (B) starches.

4. Conclusions

Cationic starches in granular and non-granular forms were pre-
pared via conventional and UHP-assisted reactions. DS values of
granular cationic starches (tapioca and corn) did not differ for
conventional and UHP-assisted reactions, although conventional
reaction required longer reaction time than UHP-assisted reac-
tion. This finding suggested that UHP-assisted reaction was  an
efficient way  of preparing cationic starches which maintained their
granular forms. In the cases of non-granular cationic starches,
however, their DS values may  be enhanced mainly with increas-
ing the reaction time relative to UHP treatment. FT-IR and 13C
NMR spectra confirmed that ETMAC was successfully incorporated
onto hydroxyl groups of starch molecules during UHP-assisted
reaction. Regarding characterization of cationic starches, general
results observed for modified starches substituted with cationic
or anionic, bulky reagents were obtained. Nevertheless, floc-
culation activities were much higher for granular (relative to
non-granular) cationic starches with higher swelling powers. Thus,
the swelling power was  the most crucial factor to determine
flocculation activity of cationic starches than their DS values. Con-
sidering DS value (which revealed relatively lower significance

for flocculation activity of cationic starches) and reaction time,
furthermore, UHP-assisted (relative to conventional) cationiza-
tion reaction may  be more efficient way  of preparing cationic
starches.
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